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General Introduction

1. Considerations on which this study is based,

The value of an extensive investigation into the effects
exerted by sugars on metallic compounds was pointed out by
Rees (1), and attention was drewn to the probable importance
of such effects in biological environments,

Although the nineteenth century literature contains
many references to metal containing derivatives of sugars,
some of whiéh were isolated and to some extent characterised,
modern carbohydrate textbooks devote little or no space to
them, and relatively fev workers have mentioned the phenomenon
in recent years, A review article appearing in 1966 (2)
concerning complexes of allkaline-earth and alkali metals
with carbohydrates, may indicate that interest is now
reviving,

Research into this somevhat unexplored, and to some
extent unexpected, property of carbohydrates was initiated by
a consideration of the architecture, or stereochemistry, of
carbohydrate molecules, The numerous possible configurations
of sugar hydroxyl groups, may endow some sugars srith the
ability to complex certain metals, although sugars do not
contain the active groupings generally associated with the
complexing agents in common use, It is not intended to give a

fully detailed summary of typical chelating agents, or of their



mode of action, A brief account will, however, be given, in
order to demonstrate the principles involved in complex
formation, More detailed information may be obtained in
several textbooks on the subject (i, 5, 6).

When a metal combines with an electron donating
compound, or ligand, the product is said to be a complex,
or coordination compound, This group of substances may be
further subdivided into simple complexes, and chelate
compounds, A simple complex is formed when a donor molecule
becomes attached to a metal by only one donor group., If the
electron donating substance is to function as a chelating
agent it must possess two or more appropriate functional
groups, each capable of combining with a metal by donating
a pair of electrons, By this mechanism one or more ring
structures, lknowm as chelate rings, may be formed, This
generally imparts a greater stability to the metal chelate
than that possessed by a simple metal complex,

The electrons donated by the functional groups of a
chelating agent may be contributed either by basic
coordination groups, or by acidic groups which have lost a
proton, Under the first category come such groups as :=-

=0 ; ~NH,; -NH ; -N=3; =0-R; =NOH ;

-0H (alcoholic) ; =S~ (thioether)
Under the latter category come :=

-COCH ; =S0zH ; -OH (enolic and phenolic) ; ~SH :

2,



The mere possession of %wo or more such functional
groups does not necessarily endow a molecule with chelating
ability. These functional groups must be so situated in
the molecule that they permit the formation of a chelate
ring structure, with the metal atom as the closing member,
Thus the stereochenistry of the molecule is of great
importance,

In addition to the stereochemistry of the donor
molecule determining whether or not a complex may form, the
properties of the metal have an effect, It is generally
agreed that the transition metals have the strongest
tendency to form complexes with electron donors, but strong
conplexes have also been found with alkaline-earth and alkali
metals, This latter has only been accomplished with
chelating compounds, as chelating agents tend to show a
greater affinity for metals than simple complexing agents,

The binding of the alkaline-earth and alkali metals
appears to be predominantly ionie, the stability of the
complex increasing with increasing charge on, and decreasing
radius of, the central metal atom, Thus magnesium and
calcium complexes possess a high stability, magnesium being
more stable than calcium ; vhereas sodium and lithium
complexes possess a low stability, the lithium complexes being

less stable than thosc of sodiug,

S




Transition metals, on the other hand, usually form
covalent bonds, the stability of the complex being determined
by the basicity of the metal, iellor and Maley (7, 8.)
found that the stability of bivalent metallic complexes was
in the order :~

PA ) Cu > N > Pb » Co > 2Zn ) Cd ) Fe )
Mn > Mg
where the least basic metals form the strongest complexes,

Further steric factors, such as steric hindrance,
may influence the formation of chelate rings, Where the
various groupings on a chelating molecule interfere with, or
are repulscd by, the groups of a further molecule, attachment
of more than one molecule of the ligand may be prevented, or
chelate ring formation may be completely inhibited, Where
the interference does not completely prevent chelation, it
may reveal its influence by lowering the stability of the
resultant chelate, The radius of the central metal atom
may determine whether or not such interference will take place,
as this effect is often decmonstrated only with atoms below a
certain radius,

In addition, the normal order of ionic binding strengths
may be disrupted because of the special requirements of a
chelating agent, For example, the chelating agent

ethylenediamine tetraacetic acid does not chelate magnesium

L,



effectively, since the magnesium atom is apparently too small
for the most effective binding of the donor growups, The
larger caleium ion, however, seems to possess the necessary
properties and forms a more stable chelate with this ligand,

A further complicating factor which may disrupt the
normal order of stabilities, is that metals of low atomic
weight tend to possess a more tightly bound sphere of solvation
than metals of higher atomic weight, This inhibits the
close approach of donor groups and results in a complex of
low stability, This is the explanation for the previously
mentioned lower stability of lithium complexes, as compared
to those of sodiunm,

Since the work of Ley (9, 10) the alteration of the
‘normal' chemical reactions of a metal in solution has been
used as one of the principal methods for determining the
presence of chelates, and is of particular importance when a
ligand combines with a metal to form a water soluble chelate,
This phenomenon is not restricted to chelates, but is
applicsble to complex formation in genersl, (11)

The foregoing gives a brief and simplified summary of
the principles on which the phenomenon of complex formation
is based, As this study is concerned with examining the
complexing ability of sugars with metals, the most important

functional group to be considered is the hydroxyl group. It
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has been ascertained that polyhydroxy compounds such as diols
and polyols exhibit complexing powers, That the
stereochemistry of such molecules is of importance in
determining the relative strengths of the bonds formed, was
demonstrated by Mills in 1961, (3) He examined the
association of polyhydroxy compounds with metals in solution
and found that cis inositol (Fig., 1a) forms a very strong
complex, whereas epi inositol (Fig., 1b) forms a complex which
does not possess the stability of its isomer. A comparison
of the stereochemistry of these molecules shows very little
difference, but sufficient to allow closer approach of the
hydroxyl groups in the former,

Sugar molecules bear a great deal of resemblance to
these polyhydric alcohols, and it does not require much
extrapolation to see that some sugars may form complexes
with metals, their ability to do this being once again
dependent on the spatial arrangement of their hydroxyl
groups, Mills has established that the sugar D - talose
(Fig. 1c¢) possesses some complexing powers, The position
of the hydroxyl groups in the /G-pyranose forn of this
sugar bear a close resemblance to those of cis inositol,

Although this sugar has not a very wide occurrence in
nature, very many different sugars do exist in considerable

guantities in biological environments as monosaccharides,




disaccharides and polysaccharides, With the possible
configurations of different oligosaccharides and polysaccharides
approaching infinity, it is evident that sugars cannot be
discounted as valuable complexing agents under natural
conditions, being such a rich source of hydroxyl groups.

Thus it was a consideration of this feature of sugars,
together with the knowledge that they are found in appreciable
concentration in soils, plants, and the diet of many animals,
that prompted this examination of the role such complexes
could possibly play under physiological conditions; if,
indeed, they do ocour under such conditions,

Indicative of the role which hydroxy complexes may
play is the action of owbain (Fig. 1d). This physiologically
active compound selectively influences sodium and potassium
transport in the body, exerting an apparently equivalent
effect in both cases (218), It possesses a configuration
in which three hydroxyl groups, at positions 1, 5 and 19,
have the same spatiazl arrangement as the axial hydroxyls of
cis inositol,

The primary aim of the present stuly was to establish
the conditions under which sone selected sugar-metal interactions
oould occur, and furthermore, if such conditions were
biologically meaningful, to study and consider the possible role

of such compounds, Thus, it was in no way the prime purpose




of this work to become involved in studies on the mechanism
of these interactions, or to decide precisely whether they
led to the formation of 'chelates' in the sense that the term
is usually used, The term'complex! will be used throughout
this study as being an entity which fulfils Rossotti and
Rossotti's definition of a complex (12) as being a :

Yspecies formed by the association of two or more simpler
species, each capable of individual existence.'! Thus, any
complexing which results in the formation of a readily
available, or transportable form of a metal, by its interaction
with a sugar, will be of interest, if such complexing occurs
under physiologicel conditions,

2, Barly investigation of the phenomenon of sugar-metal

complexing,

A fairly comprehensive review of any previous research
applicable to this problem has been attempted, From the
point of view of convenience, however, this sub-section will
deal only with information directly related to the formation
of complexes between sugars and metals,

Since the last century the occurrence of some form of
interaction between sugar compounds and a variety of metallic
cations, has been noted by numerous chemists, Generally these
observations were made while investigating another specific

problem, so that their importance has never been fully elucidated,




This is ably demonstrated by a study of the research
undertaken to improve the refining processes of raw sugar,
Caloiun oxide has been used as a purifying agent in this
industry for many years, and many of the early references are
associated with this phenoménon,

Scheibler, in 1883 (13) developed a strontium process
for the separation of sugar from molasses, strontium
saccharate being shed as a precipitate, Mearwhile Juneman,
(14) while working on the purification of beet juice, observed
that a solution of magnesium hydroxide added to hot syrup,
produced a granular precipitate of magnesium saccharate, 1In
addition, ferric chloride was used to purify these crude
syrups (15), while Klein and Berg in 1886 (16) showed that
invert sugar malt infusion and cane sugear dissolved considerable
quantities of iron, resulting in severe corrosion of the
boilers used during the purification process,

In the following ycars some work was carried out on the
periphery of this essentially industrial application,

Stromeyer in 1887 (17) added freshly ignited calcium
oxide to an excess of a sugar solution and precipitated the
product with alcohol, This product analysed to correspond
with the formula C45H,5044Ca0, a similar result being obtained
with barium, Petit (18) in 1893, investigated the dissolving

action of sugars on calcium compounds, In the following

10,




year, Evers (19) obtained a crystalline, reddish brown powder
of iron sucrate by pouring a solution of cane sugar and
ferric chloride into a slight excess of sodium hydroxide, This
powder contained 48,5 per cent of iron, whereas a similar
powder obtained by use of maltose as sugar, contained 32 per
cent of iron, corresponding to the formula :-~
2Feg03. CqHp2014

The above observations represented the first spate of
references on this phenomenon, although as early as 1831,
Philips (20) had recorded that the presence of sugar in
solution hindered the hydrolysis of ferric chloride, This
work does not appear to have been followed up until 187k, when
Riffard (21) claimed that invert sugar was seven times more
effective than sucrose in preventing the precipitation of
ferric hydroxide when ferric salt solutions were treated with
alkali,

Thus it can be seen that this curious property of
sugars was not closely investigated in those early years, the
literature containing merely a series of isolated and disjointed
references, rather than a systematic examination, 1In all
cases the conditions used were so extreme, that any attempt to
relate these findings to natural conditions would be impossible,

Around the 19208 further results began to appear in the

literature, much of it in regard to the eff'ect of short chain

11,




organic acids and sugars on the precipitation of various
metallic hydroxides from solutions of their salts, on addition
of sodium hydroxide or other alkalis,

Fischer (22) observed that the presence of glycerol
gave a stable solution of ferric hydroxide under alkaline
conditions, and equated the effect with that of tartrate in
Fehlings solution, as being due to the hydroxyl groups of the
glycercl, Chatterji and Dhar (23) reported that the
hydroxides of iron, nickel, thorium, mercury, and cobalt, did
not precipitate from solutions of their respective salts upon
addition of alkali, in the presence of glycerol or sugars, No
effect was, however, noted when glycerol or suger were added
subsequent to precipitation,

Britton (24) recorded an effect between zirconium and
dextrose, as did Sen, (25, 26) who included in his study the
metals lanthanum, yttrium, uranium, chromium and iron, along
with the sugars lactose, dextrose, and laevulose, Mehrotra
and Sen (27) examined the effect of these same sugars, plus
sucrose, on the metals copper, mercury, iron and cerium, In
every case, inhibition of precipitation of the hydroxide was
observed, the different sugars showing some degree of
selectivity for the metal which it would complex most
effectively, Sen, however, concludes that the phenomenon is

only observed if :-

‘an excess of alkali is present in the solution',

12,




Dumanski and his co-workers published extensively on
the phenomenon in 1930, (28, 29, 30, 31, 32) They examined
a wide range of sugars, and found that the efficacy of each
sugar to inhibit the precipitation of ferric hydroxide was, in
order of decreasing effectiveness :~

lactose, laevulose, maltose, galactose, glucose,
sucrose, and raffinose,

They concluded that the property was dependent on the
structure of the sugar, In addition, several polymeric
carbohydrates were examined and found to exhibit these same
properties,

The foregoing workers attributed the effects they
observed to 'peptisation' of the metallic hydroxides by the
sugars, This is a term originally used by Graham, and is
sometimes employed in a general way to imply the opposite of
coagulation, that is, dispersion, especially when the process
results in the formation of a colloidal sol., It is, however,
generally restricted to a chemical means of dispersion, in
which the colloidal particles are stasbilised by the adsorption
of charged ions,

Bachmann et al (33) investigated by several methods the
effect of addition of glycol, glycerol, mannitol, dextrose,
sucrose, inulin, dextrin and starch on the behaviour of copper

sulphate and ferric chloride solutions when sodium hydroxide

15'




was added, They concluded that the character of the product
ranged from crystalloid, through colloid, to suspension,
depending on the proportions of alkall and organic additive
present,

The question as to whether this phenomenon of
precipitate inhibition is due to formation of a colloidal sol
or of a true molecular complex, has not been pursued in this
initial study, since the phenomenon itself, and the conditions
under which it becomes manifest, are of greater preliminary
importance, If sugars are capsble of holding metals in a
form suitable for <{ranslocation under physiological conditions,
be it chelate, simple complex, or protected colloid, then they
can be of great biclogical significance as complexing agents,
All of the forms described above fulfil Rossotti and Rossotti's
definition of a complex,

In addition to the research referred to above, a
considerable amount of work has been carried out by various
workers to investigate complex formation in alcoholic media,
The work of Percival (3i, 35, 36) and Rendelman (37) is
notable in this field, The results of experiments carried out
in this sclvent demonstrated the formation of complexes with
definite stoichiometric relationships between metal and sugar,
The greater stability of complexes formed in alcohol has been

attributed to the lower polarity of the solvent (38), just as

14,




the relatively low stablility in water has been explained by
the tendency for metal ions to associate with water molecules,
rather than the sugar (39),

This work is mentioned, since it cannot be ignored in
any summary of research previously carried out on the formation
of sugar-metal complexes, It is, however, of no direct
applicaebility to this study as a whole, since no correlation
with natural conditions is possible,

Thus it can be seen from the above survey of the early
literature that, in general, the conditions used to demonstrate
a complexing effect were far removed from conditions found in
nature, No early workers, therefore, attempted to correlate
the effects which were found, with any physiological metal
translocation process,

It should be pointed out here that the effects
described sbove reprcsent complex formation between sugars and
netal bases or hydroxides, as distinct from the conventional
complexing effects described earlier (p.2 = 5) where complexing
between the ligend and the metal ion is general, This point
will be further discussed in subsection 4 of this introduction
and in Section I,

Around 1950 came the first example of this property of
metals and sugars being applied to a physiological role, A
number of workers reported the use of saccharated iron oxide as

an injectable preparation for the treatment of anaemia, (40,41,42)

15.




Many different sugars were used to produce these preparations,
These included, apart from sucrose: various polysaccharides (43)
dextran (L4, 45) polyglucose and polygalactose (46). A1l
were used with success, although some patients developed
undesirable side effects, Latterly, however, preparations
were found which did not produce these side effects, and
similar compounds are still in general use for the treatment
of anaenia,

This was the first evidence produced which indicated
that iron-sugar complexes had a role to play in physiological
processes, Since they were artificially synthesised compounds,
however, no evidence for the occurrence of complexing under
natural conditions had yet been provided,

Gaisford and Jennison (47) reported in 1955 that orally
administered ferrous gluconate was absorbed from the gastro=-
intestinal tract to a far greater extent than ferrous sulphate,
The figures obtained were 28 per cent and 14 per cent
utilisation respectively.

Arcund the same time, Kusakawa (48) reported on
experinents where he compared animals fed a supplement of
lactose, with controls which were fed only ferric sulphate, He
found that iron absorption was far more complete, and more
rapid, in the former., An indication was thereby obtained that

sugars under natural conditions, and not in the form of an

16.



artificially synthesised complex, could affect the transport
of irecn in the body,

Several other workers have since reported a similar
enhancement of absorption with sorbitol fed as a supplement
(49, 50, 51). Rapid absorption of iron when administered
orally in the form of a fructose complex, has also been
reported by Saltman et al (52) and Manzini (53).

Saltman and his co-workers are almost an isolated
case of research workers who have examined the possible
dietary role of sugars, and their papers of 1963 and 1965
make interesting reading (54, 55).

They have shown that sugars facilitate the diffusion of
iron across the membrane of the intestine mucosal wall, and
have advanced the theory that dietary sugars can play an
important role in iron metabolism, A suggested mechanism
for the occurrence of 'Bantu siderosis' has been put forward,
This is a disease characterised by excessive iron storage, and
Saltman et al suggest that this occurs due to the fact that the
diet of the Bantu is largely carbohydrate in nature, being
cooked in rusty iron pots, Large quantities of iron are
therefore present in the diet, Under the acid conditions of
the stomach the iron is hydrolysed, as is much of the
carbohydrate, On passage to the alkaline conditions of the

small intestine, these contents are neutralised, thercby

17,




forming low molecular weight, soluble, iron~carbohydrate
complexes, Thus, instead of iron precipitating and becoming
unavailable to the organism, it is now in a form readily taken
up by the intestinal mucosa, This is followed by transportation
into the blood and ultimate deposition in the body tissues,

In addition to the suggested mechanism for iron transport,
a similar mechanism has been proposed for calcium transport,by
the same workers (56),

This summary shows that the early work donc on the
phenomenon of sugar-metal complexing, has provided little
information as to the precise conditions under which such
complexing will occur., In addition, it is only fairly
recently that any possible role for sugar-metal complexes
under natural conditions has been visualised, so that the full
range of possible applications has yet to be investigated,

3, The possible role of sugar-metal complexes in

agriculture,

Since the prime purpose of this study is to investigate
the possible role which could be played by complexes between
sugars and metals under biological conditions, discussion of
this topic must thus necessarily range over the three nain
subdivisions of agricultural interest, namely plants, soils and
animals, A fully detailed discussion of any one of these

sub jects is obviously outwith the scope of this study, bubl a
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sumnery of the most pertinent points will be made,

Plants can be regarded as extensive stores of
carbohydrate material, with over 50 per cent of their dry
weight being composed of this class of substances, Frequently,
mich of this is in a rendily water-soluble form, for example,
the fructosans of grasses, Thesc can account for wp to 25 per
cent of the dry weight of herbage at certain times of the year
(57). As such, plants supply a high quantity of carbohydrate
material both to soils and animals,

When grasses are ploughed into the soil, or when
vegetation is left to decompose on the surface, an appreciable
concentration of sugars, both simple and polymeric, must be
leached down into the lower horizons of the soil profile (58),
Much of this material will be subjected to attack by bacteria,
but the bacteria themselves produce quantities of polysaccharides,
- such as levans (59) and other more complex polysaccharides (60).
As stated by Forsyth (61) the source of soil carbohydrates
is not readily identifiable, being perhaps plant or perhaps
bacterial in origin, The carbohydrate content will, however,
be maintained, the actual level varying from soil to soil. In
general, a content of from 5 to 20 per cent is accepted for
the carbohydrate content of soil organic matter (62), although
higher values have been reported (63), The higher the soil
organic matter conten®t, then the higher the proportion of

carbohydrates present (62).




Two reviews have been writiten summarising the numerous
investigations into this field of research (62, 64), and a
more detailed discussion of the carbohydrate level in soils
will be presented in the introductory sub-section to Section II,
This will be accompanied by a more complete summery of the

features of soil development where, it is felt, sugars can play
en important role, Inclusion in this relevant section, which
is devoted to the dissolving action of various sugars, will
give a greater continuity to the text,

Up to the present the most important role which has
been attributed to soil carbohydrates is their influence on
soil structure, It has been shown (65) that soil
polysaccharides are capable of binding imorganic soil particles
into stable aggregates, It has also been suggested that the
presence of carbohydrates in the soil may inhibit the
precipitation of iron and aluminium by phosphate (66).

However, it is felt that a far more important role may
be played by soil carbohydrates, namely, that of mobilising
iron and aluminium, and transporting them to lower horizons,
The upper horizons of the soil would thereby become depleted of
these ninerals,

Many workers have shown that leachates from various
plants are capable of mobilising insoluble iron and aluminium
salts in the soil, but the entity responsible for this has never

been determined, These leaschates, mainly from grasses and
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leaves, will contain an appreciable concentration of
carbohydrates, but sugars have never been used on their own in
any experiment investigating iron mobilisation. It is here that
carbohydrates in the soil may play a hitherto unappreciated
role,

In addition, the carbohydrate material in the soil may
affect the nutrition of the plant itself, by keeping nutrients
such as phosphate, iron, aluminium, magnesium etcetera in a
soluble form which will facilitate their uptake. Plants are
known to be able to absorb and utilise monomeric sugars (62),
and this may indicate a mechanism whereby mineral uptake by
the plant could be enhanced,

Since herbage provides a large proportion of the diet
of farm animals, it is obvious that they are subjected to very
high levels of carbohydrate intake., The implications of this
have, however, never been fully investigated. Several reports
have indicated that feeding high levels of sugar to animals
- increases the absorption of various ions (48, 49, 67), but the
full significance, or even the quantitative importance of
varying levels of sugar, and differing conditions, have not
been at all thoroughly investigated., Thus the level of
sugars in the herbage could affect the ‘availability' of a
number of ions to the animal in a way not yet fully appreciated,

This subject will be further discussed in Section III,
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These, then, are the main areas where complexes
between sugars and metals could have a considerably important
role to play, In essence, the role which these complexecs
may play can be summariscd by the term 'translocation',
whether it be the movenent of metals in soils, plants, or
aninals,

L4, Scope of the present work,

It is pertinent to discuss at this point what chemical
form of the metal is envisaged as forming complexes with
sugars, The possibilities of complex formation with the
ionic form of the mnctal, or with a metallic compound such as
hydroxide, carbonate, or phosphate, both exist, Indeed
Rendelman (2) mekes the distinction between complex formation
with alkaline-earth and alkali metal salts, and the
corresponding bases, All of the early workers (subsection II
of this introduction) refer to the alkaline conditions necessary
for complecx formation, under which conditions the metals would
be in the form of their hydroxides, Thus the majority of
information implies that the form in which the metal is bound
to the sugar is the hydroxide, This may indicate that the
nature of the bonding between metals and sugars is an interaction
between hydroxyls, and may have led the early workers to assume
that an excess of alkali was necessary, Although the prccise
nature of the form of bonding is not of great concern in this

study, it is of importance to determine the chemical fornm of
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the metal which undergoes bonding, The investigations on
this point are described ond discussed in Section I,

It was originally intcnded to examine a wide range of
sugars and biologically important mebtal compounds, However,
most of the work in this study has, in fact, been confined to
ferrous and ferric iron and, to a lesser extent, magnesiun,
The analytical problems presented by the necessity of
estimating iron in the presence of high sugar concentrations,
and of estimating sugars in the presence of variable
quantities of iron, were thenselves time-consuming; in any
case, the results obtained with iron suggested so many other
avenues for investigation, that a decision to confine the
work in this way was clearly advisable,

Initially it was intended to conduct nuch of the work
using the polysaccharide fructosan, The use of this
polysaccharide was planned, since it is readily soluble in
water, is found in high quantities in herbage at certain times
of the year, and is virtually identical in structure to the
levans synthesised by soil bacteria, Since it is the most
conmmon soluble polysaccharide found in British feed grasses,
it is ingested in large amounts by livestock, and leached
in quantity into the soil., Having such a widespread
occurrence in naturc, it was obviously the most useful
polysaccharide which could be used in an investigation of this

type. However, difficulty was experienced in extracting
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sufficient quantities of this carbohydratc to conduct the

numerous necessary experiments, so that its monomer fructosec

was used as the main sugar in this study, After conducting
much of the preliminary work with this sugar, the more important
experiments were then repeated using fructosan, Other
monosaccharides and disaccharides were also tested for
comparison, but in cvery case fructose proved to be the most
effective simple sugar used; as will be shown, even more
enhanced effects were obtained with 1ts polymer,

The preliminary studies with a large scale fructosan
preparation obtained from ryegrass, gave results which led to
some analytical work upon it, and necessitated the isolation of
further fructosan samples for confirmatory studies, Section III
of this thesis is devoted to these findings, For the sake of
continuity, all the analytical results are presented together
in this section, reference being made elsewhere in the text to
certain results where this is necessary for clarification,

The layout of this thesis is as follows:=-

Section I deals with the initial investigation to determine
the conditions under which sugars may exhibit
complexing powers with various metals, All the
mothods used were based on the premise that, when a
netal forms a complex with any complexing agent, the
'normal' chemical properties of the metal become

altered, The complication introduced by the
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possibility that metal hydroxides were the entities
bound by the sugars was, of course, borne in mind in
these experiments,

Section IT is a description of the work directed towards an
examination of the practical applications of the
preceding results, with respect to the capacity of
sugars to dissolve insoluble materials, These
substances were : magnesium oxide; freshly
precipitated samples of ferric and ferrous
hydroxides; and the naturally occurring ferrous
minerals biotite, tremolite, and siderite, In
conducting this work full use was made of the
results obtained in the preceding section,

Section III gives an account of the analytical work carried
out on the original fructosan sample, and of the
subsequent exanination of further samples of the
polysaccharide,

Each section is prefaced by a short introductory
sub-section discussing the previous research work relevant to
the particular topic, A summary and discussion follows each
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Section I. Investigation of the conditions under which

complexing will occur,

1. Introduction,

This introduction will provide a brief summary of the
methods fregquently used in the investigation of complex
formation, Many of these methods are based on the fact that
the 'normal'! properties of the metal become altered on
formation of a complex with an organic complexing agent,

One of the most common property changes is a change
in the normal chemical reactions of the metal, and this may be
manifest as the inhibition of the precipitation of an insoluble
compound which would otherwise form, The phenomenon may be
regarded, in essence, as competition for the metal between
the complexing agent and the precipitating anion, For example,
ferric iron forms a very steble complex with EDTA under acid
and neutral conditions, Although this possesses a high
stability constant of 100, ferric hyiroxide is one of the most
insoluble metal hydroxides and has a solubility product of
10'36. The precipitation reaction therefore triumphs over the
complexing by EDTA, and the complex is broken down to yield a
precipitate at pH values above 7,0, Thus, the extent to
which any complexing agent will inhibit the formation of a
precipitate, will be a measure of the stability of that complex,

This technique was utilised by Dumanskii et al (29) in

determining the relative stabilities of the iron complexes of
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several sugars, These were found to be, in order of
decreasing effectiveness: -
lactose ; laevulose ; maltose ; galactose ;
glucose ; sucrose and raffinose,

The ability of sugars to complex with metals can be
effectively tested by this method, In addition, the
gquantity of sugar reguired to prevent precipitation, and
the g values at which complex formation occurs, can be
determined,

A widely used method for determining the presence of
complexes, is the lsolation, purification and analysis of the
complex itself, Many of the early workers who investigated
the phenomenon of sugar-metal complexing made use of this
technique, (13, 17, 19.) which was also used more recently
by Saltman et al (54), The recent review article by
Rendleman (2) gives a complete summary of the alkaline-earth
and alkall metal complexes of sugars which have been isolated
to date, together with a summary of the usual isolation
procedure,

By conducting this technique at different pi values
the extent of complex formation can be determined, and the
effect of the initial sugar to metal ratic on the ultimate
complex formed can be investigated,

Electrophoretic data has been used to investigate
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complex formation both in agueous and alcoholic media, a
comprehensive review of the electrophoretic behaviour of

sugars being given by Weigel (68), The rate of electrophoretic
migration is a function of many variables, such as the net
charge on the molecule, the stoichiometry of the complex, the
salt concentration, the cationic radius, the favoured
coordination geometry of the cation, and the size, configuration
and conformation of the polyhydroxy compound. A further
contributing factor is the stability of the complex, which
would be expected to be influenced by the pH of the system,

An indication of the conditions under which complexes form can
therefore be obtained by conducting electrophoretic

experiments in buffers of different pH values,

On formation of a complex a pH shift can occur., This
is due to the release of titratable hydrogen ions, since all
agents which form metal complexes can be considered to do so
by the displacement of one or more usually weak acidic protons
by the metal, Thus a pH drop occurs, which can be followed
by means of a titration technique, recording the pH attained
during alkali addition, The net result is a depressed
titration curve, the extent of pH depression being a measure
of the stability of the complex, Since proton release, and
therefore depression of the pH, will only occur when complexing

takes place, the exact point at which complexing commences can
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be determineld, The technique was developed by Schwartzenbach
(69), and has subsequently been used by Britton (70)
investigating the complexing of acetic, oxalic, and tartaric
acids; by Britton and Jarrett (71) investigating malonic
acid complexes; by Pecsoc and Sandera (72) examining the
ferric~gluconate system, and more recently by Saltman et al
(54) investigating fructose complexes with iron, Use of this
‘béchnique should allow close examination of the complexing
behaviour of sugars and metals to be made,

Pinally, the investigation of absorption spectra is a
nethod frequently used for the detection of complexes, Ley
(9, 10) recognised that formation of a characteristic colour
is a feature of complex compounds, and utilised absorption
spectra to distinguish between free metals and their
complexes., Again, this technique has been used recently by
Saltman et al (54),

The foregoing are the main methods applied to any
investigation of complexing ability, Although they have been
used previously for the examination of complexing phenomena
between sugars and metals, no precise details of the type
necessary in this study have been provided by the earlier
workers, This can be said of the precipitate inhibition
experiments, and the analysis of isolated complexes, Both

demonstrated that complexes do exist, but did not detail the
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conditions under which they oceur, In addition, the
information provided by the clectrophoretic examinations and
the titration experiments has been rather limited,

This section is an account of the investigation into
the conditions of complex formation, together with a short
discussion of the possible significance of the results

obtained,

2, Chromatographic and electrophoretic investigation of

complexing between sugars and metals,

(a) Chromatography.

Individual substances cxhibit characteristic Rp values
in a given solvent by virtue of their distribution coefficient
between that solvent and the stationary phase, Any change in
the characteristic value for either sugar or ferric chloride
alone, effected by mixing the two entities, will reflect a
change in the distribution coefficient, and will suggest the
formation of a complex under the conditions used,

Exp, No,1. Paper chromatography (G,l,1)

Aliquots of 0,02 Molar ferric chloride with sugar
additions to give molar ratios of sugar to iron from 1:1 to
50:1, were chromatographed in agueous phenol (160 grams phenol:
40 mls water) and ethyl acetate : pyridine : water (120:50:40)
solvents, along with samples of ferric chloride and sugar for

comparison, In addition, a range of samples previously
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adjusted to pH values from 3,5 to 10,0 were also exanined,
Sugars were then located with a silver reagent, whilst iron
was detected with 5 per cent acid thiocyanate (G.M.1).

Although many chromatograms were run, no substantial
change in movement of either sugar or ferric iron was
observed, Typically, the sugars ran well down the paper,
and ferric iron remained on the origin, The grcatest effect
observed with mixed ferric chloride and sugar was a slight
tendency for iron to streak, possibly indicating some easily
dissocisble association between it and the sugar, Several
sugars were tested in this way, Although fructose appearcd
to be more effective than glucose, galactose, mannose and

¥lose, similar affects were demonstrated in all cases,

The inconclusive results obtained by this technique
were thought to be due to two factors, Firstly, no attempt
was made to control the pH of the samples during elution,
since buffering the solvent would have necessitated the
introduction of inorganic salts , which themselves may have
undergone complexing, It was desirable to avoid complications
of this type., Secondly, there was the possible effect of the
cellulose matrix, If complexing between sugars and metals can
occur, then cellulose itself, an insoluble glucose polymer,
could be expected to exhibit a complexing effect, thus hindering

any movement of iron, The adsorption of ferric iron on
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cellulose has been reported by Haerting (73), by Belford et al

(74), and by Pickering (75).

Exp.NoA.Z. Chromatography on a synthetic fibre sheet,

To remove this influence, similar solutions to those
used in Exp.No,1 were chromatographed on a sheet of the
synthetic fibre known generally as 'paper nylon', Only ethyl
acetate : pyridine ; water, (120 : 50 : L4O) of the several
solvents tested, ran succéssfully. The location reagents
were the same as those used previously, (Exp.No,1)

As before, ferric iron in the absence of sugar remained
completely on the origin, but where sugar was present, extensive
streaking of iron from the origin to the solvent front was
observed, Although not running as a definite spot, a
tendency for iron to run along with the sugar was demonstrated,
indicating some form of complex formation, Thet this occurred
on a synthetic fibre sheet, devoid of hydroxyl groups, indicated
adsorption of iron on cellulose as one reason for the failure
of paper chromatography,

These experiments, however, do not provide any detailed
information as to the conditions under which complexing can
occur, as atbtempts to control gH were not made,

b.) ' Paper electrophoresis,

By the use of buffer systems of different pi values, the
variation of the stability of the sugar-metal complex with pH

may be observed, In any onc buffer system sugars will possess
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typicel mobility values, as will ferric chloride. Any change
in thesc values cffccted by mixing the two entitiecs will
indicate some degree of complexing at the pH valuc of the
buffer,

Sample solutions were mede up as in Exp,No,1 using
suger to iron ratios of 20 :+ 1 to 50 : 1, together with
samples of gugar and ferric chloride as standards, No
previous pH adjustment was carried out; as the samples would
rapidly attain the pH value of the buffef system used, The
method used was an immer'sed strip technique; using Analar
carbon tetrachloride as coolant, After spotting on the samples,
cach paper strip, 15 inches long, was subjected to a voltage of
500 volts for 1 hour, before drying, and location of the sugar
and iron with the reagents alrecady described (Exp,No.1), A
full description of the method used is gilven in G,M,2,

All results showed evidence of cellulose interference,
but it proved impossible to utilise the synthetic sheet as a
supporting medium for the electrophoresis runs, due to the
impossibility of adequately wetting the sheets,

Exp.No,3. The electrophoretic properties of sugar and lron

in buffers of different pH,

a) Borate buffer g 10,0

This buffer system was used since borates are known to

form complexes with sugers (76, 77, 78). Thus fructose, the
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sugar used in this initial investigation, should show a fairly
high mobility, The features observed on location of fructosc
and iron are shown in PFig,2,

Fructose alone ran as a well defined spot, with ferric
iron alone remaining on the origin, However, with mixed
fructose and iron, a quantity of iron left the origin running as
a streak, the amount of iron remaining at the origin decreasing
as the ratio of fructose to iron increased, Moreover, fructose
was held back with the iron and also ran as a streak, This is
suggestive of the existence of complex formation between
fructose and iron at this pH value, The fact that both
appeared in the form of streaks, may indicate that the
asgoclation between the two entities was not very strong, and
was affected by the cellulose matrix, In addition, the
complication exists that the interaction being studied herc was
that of fructose/borate and iron, not that of fructose and iron,
b) Electrophoresis at pH 9,0, again in a borate buffer, gave
a similar effect, the only difference being that less iron was
moved from the origin,

¢) Bicarbonate buffer pH 10

The featurcs exhibited in this buffer system are shown
in Figs, 3a and 3b, Although still running as a streak, iron
renoval from the origin was more complete, and the distance
run was far greater, when fructose was present, than with borate

buffer, Again, when fructose was absent, no iron movecnent was
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demonstrated, Fructosc alone ran a very short distance, but
when iron was present, a quantity was carricd forward in the
form of a streak,

In this case, whcre no known complexes are formed
between fructose and bicarbonate, iron was moved more
effectively by fructose than under the same‘pH conditions
where fructose forned a strong complex with the boratc buffer,
This suggests that competition between iron and borate for the
_ fructose, took place,
| To compare the form of these runs with that of a known
ferric-organic complex, a sample of: a citric acid/ferric
chloride mixture of ration 10 : 1 was tested.(Fig.3c).
Iron:citrate ran as a definite spot, ahead of the ferric:
fructose streak, as would be expected since citric acid forms
a relatively strong complex with iron., (79, 80). The general
form was, howcver, similar in both cases,

d, e, f) Bicarbonate buffer of pH 9,1 gave exactly the same
result, while at pH 8,0 more iron was left at the origin, In
M 7.0 bicarbonate buffer, only very slight movement was
observed, even when the voltage was doubled,

g. h) No movement was noted in phosphate buffers of fH 7.0
and 8,0,

i, J. k) At lower pH values, citrate buffers of pH values
440, 5,0 and 6,0 werc used, The featurcs observed (Fig.l)

were the cxact opposite of those noted when borate systems were

-
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used, In this case, citrate formed a complex with the iron,
which ran fairly rapidly towards thc ancde, With fructosc
prescent, however, a tailing effect was cobserved, Fructose
alone ran o short distancc as a definite spot, wherwes with
iron present, it was carried forward from the origin as a
streak,

This indicates some form of association between fruciose
and iron, cven at these low pH values, since the presence of
iron affects the charactceristic mobility of fructosc and vice
versa, Although the effect is slight, fructose is in
competiticn with a strong complexing agent,

The results obtaincd by this technique were not as
conclusive as first hoped, since no definite spots which could
be identified as 'ferric-fructose' complex wcre detected at any
pH values used, This suggests that any complexing effect is not
of high stability, and that cellulose interfercs strongly.
However, since strecking effects were demonstrated ot all pid
values, some assoclation between iron and fructose is indicated,
It is further suggested that this association is at a maximum
at higher pH values, becoming reduced as the pH falls to
neutrality, and followcd by a further slight increase at acidic
P values,

These experinents were repeated, using sugars other than
fructose, All gave effects similar to these noted for fructose,

as Judged by their ability to effect the movement of iren, In
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order of decreasing cffectivencss, these were:-
fructose > fructosan ) glucose; galactose ) xylose Y
sucrose; lactose

Since a wide range of carbohydrates exhibited this
phenonenon of complexing with iron, it is not surprising that
cellulose should also form a complex, and that this should
contribute to the streaking effects noted,

Se__ Inhibition of hydroxide precipitation by sugars,

The procedure finally used was developed using fructose,
as pilot experiments indicated that this was the most effective
simplc sugar in inhibiting precipitation. Quantities of sugar
were weighed dry into beakers, to give the desired molar ratios
on pipetting in 25 nmls of 0,02 molar salt solution, A1l
solutions were stirred at a constant speed by a magnetic
stirrer, 1.0 Normal sodium hydroxide was added from the same
burettc at a fairly constant speed in all experiments, After
addition of each drop of alkali, a short time was allowed for
equilibrium to be reached, TFine adjustment of pH was effected
by addition of small gquantities of alkali on the end of a thin
glass rod,

In the case of the ferric iron experiments, the exact
point where precipitation commenced was taken as the point where
a particulate precipitate of ferric hydroxide was first observed

under illumination with a bright light, #ith magnesium salts,
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however, the translucent nature of magnesium hydroxide made
this mcthod of detection impossible, As an alternative,
determination of the quantity of magnesium remaining in
solution at a range of pH values was made, A similar
technique was also applied to ferric iron in a later stage of
investigation,

A1l experiments were repcated several times to ensure
accuracy.

It is worth noting at this point that on addition of
the weighed quantities of sugar to the ferric chloride
solution, an incrcase in colour intcnsity was observed, The
intensity of this colour increased as the quantity of sugar
present increased, the slope of this curve being dependent on
the sugar used (Fig,5) By measuring the absorbence of a
ferric chloride solution and a ferric chloride plus fructose
solution, both at pi 2+35, over the visible rcgion, the spectra
shown in Fig, 6 werc obtained., Incrcased absorption at 388 %ﬁ
in the fructose containing solution, is clearly dcmonstrable,
despite the similarity of the spectra, This is suggestive of
the presence of a complex betwcen sugar and iron at a pH value
of 2+35, similar to the cffect noted by Saltman et al, (5i)

Exp., No, 4e Invesvigation of thc pH of precipitation of

ferric hydroxide in thc prcsencc and abscnce of sugars,

From solubility product data, the theoretical pH of
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ferric hydroxide precipitation from a 0-02 Molar solution was

calculatced to be pH 2+58,

’ e T 2 : -36
[ﬂFe J LOH ] = K=141x 10
Tt .
Now | Fe = 002
- 3
[ | 36
Jo LOH = 11 x 10 x 50
= 55 x 100
- _ ~ -12
R l OH } 3\/—55 x 10
= 3.8 x 10712
S POH = = (=12 + log 3°+8)
- = (<12 + 0-58)
= 1leh2
e ﬂ{ = 2.58

A sinmilar value was obtained in practice, Thc prescnce of
sugar effectively inhibited the precipitation of ferric
hydroxide from solution, thcreby increasing the pH which had to
be attained before precipitation began, 4s the ratio of

sugar to iron was increased, so did the pH at which
precipitation occurrecd incrcase, the greatcst individual

incrcase being observcd with the first small increment of sugar,




In addition, thc presence of suger also resulbtcd in che
precipitatc rodissolving on increasing the H above the
precipitation point, the pH at which re~solution occurrcd being
Jowered as the sugar to iron ratio was incrcascd, Thus the
phenomenon of precipitate inhibition as the sugar to iron ratio
was incrcascd was found %c take the form of a continually
narrowing pH rangc over which a precipitatc cxisted, (Fig.7)
A1l the sugars tcsted demonstrated this fceature to a
varying degrec, the results being summarised in table form in
Tables 1, 2 and 3, Only in thc casc of fructousc was there o
ratio rcached where complete precipitate inhibition over the
entire pH range was achieved, The order of decrcasing
.effcctiveness was:~- fructose; monnitol; mannosc; glucosc;
xylose; lactose, Lactosec did, however, appcar %o be more
cffective than xylosc when present in high concentration,
Comparison of vhe results obtained here for fructose,
mannose, glucose and xylose, with the colour intensity levels
produced on addition of ferric chloride to thosc sugars (Iig.5)
denonstrated that they arc in exactly the samc order:-
fructosc % mannose ) glucosc > xylosc

This is further cvidence that the causc of the spectral
change was tho formation of a complex between the sugar and the
netal ion, and that the feature of colour intunsification may

act as a rough guide to the effectivencss of complexing,
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FRUCTOSE MANNGSE
RATIO pH pH ohH oH
SUGAR of of of of
Tron Precip. Clearing Precip. Clearing
No Does Does
2,65 : 2,60
Sugar Not Clear Not Cleax
l:} 4.4 12.25 4.1 12,55
2:1 4.8 11.7 4.25 11.5
4:1 5.1 11.1 4435 11.5
10:1 5.6 10.1 4.6 10.8
20:1 Right ']ﬂprough
30:1 " " 503 904
50:1 -- - 5.8 9,08
Table 1
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GLUCOSE LACTOSE
Ratio pH pH pH pH
Sugar of of of of
Tron Precip. Clearing Precip. Clearing
No Does Toes
2,60 not 2,65 not
Sugar Clear Clear
1:1 3,95 13.0 3,75 No
: ° * y Clearing
13z,
o
2:1 4.1 12,0 4.0 Clearing
13,0
4:1 4.4 11.6 4,25 13,0
lo:l 4.6 1009 4.4 11.9
- 2031 4,7 10.5 5.0 10,65
30:1 4.9 10.3 5.8 _10.4
Inconplete
50:1 565 9.8 Solution fof Lactose
Table 2




YYLOSE MANNITOL
Ratio pH pH pH pH
Sugar of of of of
Iron Precip. Clearing Precip. Clearing
No Does Does
2.70 not 2.65 not
Sugar Clear Clear
No
131 400 Clearing 4.25 llu8
\ 13.0
2:1 4,2 12,75 4.8 11.05
4:1 4.25 12.25 5.1 10.4
10:1 4.5 11.8 5.35 10,05
20:1 4.7 1009 504 9055
30:1 4.9 10.45 5.75 9.1
Incempglete
50:1 24 10.05 | goiution df Mannitol
Table 3

49




The diagramatic represcntation of the 20:1 fructose to
iron ratio in Fig., 7. indicates that pH adjustment of mixcd
fructose and iron at this ratio results in the formation of a
‘semi-stable solubion over part of the pi range, During
several rcpcats of this experiment no precipitation was
observed over the entire pi range, but where the solution was
allowed to stand at pH 6.2 for a longcr period, a light
'milky' precipitate was shed, On subsequent slight pH
increase, by addition of sodium hydroxide, this precipitate
disappeared and the solution cleared, Precipitates of
similar physical appcarancce werc generally observed with all
sugars at the commencement of precipitation where the sugar to
iron ratio was high, A sample of the precipitate was removed
and examined under a microscopc, comparing its appearance with
that of the floculated precipitate obtained when ferric
chloride alone is adjustcd %o vhis g, It can be scen
(Fig, 8 and Fig, 9) that where fructosc is prosent the
precipitate is more finely divided than the typically
floculated precipitate of ferric hydroxide alone,

A more detailed examination of the bchaviour of solutions
having this ratio (20:1) of fructose to iron was made by
ad justing a series of such solutions to i values in the region

of 62, The observations nade arc sum:ariscd in Teble k.,
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PH to which 20:1
Remarks
soln, adjusted,
clear, bubt became slightly cloudy
5.8
after 15 mins, standing
) became slightly cloudy and precipi-
6,05
tated after 15 nins,
¢ around 1-2 minutes delay followed
2
by precipitation
¢ very slight precipitation after
ok '
3% hours
60 9 clear
Table 4

The results indicate that the pH value at which precipitation
is most likely to occur, is about 6,2, At values slightly
above or below this 'critical' pH, the iron-fructose complex
is stable for some time before ultimate precipitation, At
no point, however, was precipitation complete, the solution
always retaining some colour characteristic of ferric iron,

Exp.No.5. Measurement of the quantity of iron remaining in

solution at a renge of pH values, with increasing

nolar ratios of fructose to iron

Since precipitation from the 20:1 solution was observed

to be only partial, the extent of prccipitation at all pH
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values and all ratios of fructose to iron was examined, This
was carried out by making up solutions similar to those used in
the previous experiment, and adjusting them to a definite pH
value, An aliquot was then taken, which, after standing for
half an hour was centrifuged, and the amount of iron remaining
in the supernatant deternined, (G,M.3)., The results are
summarised in Table 5, As will be seen, over one third of
the iron remaincd in solution at pH 6.3, where the ratio of
fructose to iron was 20:1, This valuc increasecd rapidly above
and below this pH, As expected, the amount of iron held in
solution by lower fructosc to iron ratlos was less than this
amount , although still considcrable whcn compared to the
solution containing no sugar, A further feature demonstrated,
is that precipitation from solution on pH increase was a
gradual process, That is, a quantity of inscluble hydroxide
was shed, since only a proportion of the total present could be
effectively complexcd and held in solution, the guantity shed
increasing as the pH was increased, and as the ratio of fructose
to iron was rcduced,

The results up to this point have shown that sugars,
especially fructosc, are capable of inhibiting the precipitation
of ferric hydroxidc, and the pH values at which this is
achieved have been well defined, both for a variety of sugars

and a range of sugar to iron ratios, It can be concluded that
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g? gamma per milile?re of iron in solution

Sample at variocus ratios of fructose to iron
20 [ 10 4 2 1 0
Original 945 1045 1045 1055—ﬂ 1065 1100
2.6 S S s | s S 1045
2.8 s 5 S s | s 1020
3.0 S S S S S 749
4,0 \ S S S S 1066 136
4.5 S S S 1050 99.7 5¢2
4.8 S S S - - 0
5.0 5 S 1.040 20,3 16.8 0
565 S 1055 49.5 13.5 €.8 0
6.0 940 27.6 12.5 4.2 4.2 P
6.3 385 10.9 - - - P
7.0 450 13.1 1.05 - - P
8.0 ?10 97+5 1.05 - - P
8.5 958 C- - - - P
9.0 S 1032 23.7 - - P
10.0 S 1058 175 93,6 27.5 . P
11,0 S S 990 552.5 143,0 P
12,0 -5 S S 1039 - P

S = completely soluble - = No data P = completely precipitated
Table 5
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complexing readily occurs at pH values which prevail in natural
environments, Contrary to the comments of earlier workers
regarding the necessity for excess alkaliniby, complex
formation has been showvmn to occur at low pH values, Although
the spectral cvidencc indicates that complexing may occur at
PH 2,35 between sugar and ferric ions, cvidence of complex
formation above pd 2,6, the pH value at which ferric hydroxide
precipitation normally takes place, has becn demonstrated by

a number of techniques,

In addition to raising the pH at which precipitation
comiences, the presence of sugar results in the precipitate
formed at pH 6,2 returning into solution on continued pH
increase, It was clearly of interest to discover whether
such an effect was also demonstrated on reducing the pH from
the precipitation point.

Exp.No.6, Behaviour of precipitatcs on pH dccreasc from pH 6,2

Solubions werec made up as in Exp,Nol.i4. Initially a
solution with a fructose to iron ratio of 20:1 was tested, This
was adjusted to pH 6.2, and then by continual monitoring on a
tH neter, the pH was reduced to 4,0 and maintained at this value
by addition of minubtc quantities of dilute hydrochloric acid,
Within half an hour the precipitate had dissolved completely,
although clarification commenced almost immediately, No such
effect was observed in the absence of sugar,

To test whether a similar effect would be displayed by
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solutions containing less fructose, two solutions with a

fructose to iron ratio of 1:1 ware made up and adjusted to

pH 6,2, The pH values of ecach were then reduced to 45

and 3,5 rcspectively, and maintained at this level by means of

an automatic titration asscmbly, This equipnent delivered

dilute acid from a syringe as necessary, if the pi drifted

upwards from the set pH value, Similar treatment was also

given to a ferric chloride solution containing no sugar, The

results are summarised in Table 6.

PH level
Solution to which Remarks
adjusted
After 1 hour, no recdissolving noted.
1:1 L5 Precipitate was more finely divided
than previously
141 3.5 Seen to be clearing after 1 hour,
' * Completely clear after 1% hours
No 3.5 No clearing after 6 hours
fructose

Table 6

Couparing these results with those obtained previously

(Teble 1 and Table 5) it can be seen that the pH at which the

precipitate will radissolve, presents agrcement with the pH

at which it is first shed from solution, That is, ferric

hydroxide will be shed from a solubion containing 1:1 fructose

at a pH of L.4, thus it can not redissolve at pH 4,5, but will
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rcdissolve at pH 3.5 with little difficulty, Similarly, ferrie
hydroxide alonc will precipitate from solution at pH 2,6, and
therefore will not redissclve at any P value above this,

Exp.No, 7., PFructose addition after precipitation

It has been denonstrated here that when sugar is added
to ferric chloridec solution and the gH then adjusted to
precipitation point, the precipitate formed may be redissolved
by raising or lowering the pH within the range where a
precipitate of ferric hydroxide would normally exist, It was
of interest %o discover if a similar phenomenon was exhibited
on addition of sugar after the precipitate has formed at pH 6,2,

Aliquots of ferric chloride were adjusted to pH 6,2 and
fructose was added to give a range of fructose to iron ratios
from 1:1 to 20:1, The @l levels were then adjusted, both
upwards and downwards, as in the previous experiments, and the
suspensions observed, No obvious redissolving effect was
noted even over a period of time, It appears, therefore, that
sugar must be present in the ferric chloride solution before
addition of alkali is made, in order to exert any influence on
the behaviour of the ferric hydroxide precipitate,

It appears likely that the difference in behaviour is
duc to the possibility that the precipitate shed at pH 6,2 in
the presencec of sugar, nay not consist of pure ferric hydroxide,
but may be an intimate association of ferric hydroxide and

sugar, This is reinforced by the fact that the precipitate shed
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in the presence of sugar possesscd a different physical
appearance to that of pure ferric hydroxide, This possibility
will be examined by analysis of the precipitate at a later stage.
(Exp.No,12),

Exp,No,8, Precipitate inhibition in more dilute solution,

A nurber of short precipitate inhibition experiments
were carried out using 0,002 iolar ferric chloride, instead of
the customary 0,02 Molar solution, and using the same procedure
as that described in Exp.,Noei, The bchaviour cbserved
deserves brief mention herec,

As before, 25 nl aliquots of ferric chloride were added
to weighed quantities of sugar to provide the desired Molar
ratios of fructose to iron, On subsequent addition of sodium
hydroxide, little difference was observed in the behaviour of
solutions containing sugar, and thosc not containing sugar,
Where fructose was absent, precipitation of ferric hydroxide
did not occur wmtil above pH 5,0 3 in addition, ratios of
fructose to iron of up to 100:1 were ineffective in completely
inhibiting precipitation over the entire pH range.

To test the accuracy of these observations several 0,02
Molar ferric chloride solutions with fructose to iron ratios of
30:1 and 50:1 werec made up, These werc adjusted to pH 6.2 and
allowed to stand for some time, No precipitation occurred;
However, when a 10 times dilution with water was made,

immcdiate precipitetion occurrdd in beth test solutions,
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It can be concluded that thc complex formed in dilute
solution is not very strong, and is unable to maintain ferric
hydroxide in solution,

Exp.No,9, Inhibition of ferric hydroxide precipitation with

ryegrass fructosan
A series of solutions exactly equivalent to those in

Exp.No.4 was used, Dry fructosan isolated from ryegrass as
described in Section III was weighed out using the same
quantities as used for fructose, without correcting for
anhydro~residues, On analysis of the fructosan sample
(Section III, &) a 'fructose! content of 68,2 per cent was
found, with a total sugar content of 77.7 pcr cent; the
difference between these two values reprcsenting the glucose
content of thc fructosan sample, In the tabulated results,
therefore, both the ratio of !'fructose' to iron, and the total
sugar to iron, are given, Thesc molar ratios were calculated
according to the molecular wecights of the component simple
sugars of the fructosan, The results arc prcsented in Table 7,

Although rather ineffective in very low concentrations,
fructosan exhibited an exceedingly powerful complexing action
in that complecte precipitate inhibition was achieved at a
'fructose' to iron ratio of around 4:1, This figure indicates
that fructosan is approximately six times more effective as a

complexing agent than its monomer fructose,
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Ratio | Ratio pH | pi
"Fructose | Total Sugar of { of
Iron Iron Precipitation | Clearing
Milky Ppt. | No
0,682:1 0.777:1 2.7 5 clearing
— }
-
Milky Ppb. |
1,364:1 1455421 2,7 1.5
Milky Ppt. Almost clear
2,728:1 3.108:1 2.7 : 8.6
Milky Ppt. Alnost clear
3.11-1031 3.885:1 2-7 605
No Particles
Clear
4,092:1 | L.662:1 right through

Lable 7
Detailed analysis of the fructosan was carried out
(Section III, 1) and it was ascertained that no other moiety
capable of complexing was present in the polysaccharide sample,
The effect exhibited here is, therefore, attributable only to
the action of the fructosan,

Exp.No,10, Inhibition of megncsium hydroxide precipitation.

It proved impossible to determine the pH of precipitation
of magnesium hydroxide by observation, due to its translucent
appearance, Deternination was therefore made of the quantity
of magnesium retained in solution at a range of pH values, and
a variety of sugar to metal ratios, The procedure adopled was
exactly the same as that used in the equivalent iron experiment

(Exp.No,5) quantitative determination of magnesium being
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carried out as detailed in GJis4e From solubility product
data, the theoretical pH of magnesium hydroxidc precipitation
from a 0,02 Molar solution, is 9.39, so that only rather high
Pl values can be used in this series., The results obtained
are tabulated in Table 8,

It can be seen that the cffect of fruciese on the
inhibition of magnesium hydroxide precipitation was less
powerful than the effect exhibited with ferric hydroxide.
Neither was the effect as consistent as that demonstrated with
iron (pH 10,9 sample Table 8), However, since a degree of
precipitation inhibition was exhibited, it can be said that
complexing between magnesiun and fructosc occurred, although
it has only been possible to dcmonstrate this effect at rather

elevated pH values,

Ezp.No.11. The effect of alkali on fructose,

Alkali is known to epimerise or dcgrade fructose,
indeed carbohydrates in general (81, 82), the extent of any
transfornation being dependent on the degree of alkalinity,
Although many of the foregoing experiments were conducted over
a short period of time, it remained necessary to ascertain that
no degradativce or other change that would give rise to products
which could concecivably have been responsible for some of the
effects noted, had occurred during the course of each experiment,

For this rcason many samples were removed from solutions which



mgs., of Magnesium present in
25ml, Aliquots at Various pH's

Ratio
Fructose pH 10.7 . pH 10.9 pH 11.1
Iron
No
0.78 0.70 0.27
Sugar
1:1 3.1 1.6 0.55
2:1 4.2 2.2 0.81
4:1 6.95 2.0 1.0
20:1 8.1 1.5 1.0
20:1 12,0 3,0 1.24
30:1 12,0 502 2.2

Total Magnesium present in 25ml
of Solution = 12.16mgs.

Table 8




had been adjusted above pH 9.0, and examined by paper
chronatography (G.i,1), In addition, fructose solutions were
adjusted to pH values of 9,0; 9.5; 10,0; 10.5; 11,0; 11.5,
both in the presence and absence of ferric chloride, Samples
were then chromatographed at & hour; 12 hours; 36 hours;
72 hours and 120 hours,
A1l tests indicated that no degradative or other
change, detectablc with the silver nitrate reagent, had taken
place at pH values up to about 10,5, as fructose was the only
cntity detected, At pH values higher than this, however,
transformation took place fairly rapidly, the main product
being glucose,,although saccharinic acids are also known to be
produced under strongly alkaline conditions (83). The presence
of iron appeared to inhibit the epimerisation to a certain
extent,
These facts do not discredit the results obtained, as
it has been adequately demonstrated that complex formation with

subsequent precipitation inhibition occurs outwith these

alkaline pH values, Moreover, it is the results obtained at

these lower pH valucs which are of greatest interest to this

stud y.
The foregoing experiments have indeed demonstrated that

complexing between ferrie iron and sugars can occur at pH

values prevalent under natural conditions, Precise details of
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the conditions of i, ctcetera , under which complexing tokes
place, have been provided, Such an effect has not been
demonstrated with magnesium, however, as the precipitation
of its hydroxide does not take place until a pH value in excess
of those normally found in nature,

Isclation and analysis of the complex was next
attenpted, at the same tine carrying out analysis of the

precipitate obtained at pH 6,2, By doing so it was hoped to

obtain an explanation for the different effects observed when
fructose was added aftcr precipitation, as opposed to addition
before pH adjustnent had taken place,

L., Isolation, purification and analysis of the complex

formed between ferric iron and fructose,

The information detailed in Exp.No.4 demonstrated that
the behaviour of ferric chloride with added sugar, can be

dividcd into three distinct phases as the pH is increased,

i) From the commencement of alkali addition up to the
précipitatioﬁ point, a clear dark coloured solution is
present,

ii) The precipitate,

iii) Fron the point of re-solution of the precipitate, with
increase in pH, a clear dark coloured solution is again
present,

The pH range over which each individual phase exists,
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depends on the quantity of sugar present, and on the actual
sugar used, Any study of the conposition of the complex will

require to include one aliquot from each phase,

Exp,No,12. Isolation, purification and analysis of the complex

Tvwo series, each containing a different ratio of fructose
to iron were used to dcbermine the effect of the initial sugar
concentration on the wltinate analytical figures procured, The
procedure used for isolation, purification and analysis was the
sanc for cach phase sample,

Aliquots of 0,02 Molar ferric chloride werc added to
weighed amounts of fructosce to give three samples with a 1:1,
and three with a 10:1 fructose to iron molar ratio, One sample
of each series was adjusted to pH 4,0, and naintained at this
H for five minutes to ensure that equilibrium had been reached,
In a similar way, one sample of each was adjusted to pH 6.2,
The remaining 10:1 sample was adjusted to pH 10,0, and the 1:1
sanple to pH 12,0, so that both solutions were clear of
precipitate, The resultant solutions were poured, with
stirring, into cthanol, and cther added, The precipitates
fornad by this treatment were collccted by centrifugation,
washed three times with a 50:50 cthancl/ether mixture, once
with anhydrous ether and dricd, to provide dry, brown powdecred
samples of the six test solutions, Water was then added to each
sample, and obscrvations made (Teble 9)., Measurement of the

PH of the solutions, or suspensions, indicated that they werc
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very close to the pH values at which they had initially been

precipitated,
Behavi:):l; of isolated and
No. Sample purified samples on addition
of water
1] 1:1 pH &4 No redissolving
2 | 1:1 pH 6,2 No redlssolv:.ng
“'3 i 1:1 pH»12 1 Réalss;;ved mmed}aj:ﬂy o
L 1f5'10:1 PH 4 Redissolved mmcdla‘bely N
5 ;10;1 pH 6.2 No redissolving
fS '10 71 pH»_1O i* t“};t;dlséoﬂi;e;V_Ellﬂrgcv,dlately
Tzble 9.

The conclusion nay be drawn from these results that
solutions 3, L and 6 have retained sufficient fructose to permit
redissolving at their respective pi values.

All samples were then dissolved by adjustment to pH 1.4
with hydrochloric acid, so that the content of iron (G.M,3)

" and fructose (G.,},6) in each could be determined, After
calculation of the number of nilli molcs of each substance
present per ml, the molar ratios were worked out,

Teble 10 sunmerises the results of two analyses carried
out by the above procedure, essentially similar results being
provided by further repetition.

The ultimate ratio of fructose %o iron is clearly

influcnced by the initial sugar to iron ratio, and by the pfH at
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T - N
1st Isolation 2nd Isolation |
A . Fruct . fruct
No, Sample Ratio _;};_2_5939 Ratio ;'?gnose
1 |1 L 111 1:11.8
2 |11 pH 6,2 1:16.5 113 N
3 | 431 pH 12 131 1:3,5
L :10;1 PH 4 el 1:4.,6
5 10:1 pi 6.2 1ehy 113,86
6 101 pH 10 S o250 | t2a
Teble 10

which the complex was isolated, A closer association of
fructose and iron exists at higher pH valucs, indicating that
the complex will be more stable under such conditions, This
finding presents agreenent with the electrophoretic data (Exp,
No.3) where it was found that greater mobility of iron was |
cxhibited at higher pH values,

Comparison of the results in Table 9 and Table 10
indicates that a fructose to iron ratio of as little as 1:4 is
sufficient to promote redissolving of ferric hydroxide at
fH 4.0 ; pH 10,0, and pH 12,0, That is, that very little
fructose is required to retain ferric hydroxide in a soluble
form at pH values where it would normally be precipitated.

Although Saltman et al (54) isolated a complex from a

10:1 fructose to iron solution at pH 9.0, a.nalisis of which

suggested a 2 Fructose: 2 Iron reclationship, no such definite
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stoichionetric rclationship was indicated in this study,
However, repetition of thc procedure provided relatively
constant results, indicating that the ratios found were not
mere chance due to incomplete washing of, or occlusion in, the
precipitate, The only fact that con be stated with certainty
is that fructose is bound to ferric hydroxide at pH values fron
i to 12, indicating that complex formation occurs over this
range,

The samples adjusted to pH 6,2, before isolation, did
not redissolve on addition of water, They did, however,
exhibit the properties of fructose-iron complexes on pH
ad justnent, For example:-

The brown powder obtained on isolation of the 10:1
pH 6,2 sample was redissolved by addition of dilute hydrochloric
acid, On subsequent addition of alkali, precipitation did not
occur until pH 5.2, followed by re-solution of the precipitate
at pH 12,0,

Clearly then, the previously noted behaviour of
precipitates shed at pH 6,2 from solutions already containing
sugar, as compared to‘solutions ad justed to this pH prior to
sugar addition, 1s duec to the fact that the precipitate in the
former does not consist of pure ferric hydroxide, It is, in
fact, an intimate association of ferric hydroxide and sugar,
Moreover, the proportion of fructose present in this precipitate

is fairly constant, each tine the isolation is rcpeated, This
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tends to rule out the possibility that sugar is present merely

as an occlusion in the precipitate,

5., Further investigation of complexing bctween sugars and

metals by a titration technique.

A brief summary of the principles on which this technique
is based is given here, although a morc detailed account has
already appeared in the text, When complexing takes place
between a metal and an organic ligand, weakly bonded acidie
protons arc released, resulting in dcpression of pH, a depressed
titration curve being obtained, The extent of this depression
is a neasure of the stability of the complex, and by observation
of the point at which divergence from the nornal titration curve
comnences, the pH at which complexing becones effective may be
debtermined, This feature is demonstrated in conventional
conplex formation where a ligand combines with a metal ion, but
no reference has been found stating that a similar feature is
demonstrated when the ligand corbines with thc metallic hydroxide,
Despitc the fact that the results of the foregoing experiments
have indicated that complex formation takes place between the
sugar and the metallic hydroxide, it was decided to conduct a
nuzber of short experiments to investigate the titration
behaviour of ’qhe complex,

Solutions similar to those used in Exp.No.4 were slowly

titrated with sodiunm hydroxide delivered at a constant rate from
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an accurate syringe mounted in a notor driven micromcter assembly,
This cngbled slow and accurate addition of alkali to be made, and
the quantity added could be measured, By changing the rate of
turn of the micrometer, the rate of alkali addition could be
altered if desired, The pH was recorded on a moving chart
instrunent, the graph produced rcpresenting pH on one axis, and
volume of alkali added on the othcer., Since the syringe held
only 0.5 nls of alkeli, it was necessary to use 5 Normal sodium
hydroxide to avoild irregularities in the titrations, By
adjusting the rate of alkali addition to 22 microlitres per minute
and stirring rapidly, smooth, entirely reproducible, curves were
obtained,

Exp,No,13, Titration of ferric chloride and fructose, alone and

mixed.

25 ml aliquots of 0,02 Molar ferric chloride with fructose
added to give the desired ratio of sugar to iron were used, scveral
titrations being carried out to ensure reproducibility,

Fig.10 shows the curves obtained for ferric chloride
alone, fructose alone, and ferric chloride and fructose mixed to
give a fructose to iron ratioc of 20:1, The titration curve of
nixed fructose and iron is depressed below that of either of the
two entities when titrated separately, demonstrating, therefore,
that complexing, of a sort accompanied by proton release, has

taken place,
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. pH

0.1 0.2 0.3 0.4 0¢5
mls of Sodium Hydroxide

Comparison of titration curves

Curve A - Fructose alone (at the same
’ concentration as in C)

Curve B - Ferric chloride alone

Curve C - Ferric chloride plus fructose
(fructose: iron 20:1)

Figure 10
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Connents upon the ferric chloridc titration curve,

The long straight portion of the curve corresponds to
the titration of the free acid present, Precipitation commenced
at pH 2,7, followed by a rapid increase in piH,

Comments upon the ferric chloride/fructose titration curve,

This exhibited the same features as the ferric chloride
curve up to pH 3.5, due again to titration of the free acid, and
showed no evidence of complex formation, Above pH 3,5 however,
the curve diverged from the ferric chloride curve, showing that
acid was being produced, This phenonenon was consistent with a
complexing effect, Complexing continued to take place up to the
limit of the titration,

A sinilar titration was conducted with a fructose
to iron ratio of 10:1 (Fig.11), In this case, the curve for
nixed iron and fructose, although exhibiting divergence above
PH 3.5, more closely resembled the ferric chloride curve than did
the 20:1 fructose to iron solution, As had been previously
demonstrated (Exp.NVo,4) a precipitate was shed at pH 5.6, and
redissolved at pH 10,0, with a sclution of this composition,
Insufficient fructose was present to maintain all the ferric
hydroxide in a soluble forn, so that some of it had to be shed
from solution. Consequently, the lesser quantity of complexed
iron present produced the lower depression of pH noted,

It can be stated that complexing between fructose and

ferric iron occurs over the entirc pH range above pH 3,5, although
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pH

Precipitates

_

0.1 0.2 0.3 0.4 0.5
mls of sodium hydroxide

Comparison of titration curves

Curve A - Fructose alone (at the same concentration
as in C)
Curve B - Ferric chloride alone

Curve C -~ Ferric chloride plus fructose (fructose:
iron 10:1)

Pigure 11
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with lower ratios of fructose to iron the relative stability of
the complex is fairly low,

In sone preliminary experinents, essentially the same
results were obtained when titrations were carried out using
glucose as the sugar,

ExpNo, 14, Addition of fructose after precipitation of ferric

hydroxidc,

‘ Although Exp.No,7 indicated that fructose does not
promote the redissolving of ferric hydroxide if added after
precipitation, this titration technique could provide information
as to whether any complexing between fructose and ferric
hydroxide takes place, as opposed to actual redissolving,

Aliquots of ferric hydroxide were taken as before and
titrated with sodium hydroxide, Fructosc, to provide a ratio of
20:1 was then added at various points during the titration,
(Pig.12), When fructose was added at pH 11,0, a sudden pH
drop occurred, the titration curve thereafter following the
sane course as the curvce obtained when fructose was present
before pH adjustment (Fig,10). When fructose was added at
pH 8,0 the pH stopped increasing and thereafter followed the
éame course as that noted for the pH 11,0 addition,

In both cascs, therefore, release of acidic protons
immcdiately upon fructose addition was clearly dcmonstrated, and
the extent of the pH depression was equivalent to that previously

noted (Exp,No,13). This indicated that ccmplexing between
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0.1

0.2 0.3 0.4 0.5
mls of sodium hydroxide

Comparison of titration curves
Curve A - Fructose alone
Curve B -~ 0,02 M Perric chloride alone

I Fructose added to give 20:1 ratio at pH 11,0
II " " " n " n LU pH 8.0
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fructose and precipitated ferrie hydroxide does, in fact, occur,

although no imnediatc dissolving action takes place, That it

is easicer to prevent a precipitate,than to redissolve it,by

complexing agents has been noted by others, for example Smith (84),
The previcus experinent denonstrated that divergence from

the normal titration curve did not occur until a pH value at

which iron would normally be present as its hydroxide, It

therefore appears, frgn these last cxpcerincnts, that complexing

does not take place betwecn sugar and the ferric ion, but between

sugar and ferric hydroxide,

Exp,No,15, Titration of magnesium chloride and fructose,

alone and nixed,

Using magnesiur chloride exactly the same procedure was
carried out, The results cbtained (Fig.13) demonstrated that
depression of pH occurred, although not to such a great extent
as with iron, This effect was cxhibited at g values above 7,0
indicating that complcx formation ocecurs above this point,

Exp.No,16., Attempted titration of ferrous sulphate,

It would have been of interest to obtain similar data for
ferrous iron, but due to the rapidity with which oxidation took
place, this proved impossible,

6, Suamary,

The foregoing cxperiments have provided a considerable

quantity of information regarding the formation of complexes

between sugars and metals,  Exanination of precipitation
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pH

0.05 0.10
mls of sodium hydroxide

Comparison of titration curves

Curve A - Magnesium Chloride alone

Curve B ~ Fructose alone (at the same
concentration as C)

Curve C - Magnesium chloride plus fructose
(fructose: magnesium 20:1)
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inhibition demonstrated that the most effective simple sugar
was fructose, although fructosan was around six times more
powerful as a complexing agent, In addition, it was shown that
precipitation inhibition was effected by very small amounts of
sugar, since the grcatest individual increase in the pH at which
precipitation occurred was observed with the first small
increment of sugar, This series of experiments also indicated,
as suggested by the electrophoretic data, that complexing
occurred over a very wide pH range, This was confirmed by
analysis of the isolated complex, where an isolable complex was
found to exist at pH 4,0; pH 6,2 ; pH 10,0 and pH 12,0,
Additional information was also supplied by the titration
experiments, which demonstrated that complexing occurred from
pH 3.5 upwards,

Although the precipitate shed at g 6.2 when sugar was
present could be redissolved either by pH adjustment into the
alkaline or acid range, such an effect was not demonstrated when
sugar additions were made subsequent to pH adjustment, Analysis
of the precipitate shed in the presence of fructose, indicated
that it consisted, not of pure ferric hydroxide, but of fructose
and iron, presumably ferric hydroxide, in close association,
thereby cxplaining the difference in bchaviocur, However, it was
later shown (Exp.No,14) that although no redissolving effect was
observed, complexing betwcen fructose and procipitated ferric

hydroxide d4id occur,
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The results of the titration experiments indicated that
complex formation was only apparent at pH values where iron
would be in the form of its hydroxide, suggesting that complex
formation occurred betwecn sugar and the hydroxide, rather than
between sugar and the ferric ion, This fact has been indicated
by all the results, demonstrating a cerftain agreement with the
results of the early workers, although the severely alkaline
conditions believed to be necessary for complex formation are
not required, The only contra-indication to this was the
spectral change observed on addition of sugar to ferric chloride,
which suggested that complex formation could take place between
sugar and ferric ions, at low pH,

Complex formation between sugars and magnesium has also
been demonstrated, Although this was only showm to occur at
high pH values by the precipitation inhibition experiment, the
titration data has shown that complexing is effective above
pH 7.0, this being the pH at which divergence in the titration
curves took place,

7. Discussion,

Although relatively high concentrations of sugar were
required to inhibit the precipitation of ferric hydroxide over
the entire pH range, it has been shown that small amounts of
sugar are capable of exhibiting complexing phenomena, In a
consideration of soil environments where large ratios of sugar to

iron would not be found, this may be significant, in that small
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quantitics of sugar may act to keep iron in a soluble fornm,
whereas normally, precipitation would occur, A similar
phenonenon may be exhibited by fructosan, which is found in the
soil (61, 105) and has been shown to be a more powerful
complexing agent than any sugar tested,

Although the action of sugars on precipitates of ferric
hydroxide did not result in any immediate dissolving effect, the
fact that complexing actually occurs between these entities may
indicate some long~term dissolving action, This, of course,
would be the type of conditions found in the soil, where a slow
continual passage of carbohydrates down the profile could have
a pronounced effect on the translocation of iron, Sone
preliminary experiments to test this possibility will be
described in Section II, As the results have indicated, any
dissolving effect at pH 6,2 will be minimal, so that experiments
will require to be conducted above and below this value,

| Unfortunately no results have bcen obtained for ferrous
iron, and this form of iron may well be more important than the
higher valency form, Many soils which exhibit spectacular irom
translocation features contain a high proportion of their iron
in the ferrous form, due to waterlogging and the accompanying
anaerobic conditions, Sone studies of the effect of sugars

on the redissolving of ferrous iron will therefore be described

later (Section II).
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From the point of view of the offect of sugars on the
mineral inbake of animals, it seems unlikely that scome effect
will not be exhibited, Herbivores ingest large quantities of
carbohydrates, cspecially fructosan, so that very high ratios of
sugar to metal will be prevalent in the intestine, It has
indced been shown that high sugar to metal ratios have a
pronounced effect on the behavicur of both iron and magnesium,
That effects similar to those detailed zbove will be exhibited
during dictary processes therefore seems likely, since
conplexing with magncsium has been shown to occur at pH values
above 7,0, with similar slightly alkaline conditions present in

the small intestine, where magnesium absorption takes place,
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Section II, Examination of the capacity of sugars to promote

the solution of various water—insoluble compounds,

1. Introduction

The ability of sugars to form complexcs with metals under
conditions normally found in natural environments, indicates that
sugars may play a hitherto unappreciated role in natural processes,
It is proposed to examine here the possibility that sugars prescnt
in the soil may have a solubilising action on some of the water-
insoluble components of soils, Special emphasis is again placed
on iron compounds, as therc are a number of interesting soil
features in which iron figures prominently,

This introductory subsection will be devoted to a brief
description of these features of interest, and an account of
previous research to determine the processes which lead to the
formation of such features, For sugars to cxhibit any
pronounced dissolving effect in soils they must be present in
adequate concentration, Thus an account of the level of
carbohydrate material in soils is also included,

The main morphological features of interest pertaining to
80il iron are characteristically associated with poor drainage
conditions, often resulting in waterlogging or intermittent
waterlogging of soils, These in turn result in reducing, or
alternating reducing and oxidising conditions in the upper horizons
of the soil, Crompbton (85) has shown that podzolic soils, thin

iron-pan scils, and glcy soils can all be associated with such

82,




conditions, the factors determnining the type of soil being the
scverity of the poor drainnge, and the topography of the

region, Common to all three soil types is evidence of extensive
mobilisation and translocation of iron under reducing conditions,
with subsequent redeposition where more oxidising conditions
prevall, Thus all soils exhibit evidence of considerable
minorél loss in the upper horizons, with typical rcdeposition
features at 2 lower level,

The view that translocation of scsquioxides occurred in
the form of complex organic compounds was first proposed by
Jones and Wilcox (86). They postulated that hydroxy acids are
responsible for the solubilisation of the free oxldes of iron
and aluminium, which are then transported as complexes and
finally precipitated as basic salts, Gallagher and Walsh (87)
and Halvorson and Starkey (88) reached similar conclusions,
the latter using fermented sugar as the iron dissolving agent,
and suggesting that reprecipitation occurred due to bacterial
assimilation of the ligand.

Bloonfield examined the #bility of a number of organic
agents to dissolve insoluble oxidés of iron and aluminium, His
work included a study of fermcnted and completely sterilised
grass extracts (89) where, after 10 days, some 60 mgs of iron
were dissolved per litre of extract by the former, and 8 mgs per

litre by the latter, Much of the iron extracted became
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reduced, and considerable fixation of the dissolved iron on
ferric oxide occurred, with subsequent oxidation, These
findings were discussed with respect to the gleying process,
where in intcermittently waterlogged soils the surfaces of
structural elements becomc blcached due to the drainage water
carrying plant decomposition products, The arca of iron
enrichmnent always found bclow such a horizon was thought to be
due to fixation and oxidation as above,

Similar investigations were carried out using water
extracts from Scots pine needles (90); Kauri leaves and
bark (91); Rimu leaves (92); Larch lcaves (93), and Aspen and
Ash leaves (94%), All extracts were treated with toluene to
stop bacterial action, and all dissolved considerable quantities
of iron and aluminium, The anount extracted was greater undcr
anacrobic conditions than when oxygen was present, Sinilarly,
less iron was dissolved at pH 7,0 than at lower pH values,
However, the quantity dissolved under acrobic and neutral
conditions was still considerable, In addition, Bloomfield
found (95) that these iron solutions were strongly adsorbed
onto ferric oxide; the greater the quantity of this present,
the more rapid the decrcase of ircn in solution,  Adsorption
also occurred on aluminium oxidc, kaolin and slightly on silica,

Bloonfield has therefore demonstrated a possible mechanism

for the leaching of horizons under poorly drained conditions, and
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also for the redeposition of iron and aluminiun at a lower
level, Othor workers have conducted sinmilar experiments
using grass and leaf extracts (96, 97, 98, 99), all showing
high solubilisation of iron,

The disadvantage of these experiments is that no attempt
has been made Yo debermine the entity in the extracts which was
responsible for the dissolving actiop. Water extracts fron
lcaves will contain a wide rangec of compounds, and any one of
these could be responsible for the phenomenon, However, one
of the most important water soluble constituents of plants,
especially grasses, are carbohydrate materials, both monomeric
and polymeric, Such substances would therefore be present in
the water cxtracts used, and where care was taken to inhibit
their brecakdown by bacteria, they would be present in their
original form, That part of the effect observed in these
experiments night be due to the action of carbohydrate material
is, therefore, not unlikely,

Reports have shown that soil carbohydrate levels are
higher than may be at first supposed. Acton (100) reported
levels of from 10 to 15 per cent of soil organic matter, and
Gupta (101) levels of 12,6 to 16,1 per cent, Parsons and
Tinslcy (63) reportcd that carbohydrates make up at lcast 10 per
cent of soil organic matter, rising to as high as 25 per cent in
neadow soils. It is gcnerally accepted that the proportion of

carbohydrates in soil organic matter increases as the organic
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natter content of the soil rises (62), In addition to the
presence of nonosaccharides in the soil (102), various workers
have found considerable quantities of polysaccharides in soils

of high organic matter content (103, 104), Such polysaccharides
have included levans (61, 105), similar in structure to the
fructosans of grasses,

The main primary source of soil carbohydrate matter is
plant material, of which carbchydrabes comprise more than 50 per
cent of the dry metter, Micro~organisns are believed to act on
this primary carbohydratc material, thercby synthesising the
pajor part of the soil carbohydrate found in an aerated soil
(106, 107, 108), However, Nykvist (109) has reported that when
water soluble orgonic substances fron leaf and litter are leached
into the soil, sugars constitute a fair proportion of the
naterial, and that their breakdown is decreascd with lack of
acration, In addition, Kornev (110) has reported that the
process of breakdocwn of polysaccharides and other carbohydrates
decreases with depth, A further refercncc to factors which
influence the bacterial breakdown of carbohydrates was given by
Martin et al (111) who reported that breakidown decreased when
these compounds were assoclated with inorganic ions,

Soil carbohydratc is, therefore, a mixture of primary
carbohydrate and bacterially synthesised carbohydratc, the
proportions of each varying with the conditions prevalent in the

soil.
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As with the grass and leaf leachates, soil fulvic and
hunic acids, which comprise over 50 per cent of soil organic
natter (62), have been shown to possess considerable complexing
ebility, and to be capable of iron mobilisation (112, 113, 114).
All reports agree that fulvic acids are more effective than
hunic acids in exerting this effect, In addition, Duchaufour
(113) reports that mobilc iron~-fulvic acid complexes are
abundant in the B horizons of podzols,

Fulvic acids arc a complex mixture of compounds and the
reports listed above made no attenpt to isolate the entity or
entities responsible focr the dissolving action, However, more
recent reports have demonstrated that humic and fulvic acids
contain a fair proportion of polysaccharide material (115),
Values of over 5,5 pcr cent have been cbtained for fulvic acids,
which contain a higher proportion of carbohydrates than humic
acids (116), This in itsclf demonstrates a correlation
between effectiveness as a complexing agent and content of
carbohydrate, A nurber of reports published by Florjanczyk
in 1965 (117, 118, 119) are of interest to this study, He
Separated so-called fulvic acids on a strongly basic anion
exchanger, and found ferric-glucose compounds comprising an
integral part of this soil organic matter fraction. They
consisted of ferric-/Spolyglucose chelate rings, and were found
only in the accumulation horizon of forest podzols. Also found

was what was thought to be aluminium bound to glucose, which was
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somewhat less stable than the corresponding ferric complex,
and was found both in the bleached and accumulation horizons
of forest podzols, These rccent reports represent the first
instances of sugar-metal complexes having been found in, and
isolated from, the soils, Thus the suggestion that
carbohydrates may have a pronounced effect on the mobilisation
of iron does not appear to be as unlikely as nay at first be
thought,

The text of this section comprises an account of the
investigation of the dissolving action of sugars on nagnesium
oxide, ferric hydroxide, and ferrqus hydroxide, together with
the ferrous containing nincrals biotite, tremolite and siderite,

2, Investigation of the dissolving action of sugars on

nagncesiun oxide,

Only a brief note on the action of sugars on magnesiun
oxide will be given here, since the conditions used were rather
alkaline, Onc feature demonstrated by the experiment was,
however, of interest, After shaking 1 gram aliquots of
powdered Analar magnesium oxide with 25 nls of 1 per cent fructose
and 25 nls of water respectively for 24 hours, little increase in
the quantity of magnesiun dissclved was noted; being 8.2 mgs
in the former and 3,2 mgs in the latter, both at pH 10,0.
However, the physical ocppearance of the remaining solids diffcred
markedly in each case, The s0lid in the water blank still

retained its original appearancc, but that in the 1 per cent
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fructose appcared to possess a greatcer volume, was slightly
yellow in colour, and was slippery, almost gelatinous, to the
touch,

Fructose dcterninations (G,M,6) carried out on the
supernatant, and organic carbon deterninations (G.}.7) on the
solid, revealed that two thirds of the fructose present was
tightly bound to the magnesium oxide, despite cxtended washing
with water, This indicated that rather thon dissolving
the magnesium oxide, thec fructose had been strongly adsorbed
onto the powder, probably due to the fact that too great an
excess of magnesiun oxide over fructose was present, the molar
ratio of fructose to magnesium being 1:18,

Thus a strong interaction between magnesium oxide and
fructose has been demonstrated, although the quantity of
nagnesiun dissolved by the sugar was slight,

z

Js Investigation of the dissolving action of sugars on

ferric hydroxide,

The ability of sugars to dissolve precipitated ferric
hydroxide was cof interest, since the titration experinents
demonstrated thathomplex fornation between these two entities
can occur, On the basis of earlier rcesults, no rapid
redissolving was expected, but some degrec of slow solution on 2
long~term basis was considered to be a possibility,

The effect of fructose on ferric hydroxide was examined

by neans of a batch extraction technigue, since the gelatinous
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nature of the precipitate precluded the use of a column
extraction method, Sugor was weighed out into glass bottles,
followed by addition of a suspension of freshly precipitated
ferric hydroxide, the pH of this having already been adjusted
to the desired level by bubbling carbon dioxide, A small
quantity of toluene was added to each bottlc to prevent bacterial
breakdown of the sugar, Aftcr being securely stoppered the
bottles were shaken on an end-over-end shaker, samples being
removed from time to time, After centrifugation, the iron
content of the supernatant was determined (G.M,3) and the total
quantity of iron dissclved, calculated,

Precipitation of ferric hydroxide

Freshly precipitated ferric hydroxide was used, as it is
kncwn that the precipitate exhibits certain ageing
characteristics (120), The quantity of precipitate used was
lower thaon that used in the magnesium oxide experiment, enabling
ratios of fructose to iron from 1:1 to 30:1 to be enployed
without necessitating the use of very concentrated sugar
solutions., TFarric hydroxide was precipitated from a 0,05 Molar
solution of ferric chloride by a slight excess of sodium
hydroxide, and this resulting suspension diluted ten times with
water, This procedure was adopted, as Mellor (121) reports that
gelatinous ferric hydroxide is thrown down when alkali is added
to a ferric salt solution which is not oo dilute, After

dilution 15,96 ngs cf iron werc present as ferric hydroxide in
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each 50 nl aliquot of the suspension, As stated pH adjustment
was accomplished by bubbling carbon dioxide through the suspension
after dilution, The suspension was kept unifornly distributed
in the mother liquor by means of a rapidly spinning magnetic
stirrer, pipetted into the shaking bottles and treated as
previously detailed,

Exp.,No,17, Dissclving action of sugars on ferric hydroxide,

Initially only two ratios of fructose to iron were tested,
dctermining the quantity of iron dissolved at pH 4.0, pH 7.0,
and pH 10,5, after 1 hour and 16 hours of shaking, The results
(Table 11) show that the relative gquantities of iron dissolved
at these fgl values are in agreenent with previcus findings, in
that more iron was dissolved at pH 10,5 than at pH 4,0, with no

iron dissolved at neutrality, Although the actual quantity of

91.

Gamna of iron in solution in
the total volume of 50 nl
Sample No 10:1 30:1
Sugar Fructose| Fructose
pH 10,5 1 hour 0 960 950
pH 10,5 16 hours 0 1,800 1,470
pH 7,0 1 hour 0 0 0
pH 7.0 16 hours 0 0 Trace
PH 4,0 1 hour 150 7 140 150
pH 4,0 16 hours 0 350 550
Table 11,




iron dissolved in the presence of sugar was small, it
represented a considecrable increase cn that dissolved by the
water blank, ILittle difference in the quantity of iron
dissolved by the two fructose ratios was detected,

Chromatograms run on the high g samples indicated that
no alkaline transformetion of fructose had occurred after 1 hour,
but there was sone evidence of very slight epimerisation after
2l hours, as evidenced by the appearance of a trace of glucose,

Exp.No,18, Dissolving action of a range of sugar

concentrations on ferric hydroxide at pH 10,0

The procedure used in this experinent was similar to
that previously detailed, Although the pi of the suspension
was originally adjusted to pH 10, it showed a distinet drop
when measured immediately after addition to the sugar-containing
bottles, the extent of this drop increasing with the quantity of
sugar present (Fig,14)., This was similar to the effect noted
during the titration experiments (Exp.No,1i) and was thought
to be due to the immediate formation of a complex, with
accompanying release of acidic protons,

Aliquots removed from the shaking samples after i hours,
2 days, 3 deys, 5 days and 10 days respectively, were then
centrifuged and the iron contents determined (Table 12), As
before, the actual guantity of iron dissolved by fructose was

not large, but the figures obtained indicated that the presence
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9437
9.2°
9,11

Ratio of fructose ¢t iron
9,0 12 4 10 ' A 30
. 0.2 0.4 0.6 0.8 1.0 1.2 1.4

weight of fructose added to 50 ml aliquot
of a suspension of ferric hydroxide

Figure 14
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gamma of iron dissolved in total

volume of 50 ml at various time intervals

Ratio 4 2 3 5 10
EE%%%%EE Hours Days Days Days Days

No Fructoée .0 0 0 0 0
1l:1 130 350 600 520 300

2:1 200 300 520 . 670 300

?:1 160 330 480 670 850
10:1 170 330 560 900 1,100
20:1 170 420 550 1,250 850
30:1 190 360 550 1,000 1 1,500

__Table 12
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of“ sugar considerably cnhanced the solution of ferric hydroxide,
since no iron whatsocver wos dissolved in the water blank,
Although the quantity of iron dissolved tended to increase with
the duration of shaking and with increase in sugar to iron ratio,
this effect was not consistently demonstrated,

Previous to iron determination of each aliquot removed
from the samples, thc pH was measured. It was found that the
pH of the sugar-containing samples fell steadily and slowly
throughout the course of the experiment, to a value of around
pH 8,0 after 10 days, The pH of the water blank demonsirated a
lesser fall to pH 9.3, indicating that part of the fall could be
attributed to a naturally occurring process, possibly carbon
dioxide interference, The increased pH fall in the sugar-
containing solubions was likely to be due to continued slow
release of acidic protons from complex formation, Chromatography
indicated that no fructose breakdown had occurred, ruling out
the possibility of acidic degradation products inducing the pH
fall,

The experinent has shown that low concentrations of
fructose (Table 13) promote the redissolving of insoluble ferric
hydroxide over the pH range 8,0 to 10,0, although the total
quantity dissolved is nobt large,

Exp,Noe19, Dissolving of ferric hydroxidc at lower pH values,

In this experiment the pi of the ferric hydroxide suspension

95.




was adjusted to pH 5.8 with carbon dioxide before shaking,
Aliguots were removed from the bottles after 4 hours, and after
3 days' continuous shaliing they were centrifuged, and the iron

content of the supernatants dctermined (Table 14),

Ratios of fructose:iron used and
equivalent concentration of
fructose in 50 ml samples.
Ratio Perccntage
Fructose Concentration
Iron of fructosc
1:1 0.09
2:1 . 0,18
14-31 0036
10:1 0.9
20:1 1.8
30:1 i 2.7
Table 13

Again, on measurement of the pH, a downward pH movement
was observed during the course of the experiment, falling from
the initial value of P 5,8 to pH 5,2 after 3 days, This may be
the reason for the observation that no iron was dissolved during
the first ir hour shaking period, in that the pH was too close to
the 'critical! value of pH 6.2, As the pH fell during the

shaking period, however, conditions more conducive to dissolving
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would be promoted, and a small quantity of iron did in fact come

into solution,

Gamma of iron dissolved
in total volume of 50 ml
| 3
Sample Hours days
Blank 0 0
1:1 0] -
2:1 0 400
bz 0 480
10:1 0 600
20:1 Trace 750
30:1 Trace 850
Table 14

The level of iron present in the supernatants showed a
consistent increase as the ratio of sugar to iron increased (Fig.
15), With the first small sugar increment the amount of
dissolved iron rose rapidly, thoreafter increasing more slowly as
the sugar level rose, This effect was similar to that noted in
Exp.,No,4, where thc first small sugar addition resulted in a
large increase in the pH of precipitation, with correspcndingly
lower increases for further sugar increase, This was, however,
the only occasion during the ferric hydroxide dissolving

experiments, that such a feature was exhibited,
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Figure 15
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The conclusion may be drawn from these experinents
that the presence of sugar does indeed promote the solution
of an otherwise insoluble precipitate of ferric hydroxide, This
redissolving effect was slight and slow, as predicted from the
results obtained in Section I, In addition, the pattern of
redissolving, that is the pH values at which it will occur,
follows that predicted from the same carlier experiments,

4, Investigation of the dissolving action of sugar on

ferrous hydroxide.

Nunercus attempts were made to obtain conditions which
linited the oxidabtion of the ferrous hydroxide precipitate,
One attempt to exclude oxygen involved the use of a nitrogen -
filled plastic tent, but even when the nitrogen was bubbled
through alkaline pyrogallol, sufficient oxygen %o promote
oxidation still remained in the system., Eventually the
procedure sct out below was followed, This technique limited
the amount of oxidation considerably, but was by no ncans
perfect, as the degree of oxidation of the precipitate varied in
ecach scries of extractions, so that the results were not truly
comparable,
Procedure

Two litres of water wcre boiled to remove dissolved
oxygen and subsequently chilled by immersion in lce-water, while
carbon dioxide was continually bubbled through it, A 0,05 Molar

solution of ferrcus sulphate was made by dissolving 1,39 granms
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¢f Analar ferrous sulphate in 100 mls of boiled, cuvoled, water
in a chilled beaker from which the air had been displaced by a
strean of carbon dioxide, Ferrous hydroxide was precipitated
by addition of an exccss of sodium hydroxide (0,8 grams) while
maintaining rapid stirring and a continuous stream of carbon
dioxide onto the surface of the solution. 50 mls of the
resultant heavy, slightly blue/green suspension was then
pipctted into 450 mls of treated watcr, again in an ice-water
bath with carbon dioxidc blowing on to the surface., pH

ad justnent of this rapidly stirred suspension, containing

13,96 mgs of iron per 50 mls, was e¢ffected by addition of a small
quantity of sodium hydroxide, or by bubbling in a little carbon
dioxide, 50 ml aliguots were then removed and added to bottles
containing weighed amounts of sugar from which the air had been
removed by a stream of nitrogen, nitrogen being bubbled through
the suspension during pipetting, The bottles were then capped
with plastic stoppers, using two sheets of polythene film to
improve the seal,

The samples were then shaken on an end-over-end shaker,
restricting the time of shaking to one hour to limit the extent
of oxidation occurring in the bottles, After shaking,the
contents of the bottles were centrifuged, an aliquot of the clear
supernatant taken, and the quantity of iron in solution
determined,

During thc developnent of this procedure it was observed
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that ferrous hydroxide was dissolved to a greater cxtent by
sugar, than ferric hydroxide, As before, fructose was thc
nost effective sugar, followed by glucose, in turn followed by
sucrose, In addition tc dissolving iron, it was found that the
prescnce of sugar tended to maintain the ferrous hydroxide
precipitate in a more reduced state than if it were obsent,
That this was not due merely to the offect of reducing sugars
was asccrtained by the use of a non-reducing sugar, sucrose,
Once again, the ferrous hydroxidc showed a lcsser tendency

to oxidise than in the absence of sugar, A likely explanation
for such an effect is that this is a further manifestation of
the complexing cffect of sugars,

If the extracted and centrifuged sample, containing
dissolved ferrous hydroxide, was allowed to stand exposed to
the atmosphere, a heavy precipitatc of ferric hydroxide began to
sediment out, Thus, although sugars are capable of assisting
iron to remain in the reduccd state where the conditions are
fairly reducing, thcy are not capable of doing so in an oxidising
environment. A4 similar effcct was noted by Bloomfield in the
experiments conducted on leaf extracts (92), a considersble
proportion of the dissélved iron being shed as a precipitate
under oxidising conditions, The significance of these

cbservations will be discussed at a later point in the text,
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Exp,No,20, Dissolving of ferrous hydroxide by sugars,

Fructosan was used in addition to fructose, no othcer
simple sugars being used, as they had been proved to be less
effective than fructose in the preliminary experiments, As
was explained earlier (Exp,No,9) fructosan concentration, for
the purposes of calculating the ratio of polysaccharide:iron
may be expressed either on its fructose content or, alternatively,
upon its total hexose content, For the sake of simplicity in
what follows here, fructosan ratios and concentrations have bcen
calculated on a total hexose basis, Table 15 demonstrates the

rclationship of these ratios and concentrations,

Total Hexose True Fructose

Ratio Percentage Ratio Percentage
Fructosan Concentration | -Lructosan Concentration
0,005M Iron 0,005M Iron

1455421 0. 1ir 136421 0,123

50108:1 0028 2.72831 01246

7.77:1 O. 70 6082:1 00615

15.54:1 } 1-11—0 15064:1 10230

1 : ;
Table 15

As already stated, the oxidation/reduction state in each

extraction could not be maintained constant. The degree of
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oxidation of each extraction, as judged by eyc, is therefore
given, on a relative basis, along with the tebulated rcsults
of the quantity of iron dissolved, The amount of iron
dissolved in four such extractions is summarised in Table 16,
the degree of oxidation ranging from virtually fully oxidised
(Series 1) to almost totally maintained in the reduced state
(S8eries 4). The values obtained for Series 2, 3 and 4, all
carried out at the same pH value, indicate that the extent of
oxidation of the sample determined the quantity of iron
dissolved; the less oxidised the sample the more iron dissolved,
The values exhibited such a wide variancc, dcpendent solely upon
this oxidation/reduction state, that it was impossible %o
determine the effect of pH variation on the gquantity of iron
dissolved, Thus the results obtaincd in Series 1 represent
the cffect of increased oxidation, rather than the effect of
increased pl, on the amount of iron dissolved by fructose and
fructosan,

Further repetition of ferrous hydroxide extractions
produced results ranging from the lowest to the highest
value in Table 15, depending cn thc success achicved in
preventing oxidation, Various pH valucs were tested, but the
fact cmphasiscd in covery case was that the state of oxidation
was the overiding factor on which the quantity of iron brought
into solution depended, Similarly iron 'concentrations' fronm

0,005 Molar to 0,020 Molar were uscd without any significant
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Decreasing Oxidation

104

>
Sample Series 1 | Series 2 | Series 3 | Series 4
gamma of iron dissolved
in total volume of 50 ml
Blank 93.0 93,6 93.5 62,5
2:1 Fructose 93.0 157.5 250 781
431 n 157.5 657.5 375 969
10:1 " 251.0 720.0 375 1,437
20:1 " 287.5 720.0 688 2,219
30:1 " 350 407 57 844 2,919
1;554§%u6tosan E ) ) 2094
3.108:1 " 93,0 1,968 3,156 6,313
7.77:1 157.5 1,940 4,062 7,000
15.54:1 " 475 1,094 4,062 -
#===: pH 8.2 pH 6.8 | pH 6.8 pH 6.8
Table 16




differcnces beceoming npparent, The fact that less iron was
dissolved in the more oxidised samples further reinforced the
results obtained for the dissolving of ferric hydroxidc
(Section III, 3.)

Table 17 summarises the results of a further two
extractions, where the features outlined sbove are again
demonstrated, In all the experiments conducted, the fructosan
once again proved to be an exceecdingly effective solubilising
agent, cven in low concentrations, dissolving far greater
quantities of iron than its monomer, As an example, a 7,77:1
ratio of fructosan to iron dissolved almost 50 per cent of the
iron available, (Serics i) whereas fructose used in a similar
ratio, dissclved only around 10 per cent, (Series 4) This
presented approximate agreement with the relative effectiveness
of the two sugars, in inhibiting the precipitation of ferric
hydroxide, (Exp.No, 9. )

Once agoin, when exposed to the atmosphere, the iron
solutions obtained during the above cxperiments, shed iron,
presumably as a precipitate of ferric hydroxide, Fig,16
demonstrates the coffect obtained when a 7,77:1 fructosan to iron
extract is :a), exposed to the atmosphere for some time;

,b) exposcd to the atmospherc for a short timec and then rescaled
end c) kept in a sealed vessel with no air allowed to enter,
A1l solutions were kept for a period of three wceks before being

photographad, It can be scen that the action of fruetosan in
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Decreasing Oxidation\;
[ 4

Sample Series 5 Series 6
gamma of iron dissolved in
total volume of 50 ml.
Blank 31,2 156 ?
2:1 Fructose 156 156
4:1 " 106 156
10:1 " 125 250
20:1 " 437 563
30:1 " 969 3,463.
P e |
1.554:1 Fructosan 907 4,563
3,1085 " 2,094 7,000
T.77:1 " 5,125 7,656
B oH 8.6 PH 7.4
Table 17
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dissolving ferrous iron,and maintaining it in a scluble form, is

a powerful one under reducing conditions., In addition, the

effect of oxygen on the behaviour of the solution can be
observed, Similar bechavicur was observed in all other sugar
extracts,

It has been shovn that sugars act on ferrous hydroxide
to produce large quantities of soluble iron, exposure to
oxidising conditions resulting in the subsequent redeposition of
the greater proportion of this dissolved iron., This represents
a possible mechanism whereby iron is wobiliscd under reducing
conditions, and immobilised under oxidising conditions, a
sinilar feature tu that exhibited in podzols and thin iron-pan
soils, By investigating the behaviour of the iron solutions
with other entitics normally found in such soils, further
mechanisms for iron immobilisation and rcdeposition may be found,

Exp,No, 21 Further examination of the bchaviour of the iron

solutions obtained on exbtraction of ferrous hydroxide

with fructosec and fructosan

The solid materials used in this investigation of the
adsorption of dissolved iron, wcre 1 gram quantities of:=~
a) Bentonite clay particles
b) Soil taken from the B horizon of 2 podzol
c) 4 red precipitatc collected from the drainage water
of a poorly drained ficld, which appeared to consist

mainly of ferric hydroxidc, and which when suspended
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in water gave a pH wvaluc of 6,3.
d) Recently oxidised ferrcus hydroxide.

The iron solutions were obtained by &onducting a bulk
extraction of ferrous hydroxide with 30:1 fructose and 7,77:1
fructosan, A water blank was alsc carried out, 50 ml
aliquots of these solutions werc added rapidly to one gram
amounts of the sbove mentioned sclid in bottles from which the
air had bcen displaced with nitrogen. After sealing and
shaking for 1 hour, the samples were centrifuged, and the iron
remaining in the supernatants determined, (Tdble 18) 4 50 ml
aliquot with no addition of solid material was shaken for the
same tine to allow for any change that might have occurred to
the solution as the result of the bricf cxposure to the
atmospherc during pipetting.

Extensive adscrption on the various sclids present
occurred, the extent of the loss of iron from the solution
being dectailcd in Table 19, The extent of adsorption was far
greatcr in the case of the fructose-~iron solutions than the
fructosan-iron solutions, both on a quantitative and a percentage
basis, Thus, in addition to dissolving less iron than fructosan,
fructose morc readily loses the iron which it has solubiliscd,

The extensc of adsorption was scen to be in the order:-a

Oxidised ferrous hydroxicie > Bentonite > Soil > Precipitate
from drainage.

Thus, o scries of agents capable of adsorbing and
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Treatment Fructosan Fructose Water
Blank
gamma, gamna gamma .,
in 50 mis | P [in 50 mis | ®® |in 50 ms |PF
Original 7,580 T.15 5,187 705 , 31.2 6.9
Shaken no :
Bentonite 3,082 6.95 218 6.95 31,2 6.8
Sail 4,165 7.05 250 6.95 31.2 6.95
Precipitate
from drainage 4!998 701 563 701 3102 7- 05
oxidised
Fe (OH)2 2,665 7.1 156 7.1 31,2 7.0
Table 18
Treatment Fructosan Fructose
Loss Loss Loss Loss
in gamma per cent in gamma per cent
Bentonite 4,768 62.9 4,968 95.7
Soil 3,685 48.6 4,957 95.1
Precipitate 2,582 34.0 4,624 89.1
from drainage
Oxidised 64.8 031 6.
Fe(OH)2 4,915 4. 5,03 96.9
Table 19
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immobilising have now been shown to exist, An extension of
the above experiment was conducted in an attempt to construct
a mcdel iron~pan in a column. Bentonite was idcal for this
purpose, as it had been shown to adsorb iron strongly. Being
non~-coloured, any adsorption of iron followed by oxidation
would rcsult in the appcarance of a red~brown colouration,

Exp,No, 22, Construction of a2 model iron pan,

A column was seb up, introducing firstly a quantity of
acid washed sand, followed by a mixture of celite and bentonite,
then a further quantity of acid washed sand, The sand was
used as a non-adsorbing support medium for the celite/bentonite
mixture, Mixed cclite and bentonite was used, to increasc the
permeability cf the column, However, thc very nature of the
two solids, resulted in the rapid secdimentation of the celite,
followed by the bentonite, Thus the bentenite formed a very
thin band on top of the celite, the lattcr, therefore, acting in
virtually the samc way as the sand, by providing a physical
supporting medium, All constituents were introduced to the
column as a slurry, made up in previously boiled and cooled
water, so that reducing conditions prevailcc,

A 5 ml aliguot of the fructosan-iron solution used
in the previous experiment, was introduced to the top of the
colunn and allowed to percolate slowly through, A water wash
followed this addition., The column was then allowed to run

dry ond air drasm through by neans of light suction for a2 short time,

111,



This procedure was repeated a number of times,
representative of o rising and falling water table; that is
reducing conditions, followed by’bxidising conditions, A thin
reddish brown band gradually formed at the bentonite layer,

The gradual build-up was probably due to the initial adsorption
of the sugar-iron complex on the bentonite, followed by
oxidation, Further adsorption on the ferric iron thereafter
present, then followed,

Pigure 17 shows the type of effect exhibited, Column A
has one layer of bentonite present, and Column B has two layers,
this being the explanation for the presence of two iron-
dcposition layers in the latter, (arrowed)

Although this was an oversimplified representation
of the conditions present in soils, it nevertheless indicated the
behavieural pattern of sugar-~iron complex solutions, if
ferric hydroxide, or podzol soil from horizon B had been used
in place of bentonite, a similar picture would have been
expected, but any increese in the iron present, cculd not have
been easily observed. In soils the quantity of adsorbent
material would far outweigh the quantity of iron-sugar complex,
so that adsorption would be more completc,

He Investigation of the Dissclving Action of Sugars on the

Ferrous Minerals, Biotite, Tremolite and Siderite.

L1lthough ferrous iron is present in soils, it would not

be expected to exist in such a form as ferrous hydroxide, So
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that the results described earlier with ferrous hydroxide could
be related directly to natural conditions, samples of the
naturally occurring ferrous minerals biotite, tremolite and
siderite were used as substrates for sugar extraction., The
following is a very brief description of the chemical form of
these minerals,
Biotite is a member of the mica group, in which substitution of
magnesium by ferrous iron occurs, It is of complex structure
and may be represented by the formula:
(0H),, . Ko, (Mig.Fe’™) 5 (A1,83£)0, 0
Tremolite is another silicate mineral of complex structure,
represented by the formula:
Ca2(Mg.Fe2+)5 Sig0y, (0H),
Again, substitution of magnesium by ferrous iron is found,
replacement to a greater extent than 50 per cent being most
unconmon (219),
Siderite is the simplest mineral of the three, It is
composed of ferrous carbonate, although substitution of iron by
magnesium is common,
Analytical data for the sample of siderite was

available, giving:-

iron - 34,6 per cent: a total of 346 mgs in 1 gram

magnesium - 0,85 per cent: a total of 8.5 mgs in 1 gram
Exp.No.23. Dissolving of biotite, tremolite and siderite,

5 grams of each finely powdered sample Were suspended
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in previously boiled and cooled water, the pH adjusted with
elther dilute sodium hydroxide or hydrochloric acid, and the
volumes made vp to 250 mls, 50 ml aliquots were pipetted

into bottles containing weighed quantities of sugar to

provide the desired sugar concentrations, Nitrogen bubbling
accompanied this addition to inhibit oxidation., After shaking

on an end-over-end shaker, samples were removed periodically

and centrifuged. Iron and magnesium analyses were carried out
on aliquots of the supernatant as detailed in G.M.3 and i,

The quantity of iron dissolved on extraction at pH 8,0
(Table 20) was enhanced by the presence of sugar, although to
a lesser extent than was observed on extraction of ferrous
hydroxide, Only in the case of siderite was there any
appreciable increase, Fructose, although previously shown to
possess considerable complexing and dissolving powers with
iron, was singularly ineffective here, even at a concentration
of 2,7 per cent, No increase in the guantity of iron dissolved
with time was noted.

In the case of magnesium (Table 21) the solubilising
effect of sugar was seen to be far more extensive, Again,
1little increase with time wﬁs observed, and again fructose
was rather a poor dissolving agent, Fructosan, however,
dissolved a considerable quantity of magnesium from all three

minerals,



gamma of iron dissolved from 1 gram of

mineral at intervals of time

Sample 1 Hour 4 Hours 12 Hours 24 Hours
" Biotite
Blank 438 350 350 365
2,7% Fructose 523 410 450 525
0.14% Fructosan 541 387 450 588
0.70% Fructosan 733 612 695 708
Tremolite
Blank 125 100 148 143
2,7% Fructose 125 125 148 183
0.14% Fructosan 143 190 148 243
0,70% Fructosan 288 263 290 299
Siderite ]
Blank 6.0 40 60 60
2.7% Fructose 50 60 110 180
0.14% Fructosan 288 377 208 245
0.70% Fructosan 310 420 353' 450
Table 20
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gamma of magriesium dissolved from 1 gram
of mineral at intervals of time
Saméle 1 Hour 4 Hours 12 Hours 24 Hours
Biotite
Blank 64 62 75 90
2.7% Fructose 94 93 109 133
0.14% Fruc}toseﬁn 573 550 537 564
0.70% Fructosan 2,340 2,573 2,100 2,207
Tremolite
Blark 296 304 352 374
2.7% Fructose 284 299 347 378
0.14% Fructosan 700 791 795 814
0.70% Fructosan 2,410 2,590 2,478 2,475
Siderite
Blank g2 110 113 128
2.7% Fructose 78 98 105 104
0.14% Fructosan 464 518 534 501
0,7C% Fructosan 1,870 2,148 2,150. 2,004

“Tha #a;a~v /aon~4~23- wieol 1w Theae 4m¢ihaslakn~n' ijbnlg,

contumeds o ceouw PQ‘\‘M afg ‘\'v\aruw;mvv (G%P_Nv,3°>',;o that
Table 21
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A similar extraction was conducted at PH 5.2, only a
water blank and a 0,70 per cent solution of fructosan being
used, determining the guantities of iron angd magnesium
dissolved as before, It can be seen (Tsble 22) that the
solubilisation of ferrcus iron by sugars is considerably more
effective at lower pH values, a fact which it had proved
impossible to determine during the preceding experiments, That
this extensive dissolving of iron led to bleaching of the
siderite is demonstrated in Fig, 18 where the colours after
extraction with water, and with 0,70 per cent fructosan, are
compared,

Extensive solubilisation of magnesium at pH 5,2 (Table
22) was observed, similar to the quantity dissolved at pH 8,0,
The experiments have shown that solubilisation of magnesium
can occur over a far wider pH range than was first thought,
indicating that some form of sugar-magnesium interaction can
also occur at these relatively low pH values,

It would have been useful to have cbtained the analysis
figures for the iron and magnesium contents of all three

minerals, so that a more comprehensive comparison between them

could have been made., one—Lfigure whieh-cany-heowever, be

These results have also indicated that complex formation
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1 Hour

4 Hours

12 Hours

24 Hours

gamma of iron dissolved from 1 gram of

mineral at intervals of time

Biotite

Blank 320 220 210 270
0.7070 Fructosan 2,200 2,535 2,550 3,235
Tremolite

Blank 125 120 135 180
0.70% Fructosan 540 670 780 981
Siderite _

Blank 51 91 45 45
0.70% Fructosan 2,173 3,490 3,945 5,300

gamma of magnesium dissolved from 1 gram
of mineral at intervals of time

Biotite

Blank 248 392 392 452
0.70% Fructosan 2,365 2,765 2,950 3,002
Tremolite

Blank 410 532 562 591

2 0 054

0.70% Fructosan 2,638 2,980 »94 5,05
Siderite .

Blank 149 273 236 260
0.70% Fructosan 2,209 - 24247 2,200 2,449

ase mott ow 4oga 111

Table 22
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need not occur solely via the metallic hydroxide, The
‘extensive dissolving of siderite indicated that complex
formation between sugar and ferrous carbonate was in operation,
In addition, at the pH values used in these latuver experiments,
magnesium could not possibly be present in the form of its
hydroxide, as this does not form until a far higher pH. Thus,
sugar has been shown to form complexes with both iron and
magnesium when present as compounds other than their hydroxides,

6. Summary and discussion of the rcsults cbtained

The foregeing experiments have clearly demonstrated that
sugars were far more effective in dissolving ferrous hydroxide
than the corresponding ferric compound, Ferric hydroxide was
solubilised only to a slight extent, and over a period of time,
by sugars, this effect being more noticeable above and below
™ 6,2 as predicted, When ferrous hydroxide vas extracted
with sugars, large quantities of iron rapidly came into
sclution, It was not possible, however, to examine the effect
of pH variation on the quantity of iron dissolved, since the
degrec of oxidation of each extraction overwhelmingly
determined the amount sclubilised,

In addition tc dissolving ferrcus hydroxide, sugars
were effective in mobilising ferrous iron and magnesium from
naturally occurring minerals, and in this case it was shown that
lower pH values promoted increased solution of ferrous iron by
the suger, without increasing the guantity of iron dissclved
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in the water blanlk,

The iron solutions cbtained on extraction of ferrous
hydroxide with sugar remained ccmpletely stable for long
periods of time if maintained under reducing conditions, but
redeposited the majority of the dissclved iron on exposure to
the atmosphere, lioreover, the treatment of such iron
solutions with typical soil constituents, resulted in
adsorption of a large proportion of the dissolved iron,
adsorption from fructose/iron sclutions being mcre complete
than from fructosan/iron solutions,

Thus, the experiments have indicated that sugars may play
an important role in the solubilisation, translocation and
subsequent redcposition of the mineral constituents of the soil,

Although constant elution of the upper horizons of the
soil with dilute sugar solutions could rerult in the
solubilisation of considerable quantities of otherwise
insoluble ferric iron, it is obvious that sugars will have a
more pronounced effect in the solubilisation of ferrous iron,
It is of interest to note, as stated in the introduction to
this section, that most of the features associated with
extensive iron mobilisation are prevalent under predominantly
reducing conditions, That translocaticon of the dissolved iron
after solubilisation can occur has bcen demonstirated by the

fact that the iron solutions obtained on extraction of ferrous
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hydroxide with sugars, are stable for long periods of time when
reducing conditions are prevalent,

Iron redeposition featurcs in the soil are associatcd
with conditions of increased acration, and the experiments have
shown that under such conditions, the iron dissolved by sugars
is deposited as a precipitate, the proportion shed being
determined by the length of exposure to oxidising conditions,

In addition %o exhibiting the above effects on oxidation,
the ferrous/sugar solutions were strongly adsorbed onto clay
and sesquioxides, It is of interest to ncte that thin iron-
pans and the B horizons of podzols, that is, the dcposition
zones of these soil types, are enriched with these very
constituents,

In conclusion it can be stated that the results indicate
that sugars may play a hitherto unappreciated role in the
formation of certain soil features, Mobilisation of other
constituent soil minerals, in addition to iron, 1s also a
distinct possibility, as has been shown by the intense
solubilising effect of sugars on magnesium at a wide range

of pH values,
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Section III, Fructosan investigation

1e Introduction

An excellent review of the discovery and subsequent
investigation of the fructosans of monocotyledons is given by
Archbold (122), The fructosan reserves cf this class of
plants differ from those of the compositae, where the fructose
residues are linked 1,2, in that the fructofuranose units are
linked 2,6, resulting in an elongated molecule of high
solubility, ©Each chain is terminated by a sucrose residue,
which results in a small quantity of glucose being present per
molecule,

A considersble amount of work has been carried out on
the distribution of the water-soluble carbohydrates of grasses
(123, 124, 125, 126, 127, 128, 129, 130, 131) much of this work
being summarised in Archbold's review, Fructosan is the main
constituent, and is stored mainly in the stems of grasses and
cereals (128), Relatively smaller amounts are found in the
leaves (132),

The seasonal variation of grass fructosan reserves,
which has been closely investigated (133, 57) appears to account
for most of the seasonal changes in the water~soluble
carbohydrate content of grasses, the content of other soluble
sugars varying very little (134), Waite and Boyd (133) and Waite
(57) demonstrated that different varieties of grass exhibit

different seasonal patterns of fructosan accumulation. Timothy,
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cocksfoot, and fescue exhibit two maxima during one growing
season, ryegrass only one, In both cases a maximum is reached
Just previous to the change-over from vegetative to floral
development, with a further maximum in the formexr group
occurring at a later stage of growth, The fructosan content
during these maxima can be as high as 25 per cent of the dry
matter, this being an increase from only 1 per cent early in the

growing season,

It is of interest Yo note that other factors influence
the level of fructosan reserves, Defoliation markedly reduces
the fructosan content (130, 135, 136, 137, 138, 139, 140, 141,
142) as do high applications of nitrogenous fertilizers,

(130, 136, 139, 140, 143, 1ik, 145).

2, . Fructosan extraction

Fructosan was extracted from mixed Italian and Perennial
ryegrass obtained from Garscube Estate, Cutting was carried
out on 10th August 1966, at the time of full emergence of the
head, during the second growth of the season, The material was
cut close to the ground to obtain the maximum amount of stem
tissue,

The subsequent handling and extraction of the grass
essentially consists of drying; macerating the tissue with water,
and precipitating the polysaccharide with alcohol, Several
alternative methods of drying have been reported, Archbold (130)
found that if the drying conditions were sufficiently ropid to
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avoid enzymic hydrolysis of the fructosan, there was little
or no inactivation of the enzymes themselves, Laidlaw and
Wylam (146) stated that high drying temperatures resulted in
fructosan breakdown, and found that freeze drying of the plant
tissue gave a fructosan content close to the original value,
Colins and Shorland (147) examined all the various methods of
drying eand preservation, and found that boiling ethanol treatment
was the most effective in inhibiting enzyme action,

Modifications of the water extraction and purification
procedure have been many and varied, These include treatment
of the water extract with lead acetate (130, 148, 149) or
charcoal (130); ‘treatment with cadmium sulphate and sodium
hydroxide at 9500, followed by deionising by passage over
Amberlite IR 100 and IR 4B resins (150); eand formation of the
insoluble barium complex of the fructosan, subsequently breaking
down the complex with carbon dioxide at pgH 8 (151).

In the present work, since the product was to be used
to examine the possibilities of complex formation between
fructosan and metals, it was important to select a technique
designed to avoid any change in the properties or constitution
of the polysaccharide, For various reasons none of the
methods quoted above were entirely suitable, High tenperatures
as in Laidlaw and Reid's method (150), carried some danger of

breakdown, and the addition of eny compounds which could possibly

forn complexes with the fructosan had to be avoided,
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