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INTRODUCTION 

Grasses and other green crops are the natural food for 

the majority of our livestock, and their importance in 

agricultural economy is becoming increasingly evident. Before 

the two world wars, European countries auamented their own 

grass supplies by importing grain and concentrated food. The 

aim now however is towards self-sufficiency, and as the need 

for food is always increesing, it i- important to feed our 

livestock to the maximum upon home-grown foods. 

In the higher plants there is found a wide variety of 

aliphatic and aromatic organic acids (1,2), of which the 

metabolic importance has only recently been recognised. 

Chibnall (3a) refers to the organic acids as occupying the 

central, and therefore the key position in the carbohydrate, 

protein and fat metabolism of plant cells. 

There is a closely related series of acids which ere 

widely distributed and often referred to es the "plant acids". 

The most fully investigated of these are: mane, citric, 

succinic, tartaric and oxalic acids. Iso-citric, fumaric, 

oxeloccetic, cis-aconitic and a-ketoglutaric acids ere 

present in smaller euantities in plants, but are probably 

of equally wide distribution and importance. 
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Fi. 1. The lant acids (1a)0 

The total organic acid content of plants varies from 

less than 1 to about 3(Y,7; of the dry weight of plant tissue (1a). 

They are usually present wholly or partly in the form of salts, 

combined with metals such as sodium, potassium and calcium, 

taken uT) by the roots. A buffer system is thus formed which 

controls the DH of the cells. Kostytschev (lb), who made a 

detailed examination of the role of the plant acids, came to 



the conclusion in 1927 °t at they were breakdown products of 

amino acid metabolism. It is now generally understood 

however that this is not the cases but that they play an 

important role in cellular respiration both in plants and 

animals. 

The biochemical interrelations between the various 

individual acids are based on the work of Krebs and Johnson . 

vublished in 1937. The series of reactions which are 

involved is hence known as the Krebs cycle (0. This in 

its present form can be represented as follows: 
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In cell respiration the hexoses, which are built up 

in the plant during photosynthesis, are broken down to pyruvic 

acid through a number of phosphorylated intermediates (id, 5). 

The release of energy in the phosphate bond to other reactions 

has come to be recognised as an important method by which the 

respiration energy is made available to energy-consuming 

processes in the plant. 

The following reactions have been found to take place 

between the acids in Krebs cycle: 

I. Pyruvic acid reacts with oxaloacetic acid to form citric 

acid and carbon dioxide. 

CH 
3 

co 

ICOOH 

COOH 000E 
1 

+ CH, CH - 4. 00 
2 

+ 2(H) 

CO HO-C-000E 
I 

1 

COOH CH 
2 

COOH 

Wic.rtius and Knoop have shown that citric acid is formed in 

good yield when the two acids are incubated in a test tube with 

carbonate and hydrogen peroxide (ie). Citric, aconitic and 

iso-citric acids are held in eouilibrium by the enzyme aconitase 

and when one of these acids is formed the other two also appear. 

2. Iso-citric acid is oxidised by iso-citric acid dehydrogenase 
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to oxalosuccinic acid, an intermediate, which is rapidly 

decarboxylated by the enzyme oxalosuccinic carboxylase to form 

(1-ketoglutaric acid. 
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3. Decarboxylation and oxidation of a,-ketoglutaric acid leads 

to the formation of succinic acid. a-Ketoglutaric 

dehydrogenase catalyses this reaction. 
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4. Succinic dehydrogenase catalyses the formation of 

fumaric acid from succinic acid and vice versa. The 

oxidation product, fwnaric acid, is converted to malic acid 

by the addition of water. This is catalysed by the enzyme 

fumarase. Thereafter malic dehydrogenase catalyses the 

oxidation of malic acid to oxaloacetic acid. 



COON COON COON COON 
I I 

I 

ON, CH CHOH CO 

- + 'O2 `-=- 11 

4 h 0 -,===?: I 

____,. 1 

CH ON 
2 

CH_ CH 

I 2 I 4 2 
COON COON COON COON 

4. 2(N) 

Most of these reactions recuire a hydrogen acceptor. It is 

thought that the hydrogen eventually combines with oxygen to 

form water. 

With the re-formation of oxaloacetic acid the cycle is 

complete and this acid can again condense with more pyruvic 

acid. Thus in one operation of the cycle there is a loes of 

a molecule of pyruvic acid with production of 3 molecules of 

carbon dioxide, and in fact the net result is a breakdown of 

hexose to carbon dioxide and water. 

The acceptance of a Krebs cycle operating in plants is 

based upon the fact that a number of the intermediate acids 

and all the enzymes responsible for the reactions outlined 

above are found in plant tissue (2,6,7)0 

The reaction involving oxaloacetic acid may not always 

take the course outlined above. It may be removed from the 

cycle by several reactions, one of which is the breakdown to 

pyruvic acid and carbon dioxide. 
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I 
I 

CO CO +002 
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OH COON 
, 2 
I 

COON 



This reaction is catalysed by the enzyme oxaloacetic acid 

decarboxylase (1f). In addition oxaloacetic acid may react 

with ammonia or amino groups and is thus used up in the formation 

of aspartic acid and asaragine in the same way as a-keto- 

glutaric acid can be converted to Llutaalic acid. 

A simple pattern for these reactions is: 
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(1300H 

R 2H R 
I I , 
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1 2 
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LOH COOH 
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These reactions were first known to occur in animal tissue (8) 

but were later also demonstrated in plant tissue (lg,3b,3e,8a). 

On the other hand oxaloacetic acid may be formed by 

oxidative deamination (1g) according to the equation9 

III. COOH 
?OOH 

I 

CHNH 0=0 
I 

'2 
+ 10 ----'- I 

2 2 "\----- CH CH 
1 2 

1 2 

COOH COOH 

or by reaction I or II. 

+ NH 
3 
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Oxaloacetic acid may also be formed by addition of carbon 

dioxide directly to the pyruvic acid molecule (9), by the Wood 

and Werkman reaction. 

CH 
3 

TO0H 
1 

CO + CO 
2 

--- CH 
1 2 

000H CO 

000H 

It is now known that carbon dioxide is actually a metabolite 

in plants, and that its fixation in organic molecules is not 

restricted to photosynthesis in green plants and to chemo- 

synthesis as carried out by certain groups of micro- 

organisms. Wood and Werkman (9) found in 1936 that Pronioni- 

bacterium,when incubated anaerobically with glycerol, utilised 

carbon dioxide in the formation of propionic, acetic and 

succinic acids. In crassulacean however there is an 

accumulation of malic acid corresponding to the fixation of 

carbon dioxide (10). 

The form in which nitrogen is made available is a factor 

which greatly influences the organic acid content of plants 

(1h,8a). Plants supplied with nitrogen in the form of 

ammonia have a lower concentration of acids than have similar 

plants supnlied with nitrate nitrogen. It is suggested (1h) 

that in the case of high ammonium concentration, the organic 
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acids are kept at a low concentration by reactions producing 

amino acids and amides from oAaloacetic and a-ketoglutaric acids. 

Past work on the occurrence and distribution of plant acids 

has covered a wide range of botanical families and species, 

but relatively few members of the Gramineae have been 

investigated. The occurrence and behaviour of the most 

important acids in some members which have been examined are 

summarised in the following table: 

_ 

Plants 

Sugar cane 

Perennial Rye- 
grass 

Perennial Rye- 
grass, 
Timothy and 
Cocksfoot 

Cocksfoot 

Mixed grass 

Oats, Barley, 
Wheat and Rye 

Oats, Barley, 
Wheat and Rye 

Zea Mays 

Table 1. 

Citric Acid 

Material 

Juice 

Remarks 

Small amounts present. 
Increase during 
sprouting. 

Leaf 0.96-0.50, of total 
clippings acids 

Whole 
plant 

Whole 
plant 

Vihole 
plant 

Seeds 

Whole 
plant 

Seeds and 
whole plant 

Decrease with Le. 
Decrease from morning 
to evening. 

Decrease with age 

Present 

0.01-0.03 of dry matter 
Increase during 
germination 

Present 

Present 

11 

11 

12 

13, 
14 
2, 

13 
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Malic Acid 

Material Plants 

Wheat and. Blue 
grass 

Leaves 

Sugar cane Juice 

Perennial Rye- 
grass 

Leaf clipings 

Perennial Rye- 
grass, 

Whole plant 

Cocksfoot and. 

Ti:aothy 

Mixed grass Whole plant 

Remarks 

8-18 ra. equiv. 
per cent 

Present 

3.5-1.2 of total 
acid. Decrease 
with age. 

Increase from 
morning to evening 

Present 

-a - ----- -- -------- ---- - 
Oxalic Acid 

0:173W19 . 

Plants 

Ref. 

2 

2 

2 

11 

12 

Material Remarks 
Saawlelfar 

Ref. 

Sugar cane Juice Present 2 

Perennial Rye- 
grass 

Leaf clippings 0.31-0.2 5 of total 
acid. Decrease 
with a,;e. 

2 

Blue grass and 
wheat 

Leaves Absent 2 

Wheat Whole plant 0.11 of dry matter 14 

Barley, Maize, 
Oats and Rye 

Whole plant 0.02-0.05, of fresh' 13 
weight 



Plants 

Succinic Acid 

T- 

Material 

Sugar cane Juice 

Perennial Ryegrass, 
Timothy and 
Cocksfoo t 

ixed grass 

6- 

Whole olant 

hole olant 

Aconitic Acid 

Plants 

Sugar cane 

Barley, Maize, 
Oats and Rye 

Wheat 

Remarks Ref. 

Small amounts 2 

Present 11 

Present 12 

Material I Remarks Ref. 

Juice Present 

Whole plant Present 

Whole plant Present 

As well as the acids mentioned in table 1, Barnett and 

Duncan (15) found small quantities of acetic acid in fresh 

grass. Furthermore, quinic, shikimic and chlorogenic acids 

have been found in mixed grass samples (12, 16). 

Changes_during rolp_conservat ion. 

The growth of grass and other fodder crops is restricted 

by cold and by drought. It is therefore necessary to preserve 
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the fodder at its most valuable stoge for use during these 

eeriods. It is essential that the method of conservation 

is cheap, and the loss of valuable nutrients as low as 

possible. 

Artificial drying of the Leceen crop is an efficient 

method of conservation, but it has the disadvantage of beinj 

very expensive. Haymaking by drying in the field has been 

used since early times for preserving grass, and is still 

the method most frequently employed in spite of considerable 

losses of feedin value 

Apart from mechanical losses in haymaking, there is a 

considerable loss of dry matter due to cell respiration 

which continues after the crop has been cut. Losses of the 

order of 2C.) of the dry matter may occur under good conditions, 

while in bad weather losses more than twice as high as this 

have been reported (170. Furthermore, the material which 

is lost is the most digestible part of the plant (17b). It 

is also obvious that under poor conditions some of the 

soluble nutrients present may be washed away by rain falling 

on the hay. 

Silage-making involves the tight compaction of fresh 

fodder into containers in such a way that air is largely 

excluded. Much research has been done on the process of 

ensilage durin, the last century (17,18), and methods have 
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been developed for the successful ensilage of various crops 

under different climatic conditions. 

Microorganisms are always present on the surface of the 

crop when it is harvested and these multiply rapidly under 

favourable conditions. The course taken by this fermentation 

is very important, as it will decide the value of the final 

product. 

The changes taking place in an ensiled cro are briefly 

as follows: 

'Alen the material is packed into the silo the respiration 

of the plant cells continues for some time, resulting in 

breakdown of carbohydrates with the final production of 

carbon dioxide and water and generation of heat. The air is 

finally exhausted of its oxygen and an intracellular, or 

anaerobic respiration or fermentation takes place. In this 

process the carbohydrates are broken down to alcohol and 

carbon dioxide without the participation of atmospheric 

oxygen. This is similar to, and possibly identical with 

the process known as alcoholic ferifientation brought about by 

yeast (6a)0 Thus the pyruvic acid formed by the breakdown 

of hexoses may be reduced to lactic acid or decarboxylated 

to acetaldehyde, which again is reduced to alcohol (11,5a). 

These changes continue until the enzymic actions cease 

clue to exhaustion of readily available material, or increase 



of acidity. At the same time, as e result of the heat 

generated in the mass, the bacteria are multiplying rapidly, 

and bacterial changes are starting using the Contents of the 

dead plant cells as a medium. 

The most desirable bacterial fermentation is that due to 

the lactic acid-forming organisms, mainly lactobacilli. 

The best conditions for growth of lactobacilli are a temperature 

of 37°C. and a low concentration of oxygen, i.e. they are 

microserophilic, and they can tolerate high concentration of 

acid. If an adequate supply of carbohydrate is available, 

these organisms; without noticeably affecting the proteins (19), 

produce lactic acid equivalent to 1-2 of the fresh material, 

and reduce the pH to 4.2 or less. Below pH 4 lactic acid 

fermentation is the only noticeable process which occurs (20). 

If lactic acid production is insufficient an undesirable 

fermentation may set in due to the growth of butyric acid- 

producing organisms; belonging to the clostridium group (18a). 

These organisms produce butyric acid as the main product, as 

well as small amounts of other volatile acids from carbohydrates. 

They may also decompose the lac Lic acid already formed, 

producing mainly butyric acid (17d,20a). In both cases 

there are produced large amounts of carbon dioxide. The 

clostridia often decompose proteins by means of their enzymes 

and large amounts of ammonia may be the result (17e,22). 
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Their action is almost inhibited at pH L. or below (20), 

Otherwise the breakdown of proteins to the stage of amino 

acids is due to the plant enzymes, a process which also is 

almost inhibited below pH 4 (17e,23). 

The desirable changes taking place in a silage result 

in the breakdown of carbohydrates with the formation of 

mainly lactic and acetic acids. Other shortchain fatty 

acids are produced in small amounts (18d). The feeding 

value of this portion of the carbohydrate however is not 

lost, since lactic acid is itself a foodstuff which can be 

readily utilised by the animals (2L1) The lower fatty 

acids are absorbed into the bloodstream and metabolised by 

the animals (25,26). 

Under suitable conditions the lactobacilli are capable 

of -broducing sufficient acid to lower the pH to 4.2 or below. 

Virtanen and his co-workers in Finland showed that the 

respiration, protein breakdown and butyric acid fermentation 

were largely prevented at pH 4 (20) and devised the A.I.V.- 

method, widely used in Scandinavia, whereby the pH is rapidly 

brought down to the desired value by means of addition of 

mineral acid. 

Usually a rapid fall of pH takes place when the crop 

has been wilted beforehand. A low moisture content of the 

ensiled material inhibits the activity of the butyric acid- 
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forming bacteria (27,28,29). 

Fodder of a high i:rotein and a low carbohydrate content, 

e.g0 lucerne and immature grass, is difficult to ensile without 

pretreatment, os there is insufficient carbohydrate present to 

permit a rapid lactic acid fermentation® in such cases 

satisfactory results are obtained by spraying the crop with 

molasses prior to ensilage, or by mixing into it a carbohydrate- 

rich fodder, Addition of acids may e/so result in a rood 

silage 

A more recent additive has been sulphur dioxide, added 

to the crop either in the gaseous state or as sodium meta- 

bisulphite, which decomposes to give sodium sulphite and 

sulphur dioxide. A limited deoree of fermentation occurs 

after a period of months with formation of small amounts of 

lactic and acetic acids, and no butyric acid (30). Little 

ammonia is foil ed, but there is a considerable hydrolysis of 

protein to amino acids (31). 

The temperature in the silo may be controlled to a certain 

extent by variations in the packing technique. A wet crop, 

or a crop which has been chopped or crushed makes a very 

compact silo. The cell respiration is suppresoed owing to 

lack of oxygen and the temperature does not rise above about 

20°C. This is called a "cold fermentation" silage and may 

give a product of good Quality. 
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A "warm fermentation" process with temperatures of the 

order of 50°C0 is obtained with a loosely compacted, stemmy 

crop® A great deal of air is occluded in the mass, and the 

cell resPiretion continues rapidly, causing serious losses. 

The mass compresses by its own weight, forming a pleasant 

smelling fodder, but with an impaired protein digestibility 

(18c) 

Usually as good silage is made at 27-38°C., the so-called 

"low temperature" silage (17f). 

Plant acid determination. 

The older methods of plant acid determination were 

laborious and time-consuming. The Individual components 

were separated either by fractional precipitation of the salts, 

or by fractional distillation of the esterified acid fraction (1j). 

The application of specific micro methods, introduced by 

Pucher, Vickery and their colleagues (32,33) led to reliable 

methods, which could be used for routine analyses of plant 

tissue. 

The fresh tissues were dried at 80°C. in a ventilLted oven 

and ground to a powder. This was mixed thoroughly with 0.5N 

sulphuric acid, and the organic acids were extracted with ether. 

Water was added to the ether extract, and the ether was removed 
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by evaporation. An aqueous extract of the cids w thus 

obtained. The total organic acid content was deterLained by 

potentiometric titrotion, corrections being made for the fcct 

that a small amount of sulohuric acid was extracted with the 

ether, that only 5O of the oxalic acid was titrated, and 

finally that the acid fraction also contained the nitric acid 

present in the sample. Estimations of the individual acids 

were then ccrried out on aliquots of this acid extract. 

Oxalic acid was removed by oreci-Jitating as calcium 

oxalate and estimated by titration with permanganate in hot 

solution. A further aliquot v,as oxidised with permanganate 

in the presence of bromide. Under these conditions citric 

acid gave pentabromo-acetone which could be removed by 

extraction with petroleum ether. This product was dehalo- 

genated, and the bromide ions eroduced titrated with silver 

nitrate. The amount of citric acid, could then be calculated. 

The malic acid 72resent was oxidised to an unknown steam- 

volatile product which could be precipitated with dinitro- 

phenylhydrazine. The resultant product could be estimated 

calorimetrically. Succinic acid was estimated by convertin,c: 

to succinyl-p-toluide, which was removed and weighed. 

Thus the estimation of the individual organic acids in 

plants was still no easy task. The problem was simplified 

considerably, however, by the development of partition 
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chromatography and ion-exchange techniques. 

Partition chromatography on silica gel has been used 

successfully for separating mixtures of or'anic acids. This 

technique was originally devised by Martin and Synge (34) who 

used water as the stationary phase and chloroform-butanol as 

mobile phase. The method has been used successfully by Maivel 

and Rands (35). Isherwood (36) Lrreatly improved the method 

using dilute sulphuric acid as stationary phase in order to 

suppress the ionisation of the acids, thereby decreasing the 

amount of "tailing" and obtaining better sei;arations. The 

amount of the individual acids are usually determined by 

titration with sodium hydroxide. Moyle et al. (37) separated 

the lower fatty acids on silica gel with chloroform-butanol, 

using a phosphate buffer system as stationary phaseß Gas- 

phase chromatography (38) is however much used for analysis of 

mixtures of fatty acids (18d). 

The resolving Dower of the silica gel system decreases with 

Increasing water solubility of the solutes. Therefore it is 

necessary to make the developing solvent progressively more 

polar in order to resolve an organic acid mixture of the 

complexity usually found in plant or animal tissue (36,59,40). 

Donaldson et al. (41,42) reported a simple device for supplying 

to the column a solvent which automatically and gradually 

increased in ;'olLrity. Good separation for many acids was 
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achieved, but succinic and lactic acids emerged together. 

Zbinovsky and Burris (43) devised a method for the 

successful addition of the organic acids or their sodium salts 

to the column in the aqueous phase, thereby eliminating the 

tedious and often non-quantitative transfer of the sample from 

the aqueous to the non-aeueous phase. 

Kinnory et al. stated in a recent report OM that the 

use of benzene and ethyl ether as a solvent system gave a good 

separation and sharp peaks for elution of a mixture of organic 

acids from a silica gel column. They found that this solvent 

has several advantages over butanol or amyl alcohol and 

chloroform, since it prevents esterification of the carboxylic 

acids. It also separates succinic and lactic acids, which 

usually emerge together. 

Paper chromatography has become an important method for 

separation and identification of both non-volatile and volatile 

organic acids. If the paper is irrigated with a neutral 

solvent, "tailing" of the spots is liable to occur. This is 

due to the fact that the ionised and unionised forms of the 

acid travel at slightly different rates. This can be 

avoided by addition to the solvent of either an acid to suppress 

the ionisation or a base to ensure complete ionisation. 

Volatile acids are chromatographed in the anion state, as they 

otherwi se would evaporate off the paper. 
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Lugg and Overell (45,46) resolved mixtures of the non- 

volatile acids connron in plants by sheet partition 

chrometograehy using solvents composed of n-butanol, eeter crd 

formic or acetic acid. 

As small amounts of inorganic calte cause tailing of the 

spots9 it is important to have an extract free from cations* 

Bryant and Lverell (47,48) obtained an extract free from 

interfering impurities by treatment with ion-exchange resins. 

They were then able to adapt their method to quantitative 

estimations by comparing the weights of the paper containing 

spots of the separated acids with spots from known 

concentration of test acids. 

Hanes and Isherwood (L9) achieved clean separation of 

mixtures of organic acids by irrigation with n-propanol 

containing strong ammonia. The chromatograms were dried and 

the spots of ammonium salts detected by spraying with a suitable 

.pH-indicator, Similar methods have been used successfully for 

the separation of volatile and non-volatile acids (50,51) and 

different solvents have been proposed (52). 

Reid and Lederer (53) devised a technioue for the 

quantitative determination of fatty acids separated as the 

ammonium salts by utilising the relationship between the spot 

area and the logarithm of the acid content. 

Isherwood and Hanes (54) carried out quantitative 
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estimations of the monied salts of u wide variety of acids 

by paper chromatography, The method is based upon the fact 

that under suitable conditions the colour of a selected 

indicator (Thymol blue) is unaffected by the presence of 

ammonium ions. The ammonium salts behave therefore as free 

acids, and the colour of the indicator is reduced in proportion 

to their concentration. The amounts of acids cEn then be 

measured colorimetrically. 

The ion-ezchange technicues for separation of organic 

acids depend upon the fact that the anions combine with 

positively charged groups on a synthetic resin and remain 

fixed to it until eluted by an aqueous solution of an acid 

or a base. In the latter case the acids are recovered as a 

solution of the salts. 

Anion exchangers are classified as weak base and strong 

base types (55,56). The strong base type is generally the 

more efficient in the aori,tion of acids. The capacity is 

hirTher and almost independent of the pH of the solution. 

Care is resuired however in the separation of acids on strongly 

basic resins when the extracts also contain sugars. Hulme (57) 

and Phillips and Pollard (58) reported the breakdown of sugars 

with the formation of lactic and glycollic acids when sugar 

solutions were passed through the strongly basic resin 

"Amberlite IRA-LOO" and "Dowex 2"v generated in the hydroxyl form. 
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This breakdown does not occur if the resins are generated in 

the carbonate forme The capacity in this form however is 

lower than the capacity of the same resin in the hydroxyl form. 

Schenker and Rieman (59) separated malic, tartaric and 

citric acids from fruit by using e strongly basic resin, 

"Dowex 1", in the nitrate form. Each of the acids wes eluted 

separately by a boric acid buffer system containing sodium 

nitrate in increasing concentration. 

Bryant and Overell (47) adsorbed the acids on the stronly 

basic resin "Amberlite IRA-400" which WbS generated in the 

carbonate form. The acids were eluted with a solution of 

sodium carbonate, the excess of which was removed by addition 

of the appropriate euantity of a cation exchange resin, 

generated in the hydrogen form. This treatment gives o 

cation-free extract which is suitable for analysis by partition 

chromatography. 

However the technique of Busch et al. (60) appeared to be 

especially well adapted for ouantitetive determination of the 

various acids in the Krebs cycle. A strongly basic resin 

"Dowex 1, was used in its formate form for the adsorption of 

the acids. The acids were eluted with formic acid which was 

gradually increased in concentration by automatic means. 

Fractions were collected in test tubes and the formic acid vías 

removed by evaporation. The remaining non-volatile acids were 
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titr,ted with alkali or estimated by other means. Slightly 

volatile acids, such as lactic acid, and acids liable to 

decompose during the evaporation process, could be estimated 

by chemical methods in the fractions before evaporation of the 

formic acid. 

Davies and Hughes (11) and Hulme and Richardson (12), 

working on extracts of dried grass, removed the amino acids 

and cations by passing the extract through a cation exchange 

resin. After being adsorbed on an anion exchanger, the acids 

were displaced with hydrochloric acid. A partial fractionation 

of quinic, succinic, malle, malonic and citric 

was achieved, but there was some overlapping which made a 

quantitative estimation difficult, 

None of the methods outlined above can be used alone for 

the complete separation of all the organic acids which occur in 

Lrass or silage. In the present work it was therefore 

necessary in the first instance to identify the acids in grass, 

and develop reliable methods for their separation and 

quantitative estimation. The aim was then to apply the methods 

to the study of these acids and their fate during wilting and 

silage fermentation. 

000 
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EXPERIMENTAL 

Various methods for separation of organic acids were 

investir:;ated. These are described under the headings I, II._ 

IVers.hrpmatoc'ra,-J4y_of non-77olatile_orgnic_aeAdq. 

Chmuatography on Whatman No.1 paper has been used in the 

present work for preliminary identification of the non-volatile 

organic acids, The following solvents were used 

n-Propanol-conc. ammonia (v/v' (5)4) 

Phenol-water-9C5 formic acid 3g./Iml./1 (61) 

CO n-Butanol-water-90% formic acid 100/85/16.8 (v/v) (46) 

D. n-E'utanol-water-glacial acetic acid 60/20/20 (v/V) 

Since A, B and D are single phase solvents and therefore 

unaffected by small temperature changes, they were used in 

tanks kept in the laboratory. Solvent C is a two phase system 

and was equilibrated at 21°C. for 2 days before it was used in 

a tank maintained at this temperature. 

-values are variable and considered to be unreliable. 

Therefore control mixtures of known acids were always run on 

the same sheet of paper as the unknown acids for identification 

purposes. Good separations of any mixture of the Krebs cycle 

acids could be obtained by running the papers in the appropriate 

solvent for 24 hours without previous equilibration in the 
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atmosvhere. The order of separation of the acids in the 

above solvents was as follows: 

- 
2 - 
3 - -HzSOq 3- 
4 - _ 

4 - - 
7s- 

Io - 
10,(/ II - -Het 

9 
4 
.3 
5 
to 

It 
7 

- - 
3 - 
5 - 
10 - 

2,7 - 
e - 

13 c _9 

1. Oxalic acid 6. Malonic acid 

2. trans-,conitic acid 7. Succinic acid 

3. Citric acid 8. Fumaric acid 

L. Tartaric acid 9, Quinic acid 

5. L-Malic acid 10. Pyrrolidone carboxylic acid 

11. Lactic acid 

The acide in solvents B and 0 were removed by heating for 

2 hours (D9 )4 hours) at 60°C. or by leaving the paper overnight 

at room temperature. 
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Broelocrosol green (400 mg. in i 1. 95 alcohol) has 

been generally adopted as a spraying agent. The indicator 

was converted to its sodium salt by addition of I r-Na011 anA 

a deei, green-blue colour was obtained. The acids show up as 

yellow spots on a blue background. The spots were alarked 

with a pencil Immediately after spraying, as they are liable 

to fade on exposure to the CO2 in the air. 

Thymo/ blue (0.1;, w/v in water) is the more sensitive 

spray when the basic solvent A is used However if the i.fier 

is heated for 30 min. at 60cC. the ammonium salts are 

dissociated to such a degree that the spots show up clearly 

on spraying with bromocresol green. 

II. Chros!lataap-oU_Rn silicaal. 

A non-adsorbent silica gel was prepared from water glass 

by precioitation with iON-HC1 according to Isherwood (36). 

The gel was passed V./rough a brass gauze sieve (90 mesh) and 

stored in an airtight container. 

A modification of isherwood9s method (36,40,41,62) was 

first tried for the separation of the organic acids as follows: 

Preparation of the column. 

Silica gel (3.0 g.) and 0.5N42SO4 (3.0 ml.) were thoroughly 

mixed and to this was added chloroform (equilibrated against 
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Fig. 2. GRADIENT ELUTION APPARATUS 
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0.5N-H SO ) until a thin slurry was obtained. This was then 
2 4 

poured in small portions into a chromatography tube (30 cm', 

long and I cm inside diameter) which was drawn out at the end 

and fitted with a cotton wool plug, a filter paper disc and a 

stopcock.(Fig.22.). The column was allowed to ran dry after 

each cortion of the slurry had been added end in this way a 

uniformly packed colwan was obtained. A second column, pg 

(50 cm. long, 1.3 cm. inside diameter) was filled with the saLsie 

amount of silica Eel slurry, added in only one portion since 

ulaiform packing was not important in this case. 

Addition of t:-es gal to the column. 

Acid mixtures were dissolved in a suitable volume of 

n-butahol-chloroform (50-50v/V) so that the normalities were 

about 0.05. One ml. of this soluttonvas added to the top of 

the analytical column, A, and allowed to drain into the gel. 

Two i ml. Portions of chloroform (equilibrated against 0.5N- 

H2SO4) were then added in order to mke sure that the acids were 

quantitatively transferred to the gel. 

Determinatjon of the acida. 

After the sample had been transferred to the gel, the 

solvent (n-butanol-chloroform) .was passed through the column 
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at a rate of about 15 mi./hour. The eluate was collected in 

2 ml. fractions in test tubes by meanz of a mechunical fraction 

collector. The acid content of each tube was determined by 

titration with 0001N-Na011 (CO2-free); standardised with potassium 

hydrollathalate. The follo=7ing indicator solution was used: 

2 l of 15', phenolphthalein in alcohol were diluted to 250 ml. 

with abs, alcohol. î ml, of this solution was added to each 

test tube and 002-free air was bubbled through the solution for 

30 sec. before starting the titration. 0.01D-FaOH was then 

added fram a 5 :al. Ilicro-burette to neutrality. The amount of 

acid was calculated after the formula: 

V 

E 

al!eriment 1. 

of the 

EeN = mg. acid 

volume of NaOH 

equivalent weight of acid 

normality of ilaCa. 

Determination of the_chromatoatuDIc projpertizps 

Oxalic acid; which is s. stron.(3 acid, is adsorbed to a certain 

extent on untreated silica gel, and on i1C1 treated gel if water 

is used as stationary phase. This would give a noticeable tail; 

or an unsymmetrical titration curvo. If oxalic acid can be 
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eiuted,hovei in a symmetrical "peak" in good yield, the gel 

can be used for separation of mixtures of the plant acids. 

a. Oxalic acid (77.2 mg.) was dissolved in 50 ml. of n- 

172tanol-chlorofom (50-50v/v). An aliouot (1 ml.) was added to 

the column. The acid wal. 3luted with n-butanol-chloroform 

(35-651v) equilibrated against 005N-H2904. The solvent was 

introdLced into the column from a separating funnel, the rate 

of flow being adjusted so that the level of the solvent was as 

constant as possible and ca. 10 cm. above, the surface of the 

gel. The fractions were titrated as described and the titre 

Plotted graphically. A curve of sufficient symmetry was 

obtained. (Fig.3). 

The total acid eluted 2.39 ml. 0.0100N-NaOH 

1.51 mg, oxalic acid 

i.e. the recovery was 97.5. 

b. Ammonium oxalate (0.2950 g.) was dissolved in water (50 ml.). 

An aliquot (2 ml.) of this solution was evaporated to dryness in 

a desiccator over P 
2 
0 5 and the following procedure for 

transferring it to the analytical column followed. (L.0,62): 

Water (0.2 ml.) containing a little thymol blue was added and e 
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concentrated solution of the salt obtained. Silica gel (0.5 g.) 

was then added and the mixture stirred with a thin glass rod. 

A think cream was obtained by addition of dry n-butanol-chloroform 

(5-95v/V). 6-H20 was added until the indicator changed to 

pink (less than 1 drop required). More solvent was added and 

the slurry transferred to the analytical column. The beaker 

was rinsed with two 5 ml portions of solvent. A symmetrica2 

curve (Fig.4) was obtained upon elution with n-butanol- 

chloroform (35-65v/V). 

The total acid eluted E 15.96 ¡U. 0.0100N-NaOH 

Experiment 2. 

11.33 mg. ammonium oxalate 

i.e. the recovery was 96.0%. 

azzalarl9f;2;,:sici mixture,. of sUeoiniet 

malle and citric acids. 

A solution was prepared containing succinic acid (002950 g.), 

malic acid (c.3250 g.) and citric acid. (CY.2380 g.) in 100 ml. 

n-butanol-chloroform (50-50v/v). 1 ml. of this solution was 

added to the. toI) of the analytical column (Fig.2A), followed 

by 2 portions (2 ml.) of the developing solvento n-butanol- 

chloroform (5-95v/V)o to wash the material from the sides of the 

tube. The tube was filled with solvent to a height of 10 cm. 
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above the surface of the gel and elution started. The 

concentration of n-butanol in the solvent was gradually 

increased from 5 to 355 by a gradient elution technique as 

shown in fig.2; 

A = the analytical column, 

B = eouilibrium column (3 g. silica gel, 2-3 cm, solvent 

and ca. 30 cm. 0e5N-E1 SOO- 

The reason for introducing column B wao to ensure 

complete equilibration between the solvent and the 

stationary phase (62). 

mixing flask (250 ml. filter flask) containing 200 ml. 

of n-butanol-chloroform (5-95v/V), equilibrated against 

0.5N-H2SO4. 

reservoir containing 200 ml, of n-butanol-chloroform 

(50-50v/V), not eQqilibrated. 

E = adjustable water reservoirs (1 1. 

M = magnetic stirrer. 

The two columns were supplied with an air-inlet, so that 

they could be connected by means of a rubber stopper without 

altering the pressure inside the column and thus disturbing the 

surface of the silica gel. The elution was started by opening 

all the stopcocks G and closing all the screwclips F. The 



- 33a - 

Fraction No. 

Fig.5 SEPARATION OF ORGAJiIC ACIDS ON SILICA GEL 



flowrate could be adjusted by altering the difference in height 

of the two water re3ervoirs E, care being taken not to disturb 

the gel. 2 - 3 ml. fractions were collected. The first acid 

to be eluted was succinio, the second molic and the third 

citric acid (36), and titration of the fractions gave the 

expected three peaks, fig, 5. The total titres of 0.0103N-NaOH 

for each acid were as follows: 

Succinic acjd, 1,.81 mi. 2.91 mu acid 98.7. 

Mello acid, 4.54 " E 3.14 " 

Citric acid, 3.43 2.27 ! n 

IV 

VV 

96.7 

95.0% 

012 

Attets to se')arate aadAd2zarz11122911.21aa. 

:4.17:1EALUSZ.-S211Yaction and investi'ailiagaaag. 

Fresh lawn grass (50.2 g.), cut on 19th rlay, 1954, was 

freeze-dried tunediately after cutting, using an Edwards odel 

111 machine. The weight of the dried grass after 20 hours 

drying was 12.10 ge Ovendrying of the fresh grass showed tit 

it had a moisture content of 30:, and therefore the freeze-dried 

grass must still have contained 4.1% moisture. The freeze-dried 

grass was ground to a fine powder in a hammer mint and the 

acids extracted as follows: 

The powdered grass (9.20 g.) was made into a slurry with 

water. The addition of 0.2N-11 
2 
s0 

4 
(100 ml.) was required to 



brin the ph down to 2. The mixture was then centrifuged and 

the supernatant liquid decanted. The residue was washed twice 

with 20 mi portions oÍ water. The washings were combined with 

the acid extract and the solution filtered to remove some 

remaining flo&iting solid materiel. The solution was then 

neutralised with 2N-NaOH, using phenolphthalein and concentrated 

under reduced pressure (beth temp. 40-50°C.). 2N-E1 
2 
SO 

4 
was 

added to ph:z2 (indicator paper) and the solution wae transferred 

to a measurinL.; cylinder and made up to 18 ml0 with water. A 

precipitate had been formed during the concentration. After 

mixing by stirring with a glass rod, the extract was allowed to 

stand until the precipitate settled. The organic acids were 

then transferred to the non-aqueous phase according to Isherwood 

(36): 

10 ml. of the clear supernatant solution were mixed with 

silica gel (12 ge) and the wieeture thoroughly stirred and 

pressed against the side of the beaker with a glass rod until a 

superficially dry powder was obtained. About 50 ml. of n-butanol- 

chloroform (50-50v/v) were added and the mixture carefully 

transferred to a glass tube (length 20 cm., diameter 5.5 all.), 

fitted with a perforated disc and filter paper at the end. 

The column was allowed to run dry, refilled with solvent, and 350 ml. 

of the filtrate were collected. A further 50 ml. were collected 

seoerately and titrated with 0.1-14a01/ (phenolphthalein). 
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0.25 mlo were required and the extraction was complete. The 

main bulk of the filtrate was then transferred to a separating 

funnel and titrated with 001N-..NaOH with frequent shaking. 

23 mi. 0.14Ta011 were reouired. The lower solvent layer was 

separated and washed twice with 15 ml portions of water. The 

washings were added to the aqueous layer and the solution 

concentrated in vacue to about 2 ml. (bath temp. 40-50°C.), 

transferred to a small beaker and dried in vacuo over P205. 

The residue was dissolved in 41T-H2SO4 (0.7 ml.) and the solution 

mixed with silica gel (1.0 g.). 10 ml0 of tert.- 

amyl alcohol-chloroform (50-50v/V) were added and the mixture 

quantitatively transferred to a glass tube (length 25 cm., 

diameter 1.3 cm., siailar to A, fig, 2) which Was allowed to 

drains and the eluate collected. The beaker was rinsed with 

some of the eluate and finally with 5 ml, of the solvent. _hen 

this had been absorbed, the tube was refilled with solvent and 

30 ml, eluate collected. Titration of a farther 5 ml. elute 

showed that the extraction was complete. 

4.5 mi. 0.01N-NaOH were required to neutralise 1 mi. of the 

amyl alcohol-chloroform extract (not corrected for acidity of 

the solvent). 

An aliquot (2 ml.) of this extract was added to the analytical 

column A (fi3.2) and the elution carried out as described under 

experiment 2. 120 fractions of about 2 mi. each were collected, 
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Each fraction vas titrated as previously described with 

0.0103N-Na01. Blank titres (0.04 ml.) were obtained for 

fractions 16-74. A slight increase in acidity started there- 

after, and titres generally higher than the blank continued to 

the last fraction. Apart fro,i the first 15 fractions no 

definite 'peaks' were detected. Eee fig. 6. The sum of 

the titres for the 15 first fractions (blank subtracted) was 

6.86 ml., 76 of the total acid as found by titration of the 

amyl alcohol-chloroform extract. 

The extract was evaporated to dryness on a boiling water 

bath. The residue was dissolved in water and chromatographed 

on paper using solvent A. As reference acids were spotted 

citric mallet succinics quinic and lactic acids. The papers 

were run for 20 hours and sprayed with thymol blue (made blue 

with 1 drop of N-Na0H). Three spots showed up one of which 

corresponded to mane acido some streaking occurred and 

further attempts to identify the acids were not carried out at 

this stage. 

axoeriment 4. 
ornaer.'itasees.vme.-s-oseres toctmcm 

104.7 g. of fresh grass (cut 1/6/54 from the same place as 

the grass used in experiment 3) were frozen in liquid air and 

ground in a mortar. The solid was made into s slurry with i lo of 

water and 0.2N-H2SO4 (150 ml.) was added. This reduced the pj:1 
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to 2.1. The mir.ture was left for 2 hours with occrlsional 

stirring s filtered through a plug of glass woo/ and washed 

with water. The cu:Thined filtrate (about 2.5 1.) was 

concentrated lnyacuo to about 30 ml and centrifuged. Tho 

supernatant liquid and water washings were made ur, to 50 ml. 

10 ml, of this extracts equivalent to 20.95 g. fresh grass, 

were treated as described under experiment 3. The final 

amyl alcohol-chloroforA extract was made UT) to 26 ml. An 

aliquot (2 m2.) of this solution was analysed as described 

under experiment 3v and the result of the titrations is shown 

in fig.7. 

:?ractions 3-7 were evaporated to dryness acidified and 

shaken with ether. A crystalline residue remained after 

removal of the other. This proved to be only one alJd which 

travelled fester than sucainic acid both in solvent A and C. 

It was assumed that fractions 75-93 contained malic acid and 

fractions 110-120 citric acid. 

From the results of experiments 3 and L. it is obvious 

that most of the acids present in grass must have been lost 

during the extraction procedure. Other extraction methods 

were therefore investigated. 

lipszAesl, ,01121.11. catloy; s.qqg t ro e 

It was thought that the acide could be separated from the 

other components of the grass extract by electrodialysis. 
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KUPEITent 

A standard mAxture containing succinic acid (150 mg.), 

malle acid (170 mg.) and citric acid (160 mg.) in 50 ml. 

water was prepared. 'unless otherwise stated the titrations 

in the following experiments were carried out using phenol- 

phthalein as indicator. 

Titration of 1 ma. of the standard mixture required 

13.90 ml. 0.010814-Na0H (calc. 13.88 ml.). The apparatus 

used for electrodialysis was similar to that described by 

iacpherson (63). A diagram of the cell, which is made 

from "Perspex" sections is shown in fig.8. 

The end compartments, of about 100 ml. capacity, were 

fitted with draining tubes. The capacity of the centre 

compartment was about 150 mi.. The cathode membrane was 

vegetable parchment and the anode membrane formolised gelatin 
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en a cloth base. The electrodes (about 10 seem) were made 
of thin Pt-foil. A cuerent of about I ame. wps employed in 

the following experiment at a potential of about 200 v. The 

eontents of the compartments were cooled end the solution in 

the centre one continuously stirred. 

20 ml0 of the standard acid solution were elaced in the 

centre compartment and diluted with water to about 150 ml. 

The end compartments were filled up with water and the current 

switched on. NE OH was added continuously to the centre 
4 

compartment to neutral reaction (indicator paper) for the first 

20 minutes after which the soletion remained neutral without 

any further addition. The electredialysis -ens continued for 

a further 25 minutes. The content of the anode compartment 

was made ue to 50e ell. 5 ma, of this were titrated with 

0.0108N-NaOH and 2.78 ml. were reeuire. Thus 100 of tho acids 

were recovered? assuming that no chan3es had taken place in the 

acids. 

Experiment 6. lasslimalalals of alirse_extrFIct. 

130.8 g. of fresh lawn grass (cut 15.6.54) were dried at 

95-10000, to constant weight. zailakau_ALL. The dried 

grass (1803 g.) was boiled gently for 20 min. with 500 ml. of 

water (11) and filtered through a glass wool plug. The residue 

was washed with 100 ml, of water. This procedure was repeated 



once au -1d the grass was pressed against the sides of the funnel. 

The extract (p'1=6.20) was concentrated under reduced pressure to 

about 100 ml.e transferred quantitatively to the centre 

caripartment of the cell and electrodialysed as described under 

experiment 5. The current exceeded 1 amp. after a few minutes 

and the ammeter (max. reading i amp.) had to be disconnected. 

There was a considerable evolution of chlorine from the anode 

compartment. To keep the temperature as low as possible 

the anode compartment was emptied frequently and refilled with 

water. The acid mixture in the anode comDartment contained 

much coloured matter. lc wae neutralized with N-Na01-1 (23.0 ml.), 

concentrated and mde up to 25 mi.. A sample (20 ml.) was 

evaporated to aryneos on a steam bathe aide .). by a gentle current 

of air. The residue was dissolved in ca. 1 ml. of 6N-TIT 

and mixed with 1.5 G. of silica gel. The mixture was completely 

transferred to a glass tube (see experiment 5) and the acids 

eluted with tertramyl alcohol-chloroform (50-5eviv), 50 ml, 

eluate being collected. This was evaporated to dryness and 

made up to 10 ml, with tertranyi alcohol-chloroform (50-50v/v) 

in order to obtain a suitable amount of acids for analysis. 

2 ml, were added to the analytical column and the separation 

carried out as described under e;rrerinent 2. 110 fractions 

were collected and every second fraction titrated in order to 

locate the acids. The contents of the other acid containing 
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fractious were evaporated to dryness on a water bathe dissolved 

in a little water and examined by paper chromatography using 

solvents A and r.7. 

17rFActiong_3775 gave one spot in both solvents corresponding to 

' the acid mentioned in experiment 4(fr0 3-7). 

Fractions 297,31 gave one spot travellin7 at the same rate as 

succinic acid. in both solvents. 

Zrciallikaaa_XIIn41 gave 2 spots in solvent A and I spot in 

solvent C (streaking). The spot in solvent 0 and i spot in 

solvent A cor-responded to that of pyrrolidone carboxylic acid. 

The other spot in solvent A corresi)onded to that of malonic acid. 

3ractions:7,1712 gave i spot corresponding to that of 1.alic acid 

in both solvents, 

?ractions2100 gave 2 spots in both solvents. One s?,2ot 

corresponded to citric acid while the other spot was found 

between citric and malic acid in solvent A and remaining on the 

startin7 line in solvent CO 

As test acids were employed suceinice malice citrice 

tartane e glutarice o.uinice pyrrolidone carboAylice 

c.-ketol.autarice trans-aconitic and lactic acids. 

It was thus concluded, that the analysed grass contained 



22.9 

succinic, pyrrolidone carboxylic, mallo and citric acids, 

possibly malonic acid and at least three other acids. 

Fre:.(aimentalitt 

100.0 g. of fresh lawn grass (cut 28/74/54, moisture ) 

were soaked in boiling methylated spirit (790 ml.). After 

filtration through a glass wool plug, the graes was extracted 

with boiling water as described in the previous experiment. 

The combined alcohol and water extracts were concentrated under 

reduced pressure and made up to 100 ml. This extract was 

very dark in colour. To an aliquot (50 ml.) was added 

alcohol (150 ml.). A coloured procioitate was formed which 

was removed by filtration and washed with aqueous alcohol. 

The filtrate and washings were concentrated to 100 ml. and 

used for two experiments. 

(i) Purification by electrodialzeie. An aliquot (25 ml. E 2.5E. 

dry wt. of grass) was electrodialysed. Titration of the 

solution in the anode compartment required 21.8 ml. of 0.1N-NaOH. 

The salt solution was concentrated under reduced pressure, 

transferred to a small beaker and evaporated to dryness over 

P2050 The sample was transferred to the analytical column as 

described under experiment i(b), and the elution carried out in 

the usual way. It was noted that a transparent band started 
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tc..5 develop uear the top of the column after about 4 hours 

clutiou. This gradually increased in width to gq. 1 cm. (Vii9). 

Fic-v090 

con' ai ni g (Laid intre 
rranspcir ent band 

The result of the titration.) is shown in 

Ai) PurifieationAth_ioneppAnze.minp. it was thought 

that wddation, and reactions with the chlorine evolved in the 

anode compartment might affect some of the acids presentv 

another aliouot of the same extract was purified with ion 

exchange resins prioza to chromatography on the silica gel column. 

The resins were 

neo-Ksrb.225" strong cation exchanger 

"te.Acidite-G" weak anion exchanger. 

The resins, approx. 40.70 mesh, were washed with water and the 

smaller particles decanted. They were then tacked sepLratedy 
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into two columns (length 7 cm .o diameter 0.8 cm.) and irrigated 

with 2N-H01, distilled watery :1-11a0H, and distilled water 

order to remove all soluble ireouritios, The effluento were 

tested with pH-paoer between each step. An excess of ca. 2 

bed volumes of HO]. and ITa0ii were used and the resins washed to 

neutral reaction between each sten. The cycle was repeated once. 

The anion exchanger was now ready for use in its OH-form. 

The cation exchanger was converted to the H-form by 

irrigation with 2V-HCl (2 bed vol. exce and washed with 

distilled water till the effluent gave DO chloride reaction. 

The two columns were connected as shown in fig.11. 

17,10- 11. 

1 - 50 mi. separating funnel. 

2 - Cation exchange resin (H). 

3 - Anion exchange rein (OH). 
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The columns were supplied with a syphon arrangement oo that 

they 15ould not run dry. 

An alictuot (25 mi.) of the grass extract Wa3 transferred to 

the separating funnel and allowed to percolate through the two 

columns, the cations and amino acids being adsorbed on the 

"Zeo-Kerb 225" and the anions on the "De-Acidite G". Dietilled 

water (150 mi.) was then passed through the columns. The 

columns were disconnected and the ecide were eluted from the 

anion exchanger with N-HE 
4 
0H (50 mi.). 

The annonium salt mixture was concentrated on a water bath, 

transferred to a small beaker and evaporated to dryneoe over 

P2°5. 
It was then treated as described in experiment i(b). A 

transparent band similar to that mentioned in the previous 

experiment was observed during the development of the silica gel 

column. The result of the titrations is shown in fig.12. 

The acid containing fractions were evaporated to dryness, 

dissolved in water and passed through a column (length 3 cm., 

diameter 1 cm.) of "Zeo-Karb 225" (11). The effluents were 

concentrated to small volumes (ca. 0.5 ml.) and chromatographed on 

paper in solvent A and C. 

(i) See fig.10. 

Fractions 31-39: 

Fractions 90-108: 

Tractions 124-146: 

Pure succinic acid. 

Pure malle acid. 

This fraction. gave 3 spots in both solvents. 

The heaviest spot corresponded to that of citric acid. 
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(ii) See fig.12. 

FiTzetions 8-14: One spot, corresponding to the acid mentioned 

in experiment 6 (fr. 3-5). 

Fractions 1-:-2C: Three spots in solvent A and only one in C. 

The acids were not identified. 

Fractions Pure succinic acid. 

fragti02_1g-4.: Four spots in both solvents corresponding to 

malonic, trans-aconitic, r.uinic and pyrrolidone carboxylic acids. 

Fractioaa_i5=a: Wo definite si,ot in either solvent. 

Fractions82:-1/1: Pure malle acid. 

Fractions12571'7,0:Pure citric acid. 

The two succinic acid fractions were combined and 

evaporated to dryness. The acid crystallised in a pure state 

with a melting point of 184°r. alone and mixed with authentic 

succinic acid. 

The amounts of succinic, =lie and citric acids found are 

listed in table 2. 

Acid 

TABLE 2. Amounts of acids found in grass. 

Electrodialysis Ion exchange resins 

Titre (ml. ) 
0.0108N-NaOH 

Succinic 8.56 

Melic 20.00 

Citric 9.53 

Titre(m1.) 
0.0108N-Naai 

yrawn-,Ve., 

0.22 

0.58 

O n( J 

7.60 

17.69 

8.94 

4.85 

12.80 

6.18 

dry 
wt, 

0.19 

0.51 

0.25 
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Most of the coloured matter present in the grass extract 

was adsorbed by the "Zeo-Karb 225" resin and.a little was 

adsorbed by the"De-Acidite G". The alonium salt solution 

finally analysed on silica gel was slightly brown in colour, 

but did not contain as much coloured matter as the extract 

obtained by electrodialysis. Further experiments were carried 

out using ion-exchange resins for purification of the extract. 

Re,eneration e: the resins: The Zeo-Karb 225 was irrigated 

with N-NaOli (50 ml.). Most of the coloured matter was eluted 

during this stage. The resin was washed with water (l00 ml.) 

and convected to the H-form by irrigation with 211-HC1 (50 ml.). 

The resin was ready for use aeain after washing with distilled 

water (150 ml.) till rl negative test for chloride was obtained. 

The De-Acidite G, although in the 0H-form after use, was 

irrigated with N-NaOH (50 ml.) and washed with distilled water 

till neutral reaction. 

Peeoewimelet 8 

* 

A sample of fresh perennial rye grass (cut 12/8/54, 

'Aoisture 87.7%) was extracted with alcohol and 
water as 

described in experiment 7 and made up to 100 ml. An aliquot 

(io oa.) was passed through the two ion-exchange resins and 

analysed on a silica gel column. Twe alterations in the 

* 100.0 g. 
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procedure were wade: 

I . The elution was started by using pure chlorofom 

(equilibrated against 0.51-2- N 5;0,) instead of 5% n-butanol- 

chloroform in the mixing flask C (fig.2). 

2. During the titration of the fractions, CO2-free air was 

bubbled through the liquid for i min. before addition of the 

NaOH. 

The result of the titrations is shown in fig.13. The 

contents of the acid containing fractions were chromatographed 

on paper n solvents A and C after being passed through the 

cation exchanosr as described in the previous experiment. 

Fractiou_127:41; One Gpot in solvent A. This acid travelled 

faster than citric acid but slower than malic acid. In solvent 

0 it gave a 1" streak from the starting line. 

Fractions 27-29: cr= aascancm-a-swcarxrc-,..aase.r,.---er 
One spot. This was the same acid as the 

one mentioned in experiment 7, fractions 8-14 (fig.12) and 

travelled the same distance as fumarie acid. 

Practlons: Succinic acid. 

Frac tionsU=22 spots, the two being malonic acid and 

pyrrolidone carboxylic acid. An unsuccessful attempt to 

identify the third acid was carried out by running this fraction 

Gide by side with the suspected acids trans-aeonitic, oxalic, 

tricarballylic and glycollic acids. 
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Fractions 60z/0: No definite spots were obtained. 

Fractions,Q: Malic acid. 

Xlacjaa1lUlf=13e: Citric acid. 

TET:11. Axao unta ofacidsund. 

Titre (mi.) Acid 
0.0108N-11a:0H 

Succinic 

Mane 

Citric 
C.C1115113.4.C.e 

1.23 

14.83 

12.56 

y.ecoveszijaait. 

To a sample (10 ml.) of the same extract were added succinic 

acid (4.0 mg.), malic acid (10.0 mg.) and citric acid (10.0 mg.) 

and the solution analysed in exactly the same way as described in 

experiment 8. The result of the titrations is shown in fig.14. 

T041.4. Amounts of acids found. 

Succinic 

;al IC 

Citric 

Titre (m1.) 
f:d.0108N-NaOH 

6.44 

26.29 

24.20 

131.627ettra4.a. 

mg. acid recoveries in 1 
SW2c0 

4.11 83.4 

19.04 83.0 

16. 74 80.5 
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Chromature:Rhy on ion-exchasalmla. 

Materiels. 

Zeo-Karl cation exchanger, analytical grade (40,00 mesh), 

noerinally 4.Z croes-linked, was obtained from the Permutit 

Company Ltd. It was washed and generated as previouely 

described (p.44). Usually it was irrigated with 2N-Na0H 

after use in order to remove as much as possible of the 

adsorbed coloured matter. The same material was used 5-6 

times before it was discerded. By this time the colour even 

after regeneration was much darker than that of the fresh resin. 

Amberlite - anion exchanger, analytical grade, wee 

obtained from the British Drug Houses Ltd. It was ground in 

a mortar end passed through a 100 mesh sieve, thereafter 

suspended in distilled water. The cloudy supernatant fluid 

containing the smaller particles was decanted after 10 :An. 

The coarser particles which had settled in that time were 

stirred Ivith a fresh portion of distilled water, the excese of 

which was decanted. This was repeated until the wash water 

was clear and colourless. The eesin,which was eul,plied in 

the hydroxide form, was converted to the chloride form by 

suspending it in 2N-HC1 in a beaker with occasional otirring 

for several hours. It was then transferred to e chromatographic 

tube (length 40 cm., diameter 4 cm.) with a cotton wool pad at 
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the bottam, where it settled down to a 15 cm. long column. 

The excess Hal was removed by washing with distilled water 

until the pH was 7 (pH-paper). The resin was then converted 

to the hydroxide form again by irrigation with N-NaOH until 

the effluent gave negative test for chloride. The excess 

NaCH was washed off the column with distilled CO2-free water 

and the resin was generated in the formate or acetate form 

by irrigation with formic acid (17, ) or acetic acid (305). 

Two bed-volumes of acid were allowed to percolate through the 

column after the acid had broken through. The resin was washed 

with several bed-volumes of water and stored wet in a bottle. 

Geler; procedure fors2Raration of non-vo latileArEapic acids 

on an Amberlite IRA-4po column. 

The separation technioue g (,)1 adopted was as 

follows: 

The cation exchanger was packed into a column (length 7 cm., 

diameter I .Lt cm.) by pouring the resin es a suspension in water 

Into a glass tube similar in construction as the columns shown 

in fig,11. The anion exchanger was poured into a tube similar 

to A in fit7.2, where it settled down to a column 12 cm. long and 

1 cm. in diameter. The tubes were supplied with a cotton wool 

pad at the bottom and a pad of cotton wool was also placed above 

the surface of the resin. The resins were washed with 2-3 bed 



- 52 - 

volumes of water before The columns were then connected 

by means of a rubber stopper and the sample (aqueous so3.) to be 

analysed was introduced to the to of the cation resin from a 

separatin7 fnnnel. The solution was allowed to .0ercolate through 

the resins at a rate of about 0.5 ml. per minute. This was 

followed by 10 ml, of water and thereafter a further 100 ml of 

water in order to ensure that the acids were quantitatively 

transferred to the anion exchange resin. The effluent from the 

cation exchanger was neutral (pH-paper) when the columns were 

separated. The cation exchanzer, which had adsorbed the amino 

acids and the cations originally present in the sample, was 

washed with NaOH and regenerated with H01. The ehromatograhic 

tube containing the anion exchanger was tilled up with water to 

within 3 ca. from the top and substituted fer column A in the 

gradient elution apparatus shown in fig. 2. Column B and the 

air-inlets were omitted. 

(i) kmberlit The mixing flask, Op 

(fig02) was filled with 200 ml. of water and the reservoir, D, 

with 200 ml. of 17%(v"*) formic acid. The organic acids were 

then eluted with formic acid, gradually increasing in con- 

centration. 2 - 3 ml. fractions were collected in teat tubes 

(10 x 1.2 cm.) at a rate of about 1 mi. in 6 minutes. 

The contents of each tube were taken to dryness by 
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evaporation on a water bath as shown In fig.15. 

í 

The water bath was supplied with en aluminium cover ir -7.23:) 

the test tubes were suspended througb two rows of circu/ar 

holes. Corresponding holes were made in a nick-walled 

rubber tubing (outside diameter 1.3 cm.p inside diameter 0.7 cm.) 

by means of a cork ',lore?, to hold glass tubes (length 8 cm., 

outside diameter 0.4 cm.). The manifola tubes were suspended 

In such a way that their o/Jenings were approximately 2 cm, from 

the surface of the liquid in the test tubes. The temperature 

in the water bath was ket between 50 and 60°C. By blowing air 
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on to the surface of the solution .evaporation of visible fluid 

was usually complete in 40-50 minutes and there was then no 

smell of formic acid. A few drops of water were then a&ied to 

each tube and the evaporation was continued to dryness. At the 

end of the drying period. water (1 ml.) was added to each test 

tube and the solutions were titruted to the phenolphthalein end 

point with CO 
2 
-free 0.01N-NaOH delivered from a microburette. 

CO2 -free air was bubbled through the solution durinL, the titration. 

(ii) ,uaberlite IRA:kLLLaptats. When the acetate form of 

the resin was used9 the same procedure so described for the 

formate resin was followed except for the elution. In this 

case the elution was started by having water (200 ml.) in the 

mixing flask C and 30:(v/V) acetic acid in the reservoir P (fi 

The fastest moving acids, including succinic acid. were then 

eluted with acetic acid. Thereafter the contents of the flasks 

were changed to 10:(v/v) formic acid in flask C and 20(v/v) 

formic acid in flask D (fig.2), and the elution continued. 

A solution (500 ml.) was prepared containing succinic 

acid (185.0 mg.)9 malic acid (657.5 mg.) and citric acid (485.0 mg.). 
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An aliquot (10 ml.) was analysed on a formate column as 

described above. The titrations gave the expected three peaka 

as shown in fig.16. The amounts of the acids found, calculated 

from the total titres (blank subtracted) of each peak, and the 

recoveries are given in table 5. The order of elution (60,64) 

was controlled by paper chromatography. 

Thble :ecoveries of acids from an Ambellite 

IRA-LOO (Formate) column. 

.. - . - _ . . - . 

Acid 

f a5,...1. x.=.T.S.cs . byr,veZesa 

Titrs,(m/.) 
0.00945N-NaOH 

- . -maw 

illg o acid 
added 

. 4..77raaRen. uneara Wes? 

mg.ac i a 
found 

-, recovery 

Succinic 6.30 3.70 3.52 95 

Malic 19.80 13.15 12.54 95.5 

Citric 16.02 9.70 9.69 100 

Experiment 10. 

A solution (500 ml.) was prepared containing quinic acid 

(505.0 mg.), succinic acid (558.0 mg.), malic acid (460.0 mg.) 

and citric acid (520.0 mg.). An aliquot (f0 ml.) was analysed 

on an acetate column as described above, changing the elutriant 

from acetic to formic acid after the emergence of the succinic 
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acid. The result of the titration is shown in fi.7.17 and 

the recoveries in table 6. 

Table 6. Recoveries of acids, from an V7SACLA,.,U= 
IRA-492 lAcet-te) column. 

Acid 
Titre(m1.) 
0.0110N -Na01-1 

mg.acid 
added 

mg.acid 
found ecovery 

(Tuinic 

Succinic 

Mello 

Citric 

4.46 

16.33 

12.12 

14.65 

10.1C 

11.16 

9.20 

10.40 

9.42 

10.60 

8.94 

10.32 

93 

or, .., 

07 /I 

99 

Determination of dr, matter D.L. in grass. 

A grass sample (100 g.) was weighed out accurately in a 

crystallising dish and left in an oven Et 95-100°C till constant 

weight (usually about 8 hours). 
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xtraction_o_f_Erass. 
coati.s7.--Wneeartearawat0..menee.a. 

The fresh grass sample (130 r;.) was suspended in boiling 

water (500 ml.) in a beaîer® boiled gently for 2-3 'Ainutes and 

allowed to stand with occasional stirring and pressing for 30 

minutes. It was then filtered through two layers of cheese- 

cloth placed in a Buchner funnel, The sample was finally 

sctueezed by hands transferved to the beaker again and treated 

twice the same way with 257! La0 of water. The cloudy 

extract (a little more than 1 l.) was cooled to room temperature 

and the pH was determined with a Cambridge pH-meter. This 

extract was concentrated to about 100 ml, g transferred to a 

250 ml, graduated flask and made up to the mark. By leaving 

the flask in the refrigerator g or in running water for 3.4 hours 

(or overnight) g the extract clarified. It was then easily 

filtered through a dry filter A drop of chloroform or a few 

drops of toluene were added to preserve the extract. 

Experiment il. 

100 g. of fresh lawn-grass (cut outside the laboratory 

10/1/55. Moisture 76.3) were extracted as described. pH=6.20. 

A sample of the extract (20 ml.E1.696 g. D1.) was passed through 

the two ion exchange resin columns as previously described. 

The anion exchanger was in the formate form. The elution was 
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3,0-- 

,Sr 

5,96 

40 60 80 /00 /z0 /40 /G o /80 

Fig.18 ACIDS IN GRASS ELUTED FROM AN AMBERLITE IRA- 400(FORMATE)COLUMN 
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carried cut with formic acid (0-17;v/v). It was observed 

that in spite of the strong dark brown colour of the extract9 

the effluent contained relatively little coloured matter. The 

fractions were evaporated to dryness and every second test tube 

titrated. The contents of the other tubes were used for paper 

chromatography. The titrations formed five distinct peaks 

when plotted [..2:raohically9 

Paper Chramatogrally. 

fig. 18, 

11,2,112a11: One acid which travelled the same distance as 

succinic acid in solvent A and was detected between ouinic and 

succinic acids in colvent 

action One acid which travelled the same distance as 

quinic acid in both solvents. 

Fraction h2: One acid which travelled the seine distance as 

pyrrolidone carboxylic acid. 

'Traction 11Z: One weak spot corresponding to succinic acid. 

Frae_tionEJ 5aU: Pure mane acid. 

=9.1122-0-106: Pure citric acid. 

6-160: They all gave streaks and spots corresponding 

to phosphoric acid. A yellow precipitate was formed with 

ammonium molybdate reagent. 
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The piece of paper containing the snot of pyrrolidone 

carboxylic acid was cut out and extracted with water. The 

extract gave no colour with ninhydrine. After boiling with 

-IC]. (2 drops conc.) and evaporating to dryness on a water bath, 

the residue gave a positive ninhydrine test, expected if 

glutamic acid had been produced. 

RecUILL.P.AZRAPente 

(i) An aliquot (20 ml.) of the extract from experiment 11 

was analysed on a formate resin and all fractions were titrated. 

Five definite peaks were detected (fig.19). The fractions 

in each peak were combined and passed through a column of Zeo- 

Karb 225 (H), concentrated and chromatographed on paper in 

solvents A and B which showed the following acids to be 

present: 

1. Shikimic and quinic acid. 

2. Pyrrolidone carboxylic acid. 

3. Succinic acid + trace of another acid (faster). 

4. Mane acid. 

5. Citric acid. 
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211127.. MIO Unta of acids found kn lawn-Frass. 

Titre(m1.) 
Acid 0.00945H-Na0H mg. acid D.M. 

emearie,rt,,rnar ,-Jaatsaact.,fsel.=[.:wweeNe--M*.rerstr,natrtw.,-a7r-Ja.^.1.12-e±:sen.,..{.....ireal", wsuavi,Num..,:w.gowl 

0094 Quinic shikimic 
(calc. as quinic) 

Pyrrolidone carboxylic 2.01 

Succinic 1.50 

Malic 28.00 

Citric 21.70 

4.54 

2.45 

0.84 

17.74 

13.12 

0.13 

0.04 

"93.]0.69 

Succinic and mane acid did not separate completely. 

Therefore the division was taken at fraction 59 (Titre 0.13 m1.). 

The titration blank increased during the experiment from 0.02 ml. 

to 0.1 ml. 

(ii) To another aliquot (10 .1.) of the same extract was added 

standard solutions of succinicy malic and citric acid. The result 

of the analysis on a formate column is shown in fig.20, and 

the amounts of acids found quoted in table 8. 
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Tablelq. Recoveries_of_acids when added to a 7rass extract. 

Acid 
Titre (m1.) 

0 
.. 0094514-NaOH 

mg.acid 
found 

mg.a6fa 
present 
inextmet 
(f ram 

mg.acid 
added 

;2'0 recovery 

-----______ 
Quinic 1.32 2.40 2.27 - 

Pyrrolidone 1.02 1.24 1.23 - 

Succinic 17.22 9.60 0.42 9653 96 

Llalic 21.91 13.85 8.87 5.26 ..) 

or 
si 

Citric 17.85 10.8C 6.56 440 97 

___.,:_. __ ,c ax.u... Ase+cesucecC r,Csra77.,....- aa.e..i,-rms.c.T . oe.--.,-+ ....m.e2=P7 _ .. +=as.,,-ae. AZ4 -.AA cry.-J.K.,-y. ,,, _ .ar ,z._._ 

An aliquot (10 ml.) of the same extract was analysed alone (1) 

asid with addition of standard acids (2). The separation between 

succinic and malic acid was not good. These two acids were 

therefore calculated together. 

Tc170,12_12. ,,,ecoveries of acids when t4s.',1ded 

Acid Titrejml.. 

1 

Titre m l.) 
of standaid 
acid added 

Difference 
in titre 

--=,:lr er,--,,. _,, 

14.36 

6.95 

e precovery 

' 95 

100 

2 

S uccinic + malic 14.70 

Citric 
21:0 

- 
29.06 

17.95 

si,--f,Y1DgeaM.6grar=ut...i. as r 

15016 

6.94 
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Completeness of extraction. 
. o 

The material left in the cheesecloth after the final 

squeezing was subjected to a second extraction with the same 

amount of boiling water (500 250 250 ml.). This extract 

was only slightly coloured. It was concentrated in the usual 

way. Titration of the fractions showed no acidity except 

for a slight rise above the blank where the phosphoric acid was 

eluted. 

Lactic acid added to grass extract. 

To an alicuot of the grass extract was added lactic acid 

of ])..) and the solution analysed on an Amberlite IRA-400 

(formate) column. Two drops were withdrawn from each test 

tube before evaporation and tested for lactic acid (65) by 

addition of 1 ml, of cone. 112604 and heating at 85 °C. for 2 min. 

After cooling to 28°C. and addition of a pinch of solid 

p-hydroxydiphenyl a violet colour appeared when lactic acid VILi 

rresent. After evaporation of the fractions, titration and 

paper chromatography tests, it was found that the lactic acid 

had been eluted between quinic and succinic acids. There 

was e slight overlap between all three acids due to the 

relatively large amount of lactic acid present. The 

pyrrolidone carboxylic acid was eluted with the lactic acid 

and was shown by Lnper chromatography to be located in the 
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middle cf the lactic acid peak n similar e:2.11,eriment using 

elution with acetic acid from a resin generated in the acetate 

form gave a clean separation between the quinic, lactic and 

succinic acids. Silage extracts containing an eApectedly 

high proportion of lactic acid were therefore later analysed 

on a column of Amberlite IRA-400, generated in the acetate 

form, by elution with acetic followed by fonndc acid. 

Preliminary exaelination of a silar7e extract. 

A silage extract was obtained from Dr. A.R. Kemble (66). 

50 ma., of this (107 g. pl1=14.9) were analysed on an 

Amberlite IRA-400 (formate) column. The lactic acid was 

located in fractions 34-56, dater was repeatedly added to 

these fractions during the evaporation process in order to 

remove as much as 9ossible of the lactic acid. The contents 

of every second tube were titrated in the first instance and 

some representative fractions chromato3raphed on paper in 

solvents A and B. Thereafter the remaining tubes were 

titrated. Quinic9 pyrrolidone carboxylic and succinic acids 

were detected. There was no acidity at the roint where malic 

acid was expected, and a slight increase in acidity whore the 

citric acid was expected gave one spot correspondin,:, to 

malonic acid. The amount of ouccinic acid was high (0.40' 

1)..) compared with the amounts found in fresh grass. The 



acid was recovered by means of a cation exchange resin and 

the melting point (184-6°n.) was the same as that of authentic 

succinic acid and a mixture of the two. 

IdentificOion of the main acids inl»rennial tys27raRs. 

The chromatographically identical acids from several 

samples of grass were combined and also those from silage. 

These were in the form of the salts and were passed through 

cation exchangers in order to recover the free acids for 

identification. 

Zqinie acid fraction (froT. grass). This was found to contain 
ramwww.rar,.[=e 

qLinic acid as the major component. Howeve74 a smart spot could 

be detected on a paper chromatogram crrespondin- to shikimic 

acid. On evaporation to dryness, this fraction formed a 

colourless oil which went hard. It cr7stallised on addition 

of dry ether. It was washed with hot acetone, dissolved in 

aqueous acetone, filtered and evaporated to dryness, 161°C. 

Authentic quinic acid melted at 163°C. iiXCd n.p. 161-62°C. 

Succinic acid. (from silage). This acid crystallised in a 

high state of purity when the fractions were evaporated. Its 

presence could be detected visually by examining the suspected 

fractions with a magnifying glass. The acid was dissolved in 



water, shaken with a little charcoale filtered and evaporated 

to dryness. It had Mir). 13/C o alone and mixed with authentic 

succinic acid. 

Malic acid (from grass'). A great deal of coloured matter was 

eluted together with thie acid. The acid crystallised when 

the fractions were evaporated to dryness, but there was always 

some brownish oil present. The malic acid was dissolved. in 

dry ether and the solution filtered. The ether was removed by 

evaporation and malic acid crystallised on grinding and drying 

in desiccator. Li.p. 94-96°C. (Authentic malic acid has m.p. 

100°C.). Then heated on a water bath with 1 ml. of a 5-naphthol 

reagent (2.5 mg. 0-naphthol in 100 mi. cone. H2604) the 

appearance of a yellowish colour with a blue fluorescence showed 

the presence of mane acid (65a). 

The phenacyl ester was prepared by refluxing the acid with 

an alcoholic -solution of phenacyl bromide for 2 hours (67). 

The m.p. was 108°C, alone and mixed with an authentic sample. 

Citric acid (from grass). This consisted of a brownish syrup 

which was dissolved in acetone and treated with charcoal. It 

crystallised when evaporated to dryness in a desiccator. U.p. 

iL5ì46°C. (Authentic sample has m.p. 153°00). Mixed with 

authentic citric acid the m.p. was 1149-50°C. The acid was 
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converted to ammonium eitrazinate (65b) as follows: 

A few crystals were treated with 4 drops of thionyl 

chloride and taken to fumes over a micro burner. Eight 

drops of conc. aq. ammonia were added and the mixture boiled 

until about 2 drops of liquid remained. After cooling, 

6 drops of conc. H2SO4 were added and the mixture was heated 

until sulphuric acid vapours were given off. It was washed 

into a test tube and made ammoniacal. The solution was 

examined in ultra violet light and an intense blue fluorescence 

was observed. 

Dpterqination of oxalic acid in ass. 

Perennial rye grass (S 24) Was cut at the Bush Estate in 

February 1955 and examined for oxalic acid by the method 

described by Baker (63). The grass (60 go - loisture 80.1%) was 

chopped and crushed in a macerator with 'aster (200 ml,) The 

mixture was made IN with respect to ECI and boiled for 15 minutes, 

lof to cool end made up to 500 ml. The mixture was shakea, 

left overnight and filtered through a dry paper. A sample 

(25 ml.) was left for 5 hours in a stoppered tube with 5 ml. of 

phosphoric-tungstate reagent (24 g. of sodium tungstate + 40 ml. 

conc. phosphoric acid made up with water to i 1.). The mixture 
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was centrifuged, 20 ml, of the clear solution were transferred - 

to a 50 mi. centrifuge tube, and 14H4013 was added droplAse until 

the solution was alkaline. 5 ml. of CaCl 
2 

reagent (25 g. 

anhydrous CaCl2 dissolved in 500 ml. 50% v"7 acetic acid + 330 g, 

sodium acetate trihydrcte in 500 ml, water) were added, and the 

solution left overnight at 5-7°C. A slight precipitate had 

been formed, which did not seem to be crystalline when examined 

under a microscope. It was centrifuged and washed with acetic 

acid (Z v/v saturated with calcium oxalate). The precipitate 

was dissolved in h 
2 
SO (10% v/v) and the solution heated at iO0°C 

- 4 

The amount of oxalic acid was determined by titration with 

potassium permanganate. 

20 ml, deproteinised extract required 0.18 ml. 0.02N 

potassium permanganate. 

This is equivalent to 0.162 inc. oxalic acid. 

Oxalic acid in grass = 0.04: of the dry mattc. 

Reaa 
cum o 

4 

H2s°4' 

p-Hydroxy 

V. Determination of lactic void. 

4r,L wiv copper sulphate penta hydrate (Analar). 

BDH (Anclar) sulphuric acid was found to contain no 

interfering impurities. 

diphenyl rea gent. p-Hydroxy diphenyl (1.5 g.) was 

dissolved in 0.5 w/v NeXT. (100 ml.), 
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Standard lactic acid S Pure lithium lactate (0.2132 g.) 

was dissolved in water. 1 ml. conc. H SO was added (1ft) 
2 4 

and the solution diluted to 100 ml. 1 ml. of this solution E 

2000 ¡lg. of lactic acid. The standard solution was stored 

in e refrigerator and was renewed after 3 weeks. 

Standard lactiic_acl_ S2. Pure lithium lactate (0.2132 g.) 

was dissolved ir water and diluted to 500 ml. I mi. E 400 p.g. 

of lactic acid. 

Colorimetric estimation of lactic Ecid. 

The colorimetric estimations were carried out according to 

Darker and Summerson (69018b). Standard solutions of lactic acid 

containing 40 Sp 10 and 20 1,1g. per ml. were prepared by dilution. 

1 ml. alicuots were transferred to pyrex test tubes (20 x 2.3 cm.). 

The tubes were chilled in an ice bath and 6 ml, of conc. H2SO4 

were added dropwise to each tvbes with vigorous shaking under 

constant cooling with ice water. The tubes were then placed 

in an aluminium rack and heated in boiling water for 5 minutes. 

They were cooled to below 30°C. by leaving at room temperature. 

(Cooling in ice was found to give erratic results.) One drop 

of the CuSO4 solution and 2 drops of the p-hydroxy diphenyl 

reagent were added to each tubes using the same droppers every 

time. The added reagents were immediately dispersed by shaking 
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and the tubes were heated in a water bath at 28-30°C. for 3, 

minutes with occasional shakin&, for development of the violet 

colour. The tubes were heated in Loilln,e wate for )e sec0 

and cooled to room temperature. A blank containing 1 ell. of 

water and the reagents was carried throoh the coJiolete 

procedure. 

The density of the colour was measured on a Unlearn 

colorimeter using a green filter (Ilford 4W4). The instrument 

was set at 0 fer the blank. A straight line was obtained by 

ulotting the quantities of lactic acid against colorimeter 

readings.Fig.21). 

In the following experiments the development of the 

colour was always carried out in duplicate and the averei.,e 

colorimeter readings taken. 

Elution_of lactic acid from Ambe:liteIgetat2I 

A solution (25 ml.) of lithium lactate (E 10 mg. lactic 

acid) was passed through 2 columns containing Zeo-Karb 225(11) 

and P.mberlite IRA-400 (acetate) resins respectively which 

were then washed thoroughly with water. The Zeo-Kerb column 

was of the same size as described previously while the 

Amberlite column was shorter (9 cm.). The lactic acid was 

elated from the Amberlite resin with 60 ml. of 10, v/v acetic 

acid into a 1 1. graduated flask and mode III) to the mark. 
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1 ml, was withdrawn for colorimetric analysis together with e. 

blank and a standard (l0 1.1g. lactic acid). The colorimeter 

readings were as follows 

Blank 0 

Standard 10g. .25 

Eluate .25 

Therefore the recovery waE 100. 

A seT)arate ox.deriaent showed that dilute acetic acid (0.6 ) 

did not give any colour with p-hydrozy diphenyl. 

The slope of the straight line (fig.21) varied slightly 

from one experiment to another, Thus the colorimeter readings 

for the same standard solution (I0 4g. lactic acid) could vary 

between 0,22 and 0.28. A blank and a standard (1c p. g.) were 

therefore included in each analysis. 

Lactic acid in 

EY4eriment 12. A 10 ml. aliquot of the silage extract 

referred to on 93(a 041852 g. JD,) was analysed in 

duplicate as described above. 

Solution Colag-110 AL lactic acid , 

Blank 

Standard S .24 10.0 

Eluate .285 12.0 
Mean 11.9 

.280 11.8 
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To another aliquot (5 ml.) of the same extract was added 

10 ml. standard lactic acid p S2 (".,-" ¿4. lactic acid). 

Solution Col.. readiup 4Ea_lactic acid 

Blank 

Standard S .23 10.0 

Eluate .255 10.2. 
Mean 10.1 

.23 10.0 

Recovery (10.1 = 4.15 = 

Another experiment was carried out in exactly the same way 

but on a different silage extract. (See p. 92 ). Standard cl 

(20 mi.) was added. 

apjaap n. yeAclin7g .Lt3,; lactic_acid 

Blank 

Standard Si 
11 

Eluate (extract °TOY! 

Eluate (extract + 
standard S 

2 
) 

.279 10.0 

.414 14.9 

.432 15.6 

Recovery 15.60 - 7.45 = 8.15 = 102 
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VU. Determination of volatile acids. 

The method of osrle et al. (37) was adopted for the 

separation and estimation of butyric propionic and acetic 

acids. The acids dissolved in n-butanol-chloroform (5-95v/v)9 

were added to a column of buffered silica gel and eluted with 

n-butanol-chloroform9(equilibrated against wat0. The gel was 

prepared according to Isherwood (36). 

ALag.ykip_ps,-; kirk F...2ei mixture 

3uffe solution. 2M. K2flPOL. - 2M. KM.PO (100-50v/v). 
2. 

The silica gel (5 3.) and the buffer solution (3 mi.) were 

mixed and made into a slurry with addition of chloroform 

(equilibrated against water) . This was poured into a glass 

tube (50 cm. long 9 1.3 cm. inside diameter) similer to B9 fic.2. 

The column was swirled by hand and the ge/ settled down to a 

uniforelly packed column. Equilibrated chloroform (50 ml.) 

was passed through the column and the side of the tube wiped 

with - pad of cotton wool on a glass rod to remove loose 

particles of gel. 0.5 N solutions (50 ml.) of butyric 

propionic and acetic acids in chloroform were made up and an 

aliquot (5 mi.) of each titrated with 0.1000N-NaOH using phenol 

red. They required 25.35 mi., 26.00 ml. and 28.60 ml. 

respectively. i ;,1l. of 00,2-free water was added and 002-free 
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air was bubbled through the mixture for 30 sec. before titration. 

Vigorous shaking was necessary. 

An aliquot (5 ml.) of each standard solution were combined 

and made up to 50 ml. with chloroform and 2 ml of this solution 

were added to the silica gel colulan. The elution was started 

with n-butanol-chloroform (5-95v/V) The eluate was collected 

in a 250 ml. conical flasks containinf; 10 ml. of water and a 

few drops of a 0.1;" w/v alcoholic solution of phenol red, by 

means of a syphon arrangement shown in fig.22. 

Every time the syphon emptied its content (6 ml.) into 

the flasks 00 
2 
-free air was bubbled through the mixture for 30 

sec. and 0.0104H-Na0 Y was added from a micro burette while 

shaking,. The butyric acid was eluted first. When this had 

been completely eluted, indicated by a low titre (0.02-0.03 mi.), 

the solvent in the separating funnel was changed to n-butanol- 

chloroform (10-90 v/v) and provionic acid wes eluted. 

Thereafter n-butanol-chloroform (30-70 v/V) was used for 

elution of acetic acid. 

The blank titres increased from 0.02 - 0.08 ml. An 

average was taken for subtraction from the acid fractions. 

The titres plotted against the number of fractions are shown 
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in fî22. 

S71- ,Imee-c,-,e.reen, 77V,V.ynne,421,. .17599,71=l,-041, 

Total titre(m10) 
0.0104D-NaOK 

% Recovery 

Butyric 9.57 98 

Propionic 9.63 96 

Acetic 10.99 100 

.. GA,. - ....@,11,..ft 7",..1202M re.154a. ,........, .....01......23714 

The three above-mentioned acid-3 zere estimated in silage 

in the following way. 

.Anced silage (10 g.) was transferred to a steam 

distillation flask (71). To this we added 20 ml. of water, 

10 ml. of a solution of oxalic acid (55w/V) and 10 ml. of a 

solution of potassium oxalate (10. w/V). The mixture was 

then subjected to steam distillation according to Barnett and 

7)uncan (70), 300 ml. of distillate being collected. The 

distillate was titrated with 0.1N-Na0H and an excess of NaOh 

(about the same volume as the titre) was adde6. (72). This 

solution was concentrated under reduced pressure and made up 

to 25 mil. An aliquot (10 ml.) was evaporated to 0.1-0.2 ml. 

in a long-necked 100 ml. round-bottomed flask on a boilinz 

water bath p facilitated by a stream of air. After cooling, 
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a droI, of phenol red solution and (A.R.) anhydrous alSO4 

(3-4 g.) was added. The mixture was shaken until a dry pink 

powder was obtained. The acids were then extracted by shaking 

with six L. ml. portions of dry n-butanol-chloroform (5-95v/v) 

and made up to 25 ml. with this solvent (73). An aliouot 

(5 ml.) of this solution was then added to the silica gel 

column and analysed as describe, 

Chane;es durin7 conservtion. 

Definitions and techniques used in the e.l.periment. 

Dry mtter The dry matter content of the grase was 

determined as previously described by drying a sample (100 g.) 

of fresh grass in an oven at 95-100*C. 

Total_14trocrer2_11.tILi. This includes all the nitrogen in a 

particular en LL1e, which can be eotited by the micro-Kjeldahl 

procedure. 

A sample of fresh grass (20-30 g.) was weighed accurately 

and boiled with 200 (1l. conc. H2SO4 (Y-free) until a homogeneous 

mixture was obtained. The solution was cooled, made up to 

250 al. and 2 ml. samples were taken for micro-'Sjeldahl 

determination. 
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tec1,121aue_LW. The sam-ples were digested 

with conc. H2SCL (2 ml.) using 0.2 g. of a catalyst consistin:; 

of a iiixture of anhydrous K 
2 
SO 
4 

(80 g.) 0uS0 (20 g.) and 
4 

odium se/enate (1 g.). The ammonia formed on addition of 

N alkali was distilled into Hal containing Tashirols 
70 

indicator (75). Thus 1 mi. of standard acid is equivalent to 

K 
0.2 mg. nitrogen. The peagent blank of 0.06 ml. HOI was 

70 
subtracted from the titrations quoted throughout this work. 

So kuble, nitro ;en AS.N. 1 . Thi, is the fraction of the total 

nitrop;en which can be extracted with boning water and 

Cetermined by the micro-Rjeldahl technicue. In the following 

experiments 2.N. was determined in an aliquot (1-2 ml.) of the 

water extract prepared for the estimation of the non-volatile 

acids. 

Volatile niami-on This is the nitrogen which can be 

steam distilled from a solution at .11 10.5. It consists 

mainly of ammonia. V.N. was estimated in the micro-Kjeldahl 

apparatus by steam distillation of an aliquot (1-2 ml.) of the 

water extracts after addition of a borax buffer solution (ph i0.5). 

ParP0421.grP-Peo The sugar analyses quoted in the conservation 

experiments were carried out by Dr. Wylam9 using the extract 
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used for non-volatile acid determinations, or using a separate 

water extract of the same sample. 

GKEaaac aci The non-volatile acids were estimated by 

chromatography on Amberlite nA-400 anion exchange resin. 

The elution was always continued for a long time after the 

phosphoric acid had been eluted in case any slow moving acids 

might appear. The volatile acids were separated on silica 

z_;el. The sum of the titrations (blank subtracted) are given 

for the individual acids in al/ cases. The average of 

duplicate colorieletric estimations are given for the lactic 

acid determinations. The results are calculated on the basis 

of the dry weight (-; r.) of the fresh grass. 

Grass used for conservation 

The grass used for conservation experiments was S24 

perennial ryegrass unless otherwise stated, and was grown at 

the Bush Estate. All samples were cut in the morning between 

10 and li.30 a.m., and transferred to the laboratory where they 

were extracted within I hour after cutting. All the samples 

referred to later had been taken on a sunny day, which had been 

preceded by two or three sunny days. 
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c'ila(re No.l. 

The changes which take place in silages made in small 

bottles have previously been found to be essentially the same 

as in farm silos (76, 77, 78, 79), The grass was minced, 

unless otherwise stated, mixed well and packed tightly into 

half pint bottles (about 200 g. in each bottle). The bottles 

were closed with mercury seals fitted into rubber stoppers, 

so that gas could escape but no air-borne infection could 

enter, The fermentation took place under controlled 

temperature (35°C.). Each bottle was weighed empty* full and 

before emptying. Before an-Aysis the entire content of the 

bottle was _nixed in a glass dish and portions weighed out fur 

the different determinations. 

ErIment1 Perennial rye grass was cut on the morning of 

the 25th April 1955. The sample consisted of leaves 3"-4" in 

heieht. This experiment was carried out in collaboration 

with Pr. C.B. Wyltem who was investigating carbohydrate changes. 

Two sets of silages were made. (i) The minced grass was 

packed into 5 bottles (200 g. in each) and a solution of 

perennial rye grass fructosan (2.85 g. in 20 ml. of water) was 

added to each bottle. These were marked FI, FII 

The amount of fructosan added was subtracted from the dry 
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weight in the calculations of the results of the analyses. 

(ii) 7 bottles were filled with minced grass alone and 

marked Cip raT 

The bottles were incubated at 20°C, for the first 3 days. 

The temperature was then increased to 35°C. and maintained 

there for the rest of the experiment. 2 bottles were opened 

for analyses at the same times 1 control (C) and 1 with 

fructosan added (1). 

¿lis of the freshrass. 
Moisture. 100.0 g. of fresh grass were dried at 95-100°0. C,t. SnntSt.1190....07a 

to a constant weight of 22.70 g. Therefore the moisture 

content of the fresh grass was 77.3%. 

Total nitreen. A sample of the fresh grass (25.0 g.) was 

digested with conc. E2SO4. The solution was made up to 250 mi. 

with H2S0), and two aliquots (2 ml.) were taken for micro- 

Kjeldahl determinations. These required 5.50 ml. and 5.49 ml. 

N 
Hel. 

70 

Hence T.N. = 550 mg, N//00 g. fresh grass. 

Iater extraction. A samole of minced grass (100.0 g.) was 

extracted with boiling Later (50( 250 4- 250 ml.) as described 
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previously. .);.1 = 6.i6. This was concentrated and made up 

to 250 mi. 

Soluble nitropen. Aliquots (2 x 2 m/.) of the vater extract 

were subjected to micro-KjeldAhl determinations. Average 

titre of 1.1 HC1 = 2.56 ml. 
70 

jJence 11.55 of T.N. 

Ion volatile acids. An aliouct (25 ml.) of the water extract 

was analysed on au AMberlite IRA-400 (formate) column as 

.previously described. 

Acid Fractions 
Titre(m1.) 
010-21T-OH mg. acid +4 of D.. 

-- - 

Quinic 20-28 9.55 19.9 0.88 

Succinic 34-38 0.60 0.38 0.02 

Mane 40-52 36.32 26.5 1.17 

Citric 70-95 23.91 16.7 0.73 

Repeated analyses of this extract were carried out in order 

to study the reproducibility cf the results. The essential 

details are given in table 10 (p.137). 
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The acids were recovered from a ,7,eo-Karb 225 (}i) 

column and run on paper in solvents A and B. The quinic 

acid peak contained traces of shikimic acid. Fractions 30 

and 31 were slightly acid (titre = 0.20 ml.). These 

fractions gave a soot of pyrrolidone carboxylic acid. The 

malic acid was pure, while the citric acid contained traces 

of malonic acid. 

incubated for 

Exr,eriment 11. Bottle C 1 was removed from the incultor. 

Weight of grass ensiled 

Weight of silage 

206.0 g. 

206.0 g. 

100.0 g. silage were extracted with water as usual and the 

extract reduced to 250 ml, ;-,)H = 6.20. 

volatile acids. A sample (20 ml.) was analysed on an 

Aqlberlite IRA-400 (formate) column. 

Acid Fractions 0.0109N-Na0H ; mg. acid 5 of D.L. 

Quinic ; 21-29 7.75 16.2 0.89 

Succinte 35-39 0.81 C.).52 0.03 

Malic 40-50 25.87 18.9 1.04 

Citric 74-94 18.51 12.9 0.71 
.a>.,IIMAIIMC1Ste-aat 
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Sila4re incubated for 7- da'rJ 

Bottles C II and F I were removed from the incubator, 

and water extracta (250 el.) were made of 100 c, of each 

silage. 

Enti. ;AA = 6.12. 

Weight of grass enailed 

Weight of silage 

208.0 g. 

207.6 g. 

LOBS 004 g0 

Soluble nitroen. A micro-Kjeldahl determination was carried 

out o 2 J. the extract. Titre of - HC1 = 6.98 ml. 
70 

Hence S.N. = 31.6 of T.N. 

Non volatile acids. 20 ml. (E 1.82 g. D.M.) of the water 

extract were analysed on an Amberlite IRA-400 (formate) column. 

. . 

r--- 
1 Titre (ml.) 

Acid Fraction 0.0109N-NaOH mg. acid of D.Y 
ARIPP6M,VOMM.M.01.1.131tet.+ 1.1.79D77... 

Quinic 18-26 8.39 17.6 

Succinic 32-38 3.38 

40 

2.18 

Malle 38-50 20. 14.9 

Citric 73-90 16.23 11.3 

0.96 

0.12 

0.82 

0.62 
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F I. pii = 6.340 

Weight of grass fructosan ensiled 

Weight of silage 

216..5 g. 

216.3 g. 

Loss 0.2 gt 

Soluble nitrogen. A micro-Kjeldahl determination was carried 

out on 2 Ail of the extract. Titre of N HC1 = 6.0 
70 

Hence S.N. = 30.71 of Ter. 

Non volatile acids. An aliquot (20 ml.) of the extract 

(E 1.68 Deop corrected for added fructosan) was analysed on 

an fanberlite IRA-400 (formate) column. 

________ 

Acid Fractions 
Titre 
0.0109N-NaOU mg. acid , of D. , 

Cluinic 21-30 6.78 14.2 0.84 

9.uccinic 39-53 20.95 13.5 0.80 

Mane 53-67 4.70 3.42 0.22 

Citric 88-105 15048 10.8 0.64 

Both extracts were tested for lactic acid with p-hydroxy dilphenyl. 

There was no lactic acid tresent. 
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Si1440.incubated g2R_LAEZR. 

Bottles CIII and FII were removed from the incubators 

and water extracts (250 ml.) were made of 100.0 ge of each 

silage. 

11. 17. 0111. = 4.32 

Weight of grass ensiled 

7.eight of silage 

Loss 

25961 g. 

256.7 g. 

2.L. 

SolgD/enitrlIaR. A micro-Kjeldahl determination was carried 

out on 2 ml. of the extract. Titre of E HC1 = 8.66 ml. 
70 

Hence -3.3: of T.N. 

Non volatile acids. An aliquot (10 ml.) of the extract 

(E 0.91 fT. Dee) was analysed on an Amberlite IRA-400 (acetate) 

column eluting quinic and succinic acids with acetic acid 

(0-30 v/v) and malic and citric acids with formic acid (10-20 v/v) 

as described in e:iziieriment 10. The results of the titrations 

are shown in fi.23. The acid fractions were examined by 

paper chromatography in solvents A and B9 after the acids had 

been recovered from a Zeo-Karb 225(H) column. 

Fractions 34+35 showed quinic acid and a spot correspondin7 

to shikimic acid. Fractions 40-45 contained quinic ccid only. 
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Fractions 85+86 gave a spot of an unidentified acid which 

travelled nt the same rate as tricarbailylic acid in solvent T3 

but twice as fast as this in solvent A. Succinic acid. was 

also present in these fractions. Fractions 90-100 contained 

succinic acid alone. Fractions iii-118 contained pure malic 

acid and fractions 122-130 pure citric acid. Malonic acid 

could not be detected. 3hikimic and quinic acids were 

calculated together as cuinic flcid, and the unidentified acid 

was included in the succinic acid. 

Titre (m1.) I 

Acid 7ractions 0.0109N-NaOH mg. acid 

e...--..._, armtrnaaaet.- ,t,s^..q... waoaacnallear aW¢euTm.,as, ..,.1.s.c 

Quinic 30-50 5.02 10.05 

Succinic 83-100 4.76 306 

111-113 0.54 0.39 

Citric 120-133 1.06 0.74 

Malic 

Y of D.Ji. 

1.10 

0.34 

0.04 

0.08 

----------- 

Lactic acid. A 2 ml. aliquot (E 0.182 g. D.M.) was passed 

through the two resin columns, the Amberlite generated in the 

acetate form. The lactic acid was elated in duplicate, with 

10 v/v acetic acid (60 :al.) tcgether with cuinic and possibly 

some of the succinic acid. The emotes were made up to 1 1. 
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und aliquots (1 ifa.) of the solutions were analysed as 

described previously. 

Solution Col. readinps 

0 

lac tic acid 

Blank 

Standard .255 10.0 

Eluate (a) ea.) 1i4 

Eluate (b) .30 11.8 

Hence lactic acid 6.Ly of D.M. 

xalic acid. A sahiple (60 g.) of the silage (E 13.6 g. D...1.) 

was analysed for oxalic acid as described for fresh gross. 

ho typical calcium oxalate crystals could be seen after 

reoi-pitation with 0a012. 

20 ml. deproteinised extract reQuired 0.36 ml. 0.02N 

potassium permanganate. This is ecuivalert to 0.324 mg. 

oxalic acid = 0.07.. D.Y1. 

ExT)eriment 18. pi = 4.92 _FM 
',/eight of grass + fructosan ensiled 216.0 g. 

Weight of silage 215.5 g. 

Loss 0.5 g. 
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a33201.c' 14IE9Z911. A micro-Kjeldahl determination was 

carried, out on 2 ml. of the water extract. Titre of 

HC1 = 8.69 ml. 
70 

Hence Id% = )!4.5: of T.N. 

Non volatile acids. An aliquot (10m1.) of the extract 

(S 0.840 g. D.M.9 corrected for added fructosan) was analysed 

on an Amberlite IRA-400 (acetate) column. 

Acid Fractions 
Titre(:al.) 

0.0109N-NaOH mg.acid of D.Wi. 

Quinic 20-33 4.32 9.05 1.08 

Succinic 47-71 13.70 8.8 1.05 

Malic 114-126 1.55 1.13 0.13 

Citric 126-1b.5 1.53 1.07 0.1 

Lactic acid. Duplicate samples (2 rai.) of the water extract 

(E 0.168 g. D.M., corrected for added fructosan) were analysed. 

Solution 

Blank 0 

Standard .23 

Eluate (a) .22 

Eluate (ì) .23 

Hence lactic acid = 5.8Ç' of D.M. 

lactic acid 

10.0 

9.6 

10.0 
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Silage incubated 21 day 

Bottles CIV and FIII were removed from the incubator 

and water extracts (250 ml.) were made from 100.0 g. of 

each silage. 

Ezoerimenl_t CI7. pH = 4.1& 

eight of grase ensiled 

,reight of silage 

Soluble nitrogen. 

216.2 g. 

214.8 g. 

Loss 1.6 g. 

saicro-Kjeldahl determination was 

carried out on 2 ml. of the extract. Titre of 1.1 HC1 = 9.97 mi. 
70 

Hence S.N. 

Non volatile acids. 

45.4% of T.N. 

An. aliquot (10 ml.) of the extract 

(E 0.910 g. D.M.) was analysed on an Amberlite IPA-400 (acetate) 

column. 

.... mOnm 

Acid 

0 en m **W. 

Fractions 
Titre(ml.) 

000109N-Na0E mg. acid 

, ..... 0 

% of D.M. 

Quinic 

Succinic 

28-41 

62-94 

5.03 

4.96 

10.5 

3.2 

1.16 

0.35 

Aalic and citric acids were not detected. 



- 89 - 

Lactic acid. Duplicate samples (2 ml.) 

(e 0.182 g. D.I;i0) were analysed. 

of the extract 

Solution Col. 2d1 acid 

Blank o 

:Standard .253 10.0 

Eluate (a) .325 12.9 

Eluate (b) .335 13.3 

Hence lactic acid = 7.2. D.M. 

Illssaent_20. YIII. pH = 4.58 

of grass fructosan ensiled 

Weight of silage 

Loss 

216.2 g. 

214.7 g. 

1.5 g. 

A micro-Kjeldahl determination was 

carried out on 2,111. of the extract. Titre of 7-011C1 = 9.36 ml. 

Hence S.N. = 142.6:, of T.N. 

j..,Ton volatile acids. An aliquot (10 ml.) of the extract 

(.11' 00840 g. D.;4., corrected for added fructosan) was analysed 

on an Amberlite IRA-400 (acetate) column. 
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Titre(m)..) 
Acid Fractions 0.0109h-U&0U rat.acid of D.Y. 

Quinic 43-70 4.03 

Succinia 100-121 17.78 

¡rxlje 172-82 2.00 

Citric 183-192 0.93 

- 

1 Uej 00 

11.4 1.36 

1.46 0.17 

0.65 0.08 

Lactic acid. Duplicate samples (2 Lilo) of the extract 

3.168 g. D.M.) were analysed. 

Solution col. readings lac tic acid. 

Blank 

Standard .225 10.0 

Eluate (a) .240 10.7 

Eluate (b) .25 11.2 

Hence lactic acid 6,55 of 

Sil';.ze incubated for 76 days. 

100.0 g, of the contents of bottles CV and FIV were 

extracted with water. In this experiment and in the following 

silage experiments an aliquot of the extract was taken for 
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lactic acid determination before the extract was concentr,ted. 

Experiment 21 CV 
tammax=s-ekswagtevolmommeorgata. a 6 

Weight of grass ensiled 

Weit of silaze 

228.0 go 

226.8 g. 

Loss 1.2 g. 

The water extract was cooled and made u.1.% in a measuring cylinder 

to 1110 p = 4.10. An aliquot (50 ml.) was set aside 

for lactic acid determination. (Extract 1). The remainder 

(1060 ml.) was concentrated to 250 ml, xtract ii). 

Non volatile acids. An aliquot (io ml.) of extract ii 

(E 0.867 g. D.1) was analysed on an Amberlite I-400 (acetate) 

column. 

1-- 
Titre(m1.) 

Acids Fractions 0.0100N-Na0 N mg. acid : of D. . - .,._,,,..., 
wavea-,rnarr.var..art- ..,-qumesa wzasansask. -4,,..vsmaxecevesncr, Ar=acot xmci 

Quinic 33-60 

Succinic 81-95 

aalic 126-141 

Citric 151-167 

Assalreeas 

5.00 9.6 1.11 

4.84 2.86 - 0.33 

0.97 0.65 

3.83 0.53 0.06 

0.08 

MM,ML-17IIM.3.17, .712,INVIAW,CIVIVIMMW.MMISPIICS,./..11.40.10MLISMSGES4123Dr..2.. 
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Lactic acid, A 10 ml. aliquot of extract i (E 0.205 g. D..) 

was analysed. This was the determination quoted under 

experiment 12. II p. 71 . The eluate was made up to 1 1. 

as usual and a calorimetric estimation on an aiiQuot (1 ml.) 

gave a result of 14.9p, g. lactic acid. Therefore the lactic 

acid content wee 7,3 of D.A. 

Expertment 22. FIV. 

'eight of grass fructosan ensiled 

Weight of silage 

216.0 g. 

214.2 g. 

Loss 1.8 g. 

100.0 g. were extracted and made up to 1160 ml. pH = 4.42. 

50 ml, were set aside for lactic acid determination (extract i). 

The rewainder was concentrated to 250 ml. (Extract ii). 

Uon volatile acids. ,t 4. 10 mi. aliquot of extract ii (E 0.824 g. 

D.h.) was analysed on an AMberlite IRA-400 (acetate) column. 

Acid Fractions 
Ico,,nn.aPVT. 1[1.7e.ZpR.eTaL.,.x,-.3e,, 

Titre (m1.) 
0.01C0N-Na0E 

ax.,-crex,,-......,,.,...tu Nr...aet 

mg.acid 
,.as----IXoNV.a2Selmselb 

Quinic 21-33 4.80 9.2 1.12 

Succinic 39-62 14.46 8.5 1.03 

Malic 110-119 0.93 0.62 0.08 

Citric 122-133 0.83 0.53 0.06 
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Lactic _acid. 12L 10 _el. aliouot 0.185 g. 1..11.) of extract i 

was analysed. This was the determination ouoted under 

Experiment 12 1 p.70. Colorimetric estimation gave 11.9 g. 

lactic acid. Therefore the lactic acid content in the sample 

was 6.Lj.% of 

1.-AkIze incubated fo.epajca. 

Bottles OV1 and FV were removed from the incubator and 

100.0 E. of the contents of each bottle were extracted with 

water. Samples (10 g.) of the silages were weighed out 

accurately and stored at ''.!)C. for later volatile acid 

determination. 

234.6 g. ;weight of grass ensiled 

Weight of silage 233.2 g. 

Loss 1.6 g. 

100.0 g. were extracted and made to 1075 ml. pH = 

50 ml. were set aside for lactic acid determination (Extract i). 

The remainder was concentrated to 250 Ll. (Extract ii). 

Soluble nitrogen. A micro-Kjeldahl determination was carried 



Out on 2 ml. of extract ii. Titre of x.; NCI = 10,60 ml. 
70 

Hence S.N. = 51,6% of T.N. 

ion volatile acide. An aliquot (IC z/1.) of extract ii 

0.8656 g. -D.21.) was analysed un an Amberlite IRA-400 (acetate) 

column. 

Acid 
........ 

Fractions 
Titre (m1.) 

0.0104N-Na0H mg. acid ';-: of D.M. 

_.,,, 

i:,;uinic 20-30 5.11 10.2 1.18 

Succinic 43-49 2.46 1.5 0.17 

Lalic IO2I03 0.80 0.54 0.06 

Citric 105-114 0.70 0.46 0.05 

Lactic acid. A 10 ml. aliquot of extract i (E 0.211 D.L.) 

was analysed. 

Solution 

Blank 

Standard 

Eluate 

Hence lactic acid 

2224121Ealaa 4&kactic acid 

o 

.220 10.0 

.255 11.6 

5,5 of D.E. 
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Volatile acids, A voltile acid determination was carried 

out on 10 g. of frozen silage as described on -p. 74 . 

reateczeramyczme.....,- 

Acid 
Titre(mi,) 

0.0110N -NaOH 

Butyric 

Prop ionic 

Ac e tic 

o 

o 

Çe 
e 00 

,-Lloorlyient F V. 

mg. acid (- of 

7 

fructosan ensiled 216.0 g. 

Weight of silage 214.1 g. 

Loss 1.9 g. 

100.0 g. were extracted and made to 1166 ml. pH = 4.40. 

50 ml. were set aside for lactic acid determination (Extract i). 

The re,Jainder was concentrated to 250 ml. (Extract ii). 

Soluble micro-Ejeldahl determination was carried 

out on 2 ml. of extract ii. Titre of foliCa = 10.21 ml. 

Hence S.N. = 92.2,;:, of T.R. 
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volatile ,í.s® A 10 ,111. aliquot of extract ii 

(F.' (.804 g. 1.L1.) was analysed on an Amberlite IRA-400 

(acetate) column. 

Acid Fractions 

411.inic 13-34 

succinie 40-63 

alic 89-99 

Citric 102-110 

Lactic ccid. 

was analysed. 

Solution *.X.P202/.0. 

Blank 

Standard 

Eluate 

Titre fill.) 

0.0104N-NaOH mg. acid of 

.92 

i6.70 

1.73 

1:43 

21/70SCL..70:11.0/41,5777,- 

9.8 

10.3 

1.2 

0.9 

1.22 

1.28 

0.15 

0.12 

A 10 ml. aliquot of extract i (E 0.180 g. D.1) 

Co l. readin7s 

0 

actic acid 

.220 

.220 

Hence lactic acid = 3.5 of 

Volatile acids, 

10.0 

10 g. of frozen silage were analysed. 

Ttre(z.l.) 
Acid 0.0110U-41a01-1 of D.M. 

i 

Butyric 0 
i 

1 

1 ........1.1.0 

Propionic 0.24 0.20 0.12 

Acetic 3.40 2.24 1.3 
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Silai:Te No.2 
argmmmmimmmmmmm 

.524 perennial rye grass was cut at the Bush Estate on 

August the 29th, 1955. The grass had been sown late and had 

not reached the flowering stage. 

Characteristics of the Crass. mosastomm.a 

82.2j. 

Total nitEgae. A sample of the fresh grass (25.0 g.) was 

digested with conc. H2S014 and the solution made up to 250 ml. 

In a micro-Kjeldahl deterllination an aliyaot (2 ml.) of this 

solution required 6.70 ml. 
70 

Hence T.D. = 670 mg. 11/100 g. fresh grass. 

1-JerkuPnt A sample (100.0 g.) of the fresh grass was 

macerated and a water extract (250 ml.) was prepared in the 

usual way. pH = 6.22. 

soluble nitrogen. A micro-Kjeldah/ determination was carilied 

out on an aliquot (2 ml.) which reouired 2.12 ml. HCl. 
70 

Hence S.U. = T.N. 

Volatile nitroPen. The steam distillate from a buffered 

solution (pH = 10.5) of a 10 ml. aliquot of the extract required. 

0.50 ml. 1101. 
70 

Hence V.N. = 0,4 T.W. 



- 

deterained in the water extract). 

Total sugar 

TZeducing sugar 

Non-reducing sugar 

of 

2.48-: of D.A. 

6.63 of 

Jon volatile acids. A 20 ml, aliquot of the extract wf:Is 

analysed on an Amberlite IRA-400 (formate) column). 

i 
Titre(m10) 

Acid Fractions 0.011014-Na0 H 

Quinic 

Succinic 

Malle 

Citric 12.75 

mg. acid of D.M. 

1).1 1.06 

0.39 0.03 

56.7 2.38 

6.96 0.63 

A sample of the fresh grass was chopped to ca. 2" lengths 

with a pair of scissors and packed into half mint bottles, which 

were closed with mercury seals. The bottles were incubated at 

35°C. and their contents analysed after 2 days, 1 week, 12 weeks 

and 19 weeks. ilbout 10 g. samples were frozen for volatile 

acid determination. The remainder was macerated and extracted 

with water in the usual way. 
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SilaaR incubated for 2d. 

Weight of grass ensilca 

liVeight of silage 

Loss 

Ex-Deriment 26. 102.1 g. were extracted and made to 1130 ml. 

= 6.14. 100 ml. were set aside for lactic acid determination 

(Extract i' 

ii). 

The reiaainder was concentrated to 250 mi. (Extract 

soluble nitroen A micro-Kjeldahl determination was carried 

out on a 2 ml, aliouot of extract ii which required 9.59 ml. 

H01. 
7D 

Hence S.N. = 38.5 of T.N. 

Volatile nite12. The steam distillate from a buffered 

solution (pH = 10,5) of a 2 ml. alituot of extract ii requirea 

1.83 mi.. HC1. 
70 

7dence V.H. = 7.14 of T.N. 

Suflars (determined in extract ii). 

Total sugar 

Reducing sugar 

Non-reducing sugar 

2.35% of D.JA. 

0.66;: of 

1.69% of D.L1. 
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Ron volatile acids. A 10 ml. aliquot of extract ii (E 0.664 g. 

D.M.) was analysed on an Amberlite IRA-400 (acetate) column. 

Acid 2ractions 
Titre(ml.) 

6.0104N-NaOH mg. acid ; of D.-. 

Quinic 40-6o 4.10 8.2 1.23 

Succinic 75-113 33.15 20.4 3.07 

Malic 124-36 1.75 1.22 0.13 

Citric 137-51 0.79 0.53 0.08 

Lactic acid. A 10 ml. aliquot of extract i (= 0.160 g. D.4.) 

was analysed. 

Solution col._11qad.Liaa§ 4E. lactic cid 

Blank 0 

Standard .220 10.0 

Eluate .055 2.5 

Hence lactic acid = 1.6 of D.Zi. 

Volatile acids. The determinations were carried out on 10 g. of 

froen silage. 

fcid C.0104N-NaOH mg. acid 
Ti6re(m1.) 

Butyric 

ProDionic 

Acetic 

o 

%MD trace 

2.54 1.59 

of D.M. 
mra...sawasauneveMpaaa=orgrageomamaanenvite 

1.1 
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Silaatincubated for 1 week 

Weight of grass ensiled 

Weight of silage 

Lose 

110.7 g. 

109.7 g. 

1.0 g. 

Alueriment 27. 97.9 g. were extracted and made to 1083 ml. 

100 mi. were set aside for lactic acid determination (7xtroct i). 

The remainder was concentrated to 250 ml. (Extract ii). 

Soluble nitroP,en. A micro-Kjeldahl determination on a 2 ml. 

aliquot of extract ii reouired 11.84 ml. HC1. 
70 

Hence Ta. = 49.7U; of T.N. 

Volatile nitro. The steam distillate from a buffered 

solution (pH = 10.5) of a 2 ml. aliguot of extract ii required 

2.55 mi. - H HCl. 
7D 

Hence V.N. = 10.74: of T.N. 

3ugars (deterddned in extract ii). 

Total sugar 1.79c,: of D.M. 

Reducing sugar 

ilon-reducing sugar 

1.17. of D.M. 

0.62:: of D.M. 
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Non volatile acids. A 1C ml0 aliquot of extract ii (E 0.633 g. 

D.M.) was analysed on an AMberlite IRA-4C0 (acetate column. 

Acid 

Quinic 

Succinic 

Titre(m1.) 
Fractions 0.01C4N-Na0l1 mg. acid 

1.011TISIC.SM .1.1.1M=scroa==.415,./0147111713.-- - 9.0.10.0111104.2.6.111..01 

15-23 4.44 8.88 1.40 

28-38 34.53 21.2 3.35 
,ienw . azorse- xmarmx_42.,. xIrossropr,s -ac-,35102 weetScrn7 

lic and citric acids were absent. 

Lactic acid0 

was analysed. 

A 10 ml. alic,uot of extract i (= 0.161 G. D..) 

Solution 

Blank 

Standard 

Eluate .10 

Hence lactic acid = 2.6c;L. of D.M. 

Col. readi9 

0 

Volatile acids. 

frozen silage. 

Titre6mq----1 
Acid 0.0104N-Fa0- mg. acid 

lactic acid 

10.0 

4.2 

The determination was carried out on 10 E. of 

Butyric 

Propioni 

Acetic 

0.39 

0.20 

3.91 

0.36 
0.15 

2.44 

0.25 

0.11 

1.70 

-.acc.am,vc..,,enam-n-caassas-=-ax-x.ancoaa--x.=.-1 
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SilaFre incubated for 12 weeks 

Weight of grass ensiled 

Weight of silage 

Loss 

liaulximent 28. 91.70 g. were extracted end made to 1031 m2. 

pH = 5.30. 

100 ol. were set aside for lactic acid determination (extrat i). 

The reainder was concentrated to 250 ml. (extract ii). 

Soluble nitro,Ten. A micro-Kjeldahl determination on a 2 ml. 

aliquot of extract ii required 11,63 ml. M.. 
70 

Hence S.N. = 52.5 of T.N. 

Volatile nitrorren The stem distillate from a buffered solution 

(pH = 10.5) of a 2 ml. aliquot of extract ii required 2.52 ml. 

N _ 

Thh01. 

Hence V.N. = 11.3 of T.N. 

frikaER (deternined in extract ii). 

Total sugar 

Reducing sugar 

Non-reducing sugar 

1.375 of D.M. 

1.22% of D.M. 

0.15% of D.L. 
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Non volatile acids. A 10 :::Z® aliguot of extract ii (E 0.590 

was analysed on an Amberlite IRA-400 (formate) column. 

i 

Acid i Fractions 
# 

Titre(m1.) 
0.0100N-WaOH mg. acid of D.L. 

Qu4nic 15-23 
i 

i 

Succini,e 28-35 

4.71 

14.44 8.52 1.144 

alic an citric eids were absent. 

Tactic acid 

was analysed. 

A 10 ml. aliquot of extract i (E 0.158g. 

Solution 
V,P117,11721.111r$-ISK-35,13143.1. 

Blank 0 

Standard .25 

Elute .045 

Hence lactic acid = 1.1 of D.M. 

10.0 

1.8 

acid 

Volatile acids. The determinations were carried out on 10 g. 

of frozen silage. 

Acid 

Dutyric 

Pro)ionic 

Acetic 

Titre (ml.) 
0.C100N-Na0111 

7.69 

2.35 

4.78 

mg. acid of D.. 

6.78 

1.7)4 

2.37 

.arnrarAvervel-ass.=--"A?,--95 

1. 2 

2.02 
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Pilomz inci.foL tel 1C4 v-S4--k3 

Weight of grass ensiled 

Weight of silage 

Loss 

110.5 g. 

107.4 g. 

2.1 g. 

ZURELRaat-224, 90.0 g. were extracted and made to 1035 ml. 

ph = 5.66. 

50 ml, were set aside for lactic acid determination (extract i). 

The remainder was concentrated to 250 ml. (extract ii). 

Soluble nitroqen. A micro-Kjeldahl determination on a 1 l. 
_ 

aliquot of extract ii required 5.55 ml. 
0 
11C1e 

7 

Hence S.N. 

VOL a tile 
solution 

5.60 ml. 

Hence V 

48.0% of T.N. 

The steam distili_te from a buffered 

(pH = 10.5) of a 2 ml. alic.luot of extract ii required 

NOEL. 
70 

.N. = 24.4% of TX. 

.S.2.1.a.E.g (determined in extract ii). 

Total sugar of D.M. 
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Nonvolatile acids. A 10 ml. aliquot of extract ii (7 0.6096 g. 

D.M.) was analysed on an AMberlite IRA-400 (acetate) column. 

Acid Fractions 0.0100N-NaOH J 
mg.aeid 

Quinic 17-25 

Succinic 32-35 

4.12 
CIO 

relic cand citric acids were absent. 

7.9 1.30 

traces 

Lactic acid. A 10 ml. aliquot of extract i was analysed. 

There was no lactic acid present. 

io &var. acids (dotermined on 10 g. of frozen silage), 

Acid 
Titrem (1.) 

0.0100N-NaOH alL,;,, acid of D.I. 

Butyric 1h.50 12,77 c 0 
.) 

Propionic 3.87 2.86 2.0 

Acetic 4.60 2.76 1.5 
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-,iireDare SI1aVLI and without adiL,Lon oJ citru e. 

Yow perennial rye graos, 6"-6 high, was cut on August' 

the 16th, 1555. loisture 81.5 . 

A sawple of this grass was left for 24 hours in a covered 

cardboard box. it was then minced end made into silages in 

the -usual way with about 200 g. grass in each bottle. To 

one portion was added a solution (5 ml.) of sodium tricitrte 

(1.40 g. per bottle), while another portion was added 5 ml, 

water per bottle and made into control silage. The bottles 

were incubated, at 35°C. Analysis of the grass at the stage of 

ensilage is not available as the extract was lost. The 

moisture content of the grass prior to ensilage was 82.1-6 

Silare incubatpd for 2 22,4f3 

0017-t1'0110 

Weight of grass ensiled, including 5 ml. of water 203.2 g. 

Weight of silage 202.8 g. 

Loss 0.L. 

100.0 g. were extracted and made to 1100 ml. p 

50 ml. were set aside for lactic, acid determination (extract 1). 

The remainder was concentrated to 250 ml. (extract ii). 

Non volatile acids. A 10 ml, aliquot of extract ii 0.655g. 

D.i;.) was analysed on an Amberlite IRA-400 column. 
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Acid Fraction s 
Titre( 1.) 
0.011U-Na0H 

, 

; 

1 mg. acid of Da. 

Quinic i 

i 

Succiniq! 

1 

Malie 
i 

Citric L_ 

18-28 

36-50 

65-88 

1 

1 

! 

5.145 

15.03 

0.43 

1 

$ 

i 

11.5 

9.75 

0.3 

1.75 

1.50 

0.05 

Lactic acid. A 10 I. aliquot of extract i was analysed. 

Solution 1,4L lactic acid 

Blank 0 

Standard .230 10.0 

Eluate .275 12.0 

Hence lactic acid 7.55 of D.H. 

Ilapfiment 71. (citrats addgal. 

Weight of grass citrate ensiled 

1:feir;ht of silage 

Loss 

203.9 g. 

203.0 g. 

0.9 g. 

100.0g. were extracted and made to 1100 ml. pH = 4,90. 

50 ml. were set aside for lactic acid determination (extract i) 

The remainder was concentrated to 230 ml. (extract il). 
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yoltile acids. A 10 ml. aliquot of extract ii 

(E ).655g.D.M.) was analysed on an Amberlite IRA-L,00 (acetate) 

column. The results were calculated as percentage of tie dry 

weight of the grass ensiled.. 

___ 

Acid 2ractons 
Titre(m1.) 
0.0110N-NaGE mg.acid of D.M. 

Quinic 16-31 5.08 10.7 1.60 

Succinic 36-50 17.50 11.24 1.69 

Malic 86-89 0.40 0.3 0.05 

Citric - 0 0 .. 

L._ 

Lactic acid. A 10 ml0 aliquot of extract i (E 0.156 g. 

was analysed. 

Solution Col. readinqs »...Z?1-U119.-.WSi caer._ .a,Nynw.k,vn 

Blank O 

Standard .22 10.0 

Eluate .315 14.3 

hence lactic acid 9.2: of 

'1"110- incubated for 29 w,,eles 

Exerimeng_SOontrall 

Weight of grass ensiled.including 5 ml. of water 200.0 g. 

Weight of silage 197.9 g. 

Loss 2.1 g. 
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100.0 g. were extracted and made to 1000 ml. H = 4.40. 

50 ml. were set aside for lactic acid determination (extract 1). 

The remainder was concentrated to 250 ml. (extract ii). 

Non_yojati/e acids. A *IC ml. aliquot of extract ii (E 0.653gX.M.) 

was analysed on an AMberlite IRA-400 (acetate) column. 

Acid 
! 

Titre(m1.) 
Fractions 1 0.010CN-NaOH mg. acid of D.M. 

Quinic 16-22 5.35 10.3 1.58 

Succinic 33-42 12.26 7.25 1.11 

!,Salic - 0 - - 

Citric i 
- 0 - - 

Lactic acid, 

was analysed. 

A 10 ml. aliquot of extract i (= 3.172 ,-,-. D.L.) 

Solution 

Blank 

Standard 

Eluate 

Hence lactic acid 

Col, readings 

o 

u lactic acid 

.230 10.0 

.388 16.9 

of D.M. 



Volatile acids (determined in 10 c. of frozen silae) 

-r Titre(m1.) 
Acid i 0,0100N-MaOH mg. acid c, 

Jo of D.M. 

:Butyric I 

Pro ionici 

Acetic 6.16 

1 

IMP 

...aca>zarm. - 

Experi0,0At..0 (0-trf41P-aagl 

0 

trace 

3.833 

Weight of grass ensileC 

Weight of silage 

Loss 

.11.140SONS. 

203.1 g. 

201.0 g. 

2.1 g. 

100.0 g. were extracted and made to 1015 al. 1,2N 

50 ml. were set aside for lactic [-cid determination (extract i). 

The remainder was concentrated to 250 ml. (extract ii). 

Nonvolatile acids. A 10 ml. aliquot of extract ii (LT. 0.653 g. 

was analysed on an Amberlite IRA-400 (acetate) column. 

----- 

Acid 

- ___________ 

I ractions 
Titre(m1.) 

0.0100N-NaOH mg.acid of D.L. 
------ 
Quinic 16-25 5.23 10.1 1.54 

Succinic 42-61 12.50 7.38 1.13 

Nalic - 0 0 

Citric - 0 0 
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Lactic acid. A 10 mi. aliquot of extract i (E 0.169 z. 

was analys)d. 

Solution Col. readinEq aZt_14.11,12._aala asraczsmarstaxem.. ...2....,...43,==a2M,re- v.....x.,awm---r-sww-- 

Blank 0 

Standard .230 10.0 

Eluate .365 15.9 

Hence lactic acid = 9.45 of D.L.1. 

Vol,T,tile acids (determined in 10 g. of frozen silage) 

Acid 
Titre(m1.) 

0.0100N-NaOH mg. acid ;' of D.M. 

Butyric 

Propionic 

Acetic 

- 

9.70 

0 

trace 

5.83 4.16 

with and without additio of malate. 

A second growth of S24,perennial rye rass, 3"-5" long 

was cut on September the 23rd, 1955. The moisture content 

was 81.8%. 
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A sample (50 g.) was extracted with boiling 

water (pH ----. 60/0) and the extract made to 250 ml. 

140n volatile acids. An aliquot (25 ml.) was analysed on 

an Amberlite DRA4G0 (formate) column. 

-...a-airtir-VIn..nar =,...111[PA,e unn tnwe 

Titre (ml.) 
Acid Fraction 0.0110N-Na0H mg.acid ')Z', of 1). 

Quinic 

3ucoinic 

malle 

citric 

23-38 

58-78 

86-102 11.27 

4.86 

o 

17.65 

10.2 1.13 

1.43 

7.95 0.87 

.7117.1-acerMlIf 

A sample of the minced grass was made into silage in the 

usual ways each bottle containing 220-240 g. of grass. In this 

experiment a solution of sodium malate was added to one portion 

of the grass in such a way that each bottle had an addition 

equivalent to 0.66 g. of malic acid and 10 ml. of water. 

10 ml. of water were added to each bottle of control silage. 

The bottles were incubated at 35°00 
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Silave incubated for 20 da s 

Experiment Z512ontroll 

eight of grass ensiled, including additive 

14eight of silage 

Loss 

240.4 g. 

237.5 g. 

2.9 g. 

100.0 g. were extracted and made to 1100 ml. pH = 

100 ml, were set aside for lactic acid determination (extract i). 

The remainder was concentrated to 250 ml. (extract (W. 

Non volatile acids. A 10 ml. aliquot of extract ii (= 0.635 g. 

was analysed on an Amberlite IRA-400 (acetate) column. 

Acid Fractions 
Titre(m1.) 
0.0110N-NaOH mg.acid 5"' of D.M. 

Quinic 20-34 3.89 8.2 1.29 

Succinic 55-75 7.63 4.95 0.78 

Malic 50-96 j 0.77 0.57 0.09 

Citric 102-113 0.46 0.3 0.05 

1 

Lactic acid. A 10 ml. aliquot of extract i 

Col. readiaR 

(E 0.158g2;. D..) 

,q,..f.. lactic acid 

was analysed. 

Solution 

Blank 0 

Standard .225 10.0 

Eluate .328 14.6 

Hence lactic acid = 9.2, of D.1:. 
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Volatile acids (determined in 10 ,L. of frozen silage) 

Titre(m1.) 
Acid 0.0110N-NaOh 

Butyric 1.85 

Pro,gonic 0.18 

Acetic 6.48 

mg. acid 5, of D.E.!. 

1.79 1.3 

0.15 0.1 

4.3 

Ex;iel.imealU6.(molate added) 

3.1 
414,40147314:1044441:1411114414e4.42141644a 

Weight of grass ensiled, including malate solution 227.1 g. 

Weight of silage 223.8 g. 

Loss 3.3 g. 

100.0 g. were extracted and mode to 10L.,k ml. Ii = 4.60. 

100 ml, were set oside for lactic acid determination (extract i). 

The remainder was concentrated to 250 ml. (extract ii). 

Non volatile acids. A 10 ml. aliquot of extract ii (S 0.662g. 

was analysed on an Amberlite IRA-400 (acetate) column. 

Acid 
! Titre(m1.) 

Fractions 0.0110N-NaOH mg.acid 

Quinto 18-27 3.86 8.15 

Succinic 59-81 18.65 12.1 

Malic 138-44 0.70 0.5 

Citric 150-60 o.0 0.3 

;" of 

1.23 

1.83 

0.08 

0.05 



Lactic acid 

was analysed. 

- 116 - 

A 1G IA, aliquot of extract i (= 0.167 g. D.M.) 

Solution Col. readin»s LL9Ala 

Blank 0 

Standard .225 1U.0 

Eluate .288 12.8 

Hence lactic acid = 7.7y of D.A. 

Volatile acids (determined in 10.0 g. of frozen silage) 

Titre(m1.) 
Acid 0.011LN-NaOH mg.acid of D.M. 

asaa...anurnmcvT. 

Butyric 1.34 1.3 

Prolpionic 

Acetic 6.90 

al=LEilj 

0.914 

Au.E..-fle;&:_yed yap and without addition of sodium meta'oisul-hite. 

Mni volatile organic acids were determined in 3 samples of 

a 6 months' old experimental silage t prepared with and without 

addition of 21a 
2 2 

0 
5' 

supplied by Dr. Stirling. The fresh grass 
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from which the silage had been made was not analysed. The 

grass was however cut on May the 1st, 1955, on the same plot 

as the grass described in silage No.l. 

The aloisture content of the fresh grass was 78.6T% 

20.0 g. of each silage were extracted with water and the 

solutions made 12.7) to 850 ml. Sugar and nitrogen analyses 

were carried out on aiiauots of this extract. 637.5 ml. of 

the extract (F. 15 g. silage) were concentrated to 100 ml. and 

an ali(71uot (25 ml.) was used for non volatile acid determinations. 

1, cii.121inoculated with lactobacilli. ph = 3.71. 

The acids were separated on an Amberlite IRA-400 (acetate) 

column. 

Acid 3Iractions 
Titre(m1.) 
0.0100N-NaOH mg.acid of D.M. 

..._ 

Quinic 13-29 5.24 10.1 1.25 

Succinic 52-53 0.86 0.51 0.06 

Lane 83-87 0.86 0.58 0.07 

Citric 89-55 1.00 0.64 0.08 
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2. Silae with adqitimilLARdium metabisulnhite (,(2 

- 0- Not inoculated with lac tobac 1111 i 

Tho ai7.ids were separated on an Amberlite IRA-400 (formate) 

CO:WM° 

Acid Fractions _ ____.....-..r 
19-26 

- 

42-51 

74-86 

Titre(ilil.rin 
0.0100N-NaOH 0_" ..79=1 

4.70 

, o 

7.93 

13.20 

mg.acid 
-aNta...,..t.15.zsag 

9.0 

0 

5.32 

8.45 

Tr- '-- 
of D.A. 

1.12 

- 

0.66 

1.05 

. _ 

Quinic 

Succinic 

Malic 

Citric 

3. .5.12aLT wi th a4dition Eodiam met°112,1211-AIn2aulated 

pH = 4.16. 

The acids were separated on an Amberlite IRA-400 (formate) 

column. 

OOMP./......00MWC..4m. *.- ay.>, mw,Nmm.beaw .vm,020,=RWmt-A16 

Titre(m1-) 
Acid Fractions 0.010011-NaOH mg.acid ',": of D.M. 

Quinic 23-35 4.90 9.4 1.17 

Succinic 54-56 - trace 

lialic 82-96 2.06 1.39 0.17 

Citric 99-119 13.51 8.65 1.08 
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Effect of wilting and f2,rtificial dy-winrf on the orpanic 
-eeM a:=3 

acid6 

T4periment 38. The grass used was the same as that described 

in Silage No.2. Samples (100.0 g.) were dried under 

different conditions as follows. 

0 
1. Dried in an oven at 95 -100 C,....jzo_sueat_o_L2.1rLfor 9 hours. 

A boiling water extract (250 A..) was prepared as usual of 

the dried sample (1(.3 g. D..). An aliquot (20 ml.) was 

analysed on an AMberlite IRA-400 (formate) column. 

Titre(m1.) 
1 Acid I Fraction C.0109N-Na6H mg.acid of D.. 

Quinic 16-24 6.71 i14.2 1.0 

Succinic 29-33 trace 

[...-- 

1 

Malic 34-45 31.60 i, 23.3c 

Citric 1 62-78 8.41 5.87 0.141 

werecOnnawvaarrie. .71"leiplawna, 1711.01,4-4974,2-, _ 

Lactic acid. A 2 mi. aliquot of the extract was analysed. 

There was no lactic acid present. 
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2. Wilted "moist" for 8 hours. The grass (100.0 g.) was 

placed in a shallow dish covered with a sheet of filter paper. 

There was a loss of 16.2 g. of water. 

76.9 go of the "wilted" grass were extracted and made to 

1020 ml. 

50 ml. were set aside for lactic acid determination (extract i). 

The remainder 7,a5 concentrated to 250 ml. (egtract ii). 

Lon volatile acids. 
/NW. .-Imsraa-sesv- vnar..771=arT23.-as 

A 20 ml. aliquot of extract ii (E 1.242 Ü. 

was analysed on an Amberlite IRA-400 (formate) column. 

Titre(m1.) 
Acid Fractions 0.0104N-Na0H mg. acid 

Quinic 15-22 6.88 13.7 

Succinic - 0 

Malic 34-43 25.17 17.55 

Citric 60-75 8.78 5.85 

of D.M. 

0.47 

1.1 

1 . 41 

Lactic acid. A 10 ml. aliquot of extract i (e 0.161 g. D.Z.) 

was analysed. 

-elution Col. readins 4.,Salje1424.24 ICMMIMMB DMIIMa.mMo 

Blank 0 

Standard .24 10,0 

Elucte .02 0.8 

Hence lactic acid = 0.5- of 
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3. Drying in a desiccator over P205. 

100.0 g. of fresh grass were dried in vacuo over F,0 for 

3 days and weighed at intervals. 

Time 

4 hours 8400 g. 

22 58.14 ge 

26 4909 g. 

48 3702 g. 

3 days 26.4. g. 

The -!rass still contained 32.6% moisture. A water 

extract (250 ml.) of the whole sample was prepared. 

on volatile acids. L 20 riìi. aliauot was analysed en an 

,Imberlite IRA-400 (formate) column. 

------r° 

Acid Fraction 
m 

----,-- 

Titre(i.) 1 

0.0104N-Na011 ! mg.acid 
, 

of D.M. 

I 

Quinic 22-30 32O 16.4 1.1 

1 

Succinie 38-40 - trace 

Malie 43-53 45.54 31.7 2.20 

Citric 76-92 12.56 1 
8.36 0.58 

Lactic acid. A 2 ml. aliquot of the extract was analysed. 

There was no lactic acid present. 
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Experiment. The grass used in this exDeriment was a 

portion of the grass used in Silage No.3. (see Po 107)0 

A water extract (250 mi.) was prepared of 100.0 g. cf 

the fresh grass. 

Non Volatile acids. A 20 mi. aliquot of the extract was 

analysed on an Amberlite IRA-400 (formate) column. 

Acid Fractions 
Titre(mi.) 
0.0110N-Na0H mg.acid f/, of D.M. 

Quinic 19-25 9.63 20.3 1.37 

Succinic 35-40 0.86 0.56 0.04 

Ualic 42-59 45.6o 33.6 2.27 

Citric 80-100 16.21 11.4 

j 
0.77 

Wilted for ,48 hours. A sample (200.0 g.) of the grass was 

spread out on a sheet of paper and wilted in the laboratory 

for 48 hours. The weight of the wilted grass was 57.0 g. 

Drying at 95°-100°C. of 20.0 go of this showed a moisture 

content of 36.5. A water extract (250 mi.) was made of 

28.4 g. of the wilted grass. 
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lfon volatile acids. A 20 ml. aliquot was analysed on an 

Aniberlite IRA-400 (formate) column. 

Titre(m1.) 
Acid 1 Fraction j 0.0110N-NaOTT mg.acid 

1).inic 14-20 

Succinic 23-24 

WIalic 27-37 

Citric 60-80 

7.37 15.5 

- trace 

34.67 r 

8.17 5.75 

1.78 

0.40 

=Fient_A2. The grass used in this experiment was a portion 

of the grass used in Silage lio.41, (See p. 112g for analysis of 

the fresh grass). 

Dried in a current of hot air. A sample (71.5 g.) was dried 
WM9r.. emeaRCL1 

in a current of hot air (about 70°C.) supplied by an electric 

hairdryer as shown in ficL,;.24. 

Gr as s 

04 us 

kt/tre 9atz3,2 

fit d yer 

Fis. 2a 
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After 1 hour the weight of the sample was 15.0 g. A 

water extract (250 ml.) was prepared of the entire sample and 

an aliquot (25 ml.) analysed, on an Amberlite IRA-400 (formate) 

column. 

.,, 

Acid 

- -T 
Titre(mi.) 

Fraction 0.0110N-NaOH mg.acid % of D.M. 
- 

Qu i n i e 

Succinic 

galic 

Citric 
[.., 

16-23 

35-37 

42-61 

79-107 

__ - .........,......- 

6,38 

1. 40 

25.11 

16.49 

13.5 

n 
J.,, 

0 

17.0 

11.6 

1.04 

0.07 

1.31 

C.89 

Er)eriNents with microbe-froe -rass 

Timothy grass grown in test tubes under sterile 

conditions was supplied ïy Dr. Stirling. As only a small 

sample was available, the moisture content was not determined. 

The grass (21.1 g.) was brought to the laboratory in sterile 

containers and immediately after opening was extracted with 

boiling water (1 1.). The extract was reduced to 100 ml. 

A micro-Kjeldahl determination was carried 

out on 2 mi. of the extract. Titre of E MC]. = 2.30 ml. 
70 

'Aence S.N. 109mg. N/100 g. fresh grass. 
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Non volatilr' acidc' A 25 LA. aliquot was analysed on an 

Acaberlite IRA-40C (formate) column. 

t.eid 

Quinic 

Succinic 

Mane 

Citric 

Fraction 
Titre (.1. 
0.0100N-NaOH mg.acid of fresh weight 

18-31 

50-68 

97-112 

0.90. 

0 

7.03 

5.62 

1.73 

011. 

4.72 

J7 rp . D, 

0.033 

0.089 

0.068 

Wilted sIerile 7rasq. The grass was wilted by passing sterile 

air through the sample for 211 hours. This was carried out by 

Dr. Stirling under carefully controlled conditions. In this 

way the sample was reduced in weight from 32.9 g. to 14.1 g. 

his sample was extracted with boiling water in the same way 

as the fresh grass. 

Soluble nitroen A micro-Kjeldahl determination was 

carried out on 1 i. of the extract. Titre of 21 HC1 = 2.38 ml. 
70 

hence S.N. = 145 mg. N/I00 g. fresh grass. 
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Non volatile acids. A 25 ml. aliquot of the extract (100 tal.) 

was analysed on an Amberlite IRA-400 (formate) column. 

lar..,,,,,srnausemsy.m.-totesr4mm.us-,x, -rye_ 

1-- 
i 

Acid Fractions 

Quinic 18-27 

Suce 

alic 

Citric. 84-106 

45-61 

artmec...me-vamirevarxem 

Titre(m10) 
0.0100N-Na0E, 

-, 

mg.acid 

1.90 3.65 

8.93 5.98 

12.09 7.75 

of fresh weight 

0.044 

0.073 

0.094 
mgar.r...--maasume.Laa-,,or I 

Paper chromatography of the acid fractions in solvents A and 

B showed that the acids mentioned above were present in a pure 

state. 

Organic acids in croe-,-'n',. soft gras/j014-us 
.MIVrasamtSer 

(Preliminary investigation). 

A sample of creeping soft grass (Holeusollis L.) was 

cut on June the 27th 1955. The grass had not reached the 

flowering state. The moisture content was 8O.8 . 
A 250 na 

water extract was prepared of 25.0 g. of fresh grass and a 

10e ml. aliquot was analysed on an AMberlite IRA-400 (formate 

column in the usual way. The acids eluted in front of the 

phosphoric acid were found from their order of elution and by 
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paper chromatography to be quinic, malle end citric acids. 

Succinic acid was not detected. 

Titre(m1.) 
Acid 

.Quinic 

Malic 

Citric 

!Fractions 

; 20-24 
1 

; 55-63 
1 

' 90-102 

0.G10914-Va011 

3.;42 

11.03 

5.00 

mg.acid 

7.22 

2.95 

3.49 

;-; of D.M. 

0.37 

0.15 

0.18 

1,1717412en.1.11rra, nerarrw 17,115. SC.,. 

The elution was continued after the Phosphoric acid had 

been eluted, and an acid was eluted well separated from the 

,Alosi:horic acid in a broad peak. The residue after 

eva-r;oration was crystalline. The acid gave one spot when 

pun on paper in solvents A, ?! and D. It travelled the same 

distance as trans-aconitic acid. TY,e acid melted with 

decomposition at the same tem3)erature (192°C.) as authentic 

trans-aconitic acid. An attempt to make the zdienacyl euter 

was not successful. However the acid gave positive test 

for aconitic acid when converted to ammonium citrazinate 

(See p. 66 ). 

The ataount of trans-aconitic acid found was about 0.7 

of D.M. 
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DISCUSSION 

Methods used for isolation of orTanic acids. 

Several chmeatographic methods were investigated durin 

attempts to find a satisfactory technique for separatin,z and 

estimating the organic acids in grass and silage. 

Paper chromatography is an ideal method for identification 

purposes. For quantitative analysis, however, it has the 

disadvantage that only small amounts of acids can be analysed. 

A feu experiments were carried out in which the acids in a 

prepared mixture were separated on thick paper chromatograms, 

eluted with water and then titreted. 7ormic acid was used 

as "swamping acid" in the solvent in order to depress 

ionisation. The paper blank due to incomplete removal of 

the formic acid was often very hiz.h, and varied from etrie to 

strip of the same paper. 

In coluLin chromatography a larger amount of acids can be 

separated and the acids can relatively easily be recovered for 

identification. Chromatography on silica gel with 0.5N- 

sulphuric acid as stationary phase and n-butanol-chloroform 

as mobile phase (36) was tried successfully using prepared 

mixtures of acids. It was therefore thought that the acids 

present in grass could be separated by this method. 

Finely ground frozen lawn grass was subjected to a mild 

extraction procedure (36) in which an acidified water extract 



- 129 - 

was absorbed into silice eel. The acids were eluted in 

one fraction with n-butanol-chloroform, neutralised with 

sodium hydroxide and extracted with water. The concentrated 

water extract of the sodium salts was absorbed into another 

portion of silica gel and the acids were finally recovered 

in a solution of tert.-amyl alcohol-chloroforel. This 

solution was chromatos,;raphed on a silica gel column and the 

fractions titrated with sodium hydroxide. When the titres 

were plotted graphically against the fraction numbers, it 

only revealed two or three acid peaks (see fict:.6. e.36a ). 

Walic and citric acids have been re.ported to be the major 

componente of the non volatile acids in grass (11,12). As 

these two acids did not show up clearly in the titration 

graph, it was assumed that they had been lost during the 

extraction. Different extraction and eurificetion methods 

were therefore investigated. In the free form or as salts 

of potassium, sodium and calcium the acids are soluble 

anoueh to be extracted with water without acidification. 

If calcium oxalate were present, oxalate would have to be 

estimated separately. 

A water extract was electrodialysed in a three 

compartment cell (63) in an attempt to separate the acidic 

fraction from other water soluble components of the grass. 

There was a vicoroue evolution of chlorine in the anode 

compartment due to chlorides present in the extract, and 
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much of the coloured material travelled with the acida. The 

solution was neutralised and conceAtrated. It was then 

absorbed in a umall portion of silica efel in which the acids 

were liberated by addition of sulphuric acid. This portion 

of gel was then transferred to the top of the silica gel 

column and the acids were eluted with n-butanol-chloroform. 

8 or 5 dirreerent acids were detected. ley .eeper chromatography 

in basic and acid solvents, succinic, Dyrrolidone carboxylic, 

elic, citric and probably malonic acids were identifieC,. 

aiic acid was found to be present in largest amount. 
The possibility existed, however, that the chlorine 

evolved in the anode coml)artment could have decomposed some 

of the acids. Citric acid for example in aoueous solution 

ic known to give hexachloroacctone among other products when 

acted upon by chlorine (80,81). Oxidation muy also occur. 

The method was therefore not considered quite safe. 

The same separation of the acidic material from other 

components in the grass extract can be achieved by means of 

ion exchange resins. A water extract of fresh lawn grass 

was freed from cations and amino acids by passing it through 

a cation exchange resin generated in the hydrogen form 

(Zec-Karb 225). Thereafter the anions were adsorbed on a 

weak anion exchange resin generated in the hydroxyl form 

(De-Acinite G). The acids were recovered as ammonium salts 
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by elution with ammonium hydroxide, and then separated on 

silica gel. 

Analyses of alic,uots of the same extract, using 

electrodialysis and ion exchangers for puriUcation of the 

extract, showed practically the same mnount of succinie, 

malic and citric acids. Comparing the results (see pp043a,45a), 

however, two or three more acids were found when electrodialysis 

had beon envloyed. This was thought to be connected with 

the chlorine action and oxidation effect Rt the anode. 

Recovery experimentoz were carried out using the ion 

exchangers prior to chromatography on silica gel. Aliquots 

of a water extract of perennial rye grass were analysed alone 

and with addition of a standard solution containing succinic, 

malic aad citric acids. The recoveries for the individual 

acids were 83.4, 83.0 and 80.5. The separation of the acids 

was good and the peaks obtained by titration were sharp 

(see pp.48a,49a ). Then the elution had proceeded for about 

L. however, it was noted that a transparent band 

developed near the top of the analytical coluon, under the 

pad of gel in which the acids had been added (See p.43, fig.9). 

This band would eventually reach a thickness of about 1 cm., and 

appeared to slow down the flow rate. It might however have 

a more serious effect. The pad of gel in which the acidic 

fraction of the grass extract was added to the analytical 
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column must contain the chloride and phosphate present in 

the extracts and the sulphuric acid used for liberation of 

the free acids from their salts. These ions may have retained 

the water from the solvent so that this was no longer in 

equilibrium with the stationary phase in the gel. The 

transparent band might thus have been due to drying out of 

the gel. (Addition of water gave the gel its normal 

appearance again.) It was thought possible that this might 

explain the poor recoveries obtained when grass extract e were 

analysed as the top layer of water-rich gel may have held 

some of the acids. 

At this stage a new batch of silica gel was prepared. 

Chromatography of standard solutions and grass extracts using 

the new gel did not give sharpp symmetrical titration curves 

and there was an overlapping of malic and citric acid. 

The reason for this tailing effect was probably the considerable 

temperature changes in the room when these experiments were 

carried out. 

The results obtained by chromatography on silica gel and 

paper confirmed the presence of succinict malonict quinicp 

trans-aconitic, malic and citric acids in grass. Fumarie 

and pyrrolidone carboxylic acids were also detected in small 

amounts. The isolation of pyrrolidone carbo.-Lylic acid from 

grass has recently been reported by Ellfolk and Synge (82). 
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By carrying out the separatien of the acids in a constant 

temperature room, the silica gel method might have led to 

satisfactory results for the analysis of fresh grass. In 

silaee, however, the large amount of lactic and acetic acid 

:present would have olade the estimation of suceinic, malic and 

citric acids difficult because of the low capacity of the 

pertition system. It was therefore thought that the ion 

exchange resin techniquefsuccessfully used for separation 

of the Krebs cycle acids (60,G4), woild be more suitable for 

the present problem. 

Although the recommended anion exchange resin Dower i was 

not available, it was reasonable to believe that similar 

results could be obtained by using Amberlite IRA-400, as they 

are both of the strong base type (polystyrene quaternary amine). 

An aliquot of the water extract was passed through a 

cation exchanger (Zeo-Karb 225) generated in the hydrogen form 

and the anion exchanger generated in the formate or acetate 

form. The use of a cation exchanger was not necessary for 

the seearation proceCure (64), but it was introduced for the 

removal of coloured material, as most of this was adsorbed by 

this resin. The acids, adsorbed by the anion exchanger, 

were eluted with formic acid when the formate form of the 

resin was employed. 2-3 ml. fractions of the eluate were 

collected in test tubes and the contents of each tube 
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evaporated to drylieso, avoiding excessive heating. The residues 

were titrated with sodium hydroxide using phenolphthalein, and 

the non volatile 'acids were located in different peaks by 

plotting the titres against the number of fractions. Recoveries 

of 95-100% were obtained when a prepared mixture of succinic, 

malic and citric ecide were analyzed (eee experiments 9 and 10, 

1,:o. 54, 56 ) 

Analysis of a sample of fresh lawn grass on an Amberlite 

IRA-400 (formate) column showed 5 acid peaks on titration of 

the fractions. The acids were identified by paper chromatography 

and were found to be shikimic quinic, pyrrolidone carboxylic, 

succinic, malic and citric acids in the order of elution. 

Shikimic and quinic acids were eluted together however, 

judgin-y, from the size of the spots on the papers, quinic acid 

seemed co pre.ponderate. It was also evident that mile acid 

was present in by far the largest amount of -Iv of the acids, 

followed by citric acid (see table 7). Phosphoric acid was 

eluted after citric acid. 

Small amounts of fumaric acid were detected by paper 

chrmatography when perennial rye grass was analysed on silica 

gel. This acid was not detected later when rye grass and 

silage were analysed by the ion exchange resin technique. 

glyoxylic, glyceric9 pyruvic, oxalic and a-keto- 

glutaric acids were reported by Palmer (64) to be partielly 

p. 60 
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or wholly loet during the evaporation stage. As these 

acids were not detected by chromatography on silica gel and 

paper, they were considered not to be present in the grass 

in significani; quantities. 

Analysis of the grase extract alone and with addition 

of a standard solution containing succinic, mane and citric 

acids, showed a recovery of 96, 95 and 97;-", of these acide. 

lt will be noted from figs. 19 and 20 (p1.59a,6Ca ) that 

the separation of succinic and mane acid was not complete 

when the amount of succihic acid was of the order of i mg., 

but when 10 mg. succinic acid were eluted, there was no 

overlapping. 

The extraction method used throughout this work involved 

gentle boiling of the grass for 2-3 minutes three times and 

squeezing in a cheesecloth. In this way all the organic 

acids were extracted, A further extraction of the grass 

sample showed a trace of phosphoric acid only. 

Usually the determinations were carried out immediately 

after extraction, but repeated analysis showed that the acids 

did not alter in amounts when the extracts were etored 2-3 

months in the refrigerator in the presence of toluene or 

chloroform. 

It was found that lactic acid was elated together with 

pyrrolidone carboxylic acid and when present in the large 
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amounts found in silage, it overla72ped succinic acid. 

ievertheless, it was found that the lactic acid could be 

removed completely from the fractions by prolonged 

evai?oration and frequent addition of water, as it slow/v 

vol tilizes in steam. 

The use of the anion exchanger generated in the 

acetate form gave better separation of the acids eluted 

before the malic acid, when the elution was carried out 

with acetic acid. When the succinic acid had been eluted, 

the elutrient was changed to foraic acid. The acetic acid 

in the resin was then displaced before =lie, citric and 

phosphoric acids were eluted. The separation of malic and 

citric acids was not so sharp, but usually a blank titre was 

obtained between the two acids. (Jee fig.17; e. 56a ), 

Analysis of a prepared mixture of cLuinic, saccinic, malic 

and citric acids gave recoveries of 93, 95, 97 and 99. 

Busch et al. (60) found that citric acid contained only 

two titratable acid groups after emergence from a column of 

Dowex f anion exchange resin. On the other hand complete 

recoveries were obtained when the fractions were analysed 

colorimetrically. Palmer (64) has reported 98-100;1. 

recovery by titration of citric acid when eluted from short 

columns of Dowe2L 1. When longer columns were used, however, 

recoveries of citric acid varied between the limits of 6G to 90,V. 
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In the oresent work essentially co_nplete recoveries of 

citric, acid based on titration after elution were obtained 

from a column of Amber/it() IRA-4000 0.73 SQe cm. and 12 cm. 

in lensth. 

:3aue of the analyses of grass and silage extracts 

were repeated in order to check the accuracy of the method. 

Thus when 25 ml. alicucts of the fresh grass extract mentioned 

in experiment 13 (p. 80 ) were analysed three times, the 

results were as shown in table 10. 

Table 10. :e:producibilAILof results. 

Acid 
Titre(m1.) 

0.0109N-11a0H 
, Deviation in % of Dry ;gutter lc 
li, frmm mean 

value 

Quinic 

Succinic 

Mel1o' 

Citric 

---,.....,.- 

8.68 

0.54 

34.20 

23.90 

.... 

9.55 

0.6n 

36.32 

23.91 

.er,,usea,sersa..e/Jmurewasmav.las.acrta..mosmowz,ox.. 

' 9.77 

0.70 

37.62 

25.00 

0.80 

0.015 

1.10 

0.73 

Inueraseza. 

0.88 

0.017 

1.17 

0.73 

10.90 
1 

10.0201 

11.21 

! 

i 

10.77 ! 

i 

---------.1 

5.9 

14.3 

2.7 

The large percentage differences in the succinic acid 

figures are probably due to experimental error because of the 

small volume of alkali required in relation to the blank. 

When analysing silage extracts where the amount of succinic 
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acid was larger, the refroducibility of the results was 

satisfactory. Thus duplicate analyses of the silage extract 

cuoted in exoeriment 27 (.101) cave 3.35 and 3.26% for 

succinic acid and 1.40 an6 1.35:' for oidnic acid. Sarn,aing 

errors are not included in the figures above. These may be 

considerable in farm silages, but will be very small in 

laboratory experiments, whore at least half of the material 

is extracted. 

During analyses of fresh perennial rye grass and silages 

made fraa this grass the non volatile acids eluted were 

checked by paper chromatography. The order of elution from 

the Amberlite IRA-400 column was quinic shikimic)p 

pyrrolidone carboxylic (4- lactic), succinic, malic, citric 

and phosphoric acids. Quinic, succinic, malic and citric 

acids were also identified by mixed melting points of the 

acids or derivatives an a authentic samoles. The elution was 

freouently continued for 100-200 fractions beyond phosphoric 

acid without detecting other acids. Shikimic acid was 

always found by paper chromatography to be present in small 

amount in the quinic acid peak. Further identification of 

this acid vi,as not attempted. Its isolation from grass has 

been reported by Eulme and Richardson (16). However, the 

first peak was calculated as ouinic acid only. Malonic acid 

could often be found in small amounts when the citric acid 
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fraction was ehraaatoraphed on paper. As it was not always 

found, or found in very small amounts compared with the 

amount of citric acid, as judged by the size of the soots, 

this fraction was calculated as citric acid only. 

In creeping soft grass (holcus ouinic, malic 

and citric acids were present in smaller amounts than in 

rye grass. A relatively large amount of trans-aconitic acid 

was found however. The cis-aconitic acid had probably been 

-,resent in the grass originally and had been transformed 

into the trans-form by heating of the extract (83). In 

analyses of silaces a small amount of an unidentified acid 

was eluted before succinte acid. 

The method was considered accurate enough for the 

detection of sinificant changes in the amounts of the non 

volatilewids mentioned above during conservation of the grass. 

It ,as evident, however, that lactic acid and the fatty acids, 

which are produced in silage fermentation, would have to be 

estimated by other methods. 

The determination of lactic acid in silage has always 

been a matter of some difficulty. By the older methods 

(18c,84) the extract was freed from protein and carbohydrate 

and the lactic acid present oxidised to acetaldehyde which 

was distilled into standard sodium bisulphite. This was 

treated with excess iodine which was then titrated with sodium 
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thiosulphate. Recoveries of lactic acid from silage by 

these methods were of the order of 35;. The technidue of 

Barker and Suelmerson (65) as modified by Barnett (13b) has 

probably been the method most used for lactic dcid estimation 

in silage in recent years. According to this method, protein 

and other interfering substances are precipitated by addition 

of calcium hydroxide and copper sulphate. The lactic acid 

is then estimated colorimetrically utilising the colour 

reaction between p-hydroxy diphenyl and acetaldehyde formed 

by oxidation of the lactic acid. 

Busch et £l.(60) stated that lactic acid emerged 

quantitatively from a Dowex i column. Therefore an attempt 

was made to purify the lactic acid sample by the same technique 

as that used for the non volatile acids. There was no loss, 

as determined by titration, when a solution of lactic acid 

was boiled for 10 minutes. The water extract prepared by 

gentle boiling of the silage could therefore be considered to 

contain all the lactic acid present in the silage. Aliuuots 

of the same extract as used for non volatile acid estimation were 

therefore subjected to the ion exchange resin treatment, the 

Amberlite IRA-400 being generated in the acetate form. The 

lactic acid was then eluted with 10% v/v acetic acid and the 

eluate diluted with water. This solution was used for the 

colorimetric determination with sulphuric acid and p-hydroxy 
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diphenyl. 100% was recovered when a standard solution of 

lithium lactate was analysed by this erocedure. When sileLe 

extracts with and without addition of a standard lithium 

lactate solution were analysed, the calculated recoveries 

wore slightly above 100 (102-103), shikimic, 

pyrrolidone carbo:zylic and some of the succinic acid present 

in the sample were eluted together with the lactic acith it 

was found, however, that these acids did not give any colour 

with p-hydroxy diphenyl when treated ccording to the rocedure 

for lactic acid. 

Acetic acid in the appropriate dilution did not Five 

colour with the reagente. 

The methods most widely applied to the estimation of fatty 

acids In silage have been based upon steam distillation (85,86,87). 

This eeraits the calculation of the total volatile acids present, 

and the amounts of acetic and butyric acids by application of 

distillation formulae (88,89). In recent yearsp however, 

chromatographic methods have been applied to the examination of 

the volatile acids in silage (18d,90). In the present work 

acetic, propionic and butyric acids were separated on e silica 

gel colum (37) after isolation from the silage by steam 

distillation, 

Oxalic acid was determined by precipitation of the calcium 

salt from an acidified water extract and titration with 
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potassium penmanganate in hot sulphuric acid solution (68). 

lion volatile acids in -rass Pnd -oDoervatio c' r Troduct -_ - 
The methods outlined above were applied to perennial rye 

grass S24 strain at different stages of growth from April to 

September 1955, and to the products obtained by different 

conservation methods. 

Fresh a. The grass was extracted within 1-2 hours after 

cutting. Volatile acids and lactic acid were not detected 

in the fresh grass. The amount of non volatile acids as 

percentage of the dry matter varied throughout the summer as 

shown in table 11. 

Table 11. on volatile acids in Derenaial rye grPss S211. strain 

as 7oercentaae dr,r Tagtt47-v 

Grass sown 
! 8.8.53 

Date of cutting 25.4.55 

uinic acid 
Succinic acid 

Mane acid 
Citric acid 

C.88 

0.02 

1.17 

0.73 

..enavarr., 

Grass sown 19.5.55 

16.8.55 29.8.55 25.9.55 

1.37 1.06 

0.04 0.03 0 

2.27 2.58 1 1.43 

0.77 0.63 0.87 
1 

,A.M.SM747, 'Or ,m,m0....WW4*Ut*M.M..rnitil -1M1110110[1,0.--VC,..a WW, 

iim"...matacemasIA=4 
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The grass cut in April consisted of the early spring 

growth from the established roots, the previous crop having 

been cut in iNovember 1954. The two August samples were 

mature grass which had not yet reached the flowering stage. 

The September samele was a 38 days old aftermath. 

Malic and quinic acids were always present in largest 

amount and the total organic acid was 3-4 of the dry matter. 

The amount of acid estimated as quinic acid (probably always 

contaminated with shikimic acid) was relatively constant 

throughout the summer. 

quantities, could not be 

detect small variations. 

Succinic acid, being present in small 

determined accurately enough to 

It is evident, hoeeverp that =lie 

acid increased in amount during the growing period, which is 

in agreement with the results obtained by Davies and Hughes(ii). 

The changes in citric acid content were not significant, although 

it seemed to decrease towards the end of the season considering 

the two August samples. However, too few samples were 

analysed to get an accurate picture of the seasonal variations. 

pilarAe 

In order to study the changes taking place in the 

organic acid contents during fermentation in silage, the graze 

was packed into small bottles lieich were incubated at 35°C. and 



removed at intervals for analysis. Thus it is assumed that 

the fermentation takes the same course in all the bottles so 

that the contents of one bottle represents the stage of the 

silage at a certain time. 

No addition. 

Grass ensiled en August the 29th (Silage No.2) resulted 

in a product of poor quality as indieFted by high pH, high 

butyric acid and high ammonia content. One bottle of this 

silage was taken for analysis after two days, one week, twelve 

weeks, and nineteen. weeks. The dropped slowly from 6.22 to 

a minimum of 5.30 after 12 weeks, and rose again to 5066. 

The :protein breakdown ms followed by determination of 

soluble nitrogen and volatile nitrogen. The soluble nitrogen 

Increased from 7.9. of the total nitrocen to 52.50 and the 

volatile nitrogen was 24.4';, of total nitrogen after 19 weeks, 

indicating that -,orotein breakdown had continued beyond the 

amino acid, stage. Total water soluble carbohydrate was 9.11,;:, 

of the dry matter in the fresh grass and 0.7% in the 19 week 

silage. 

Due possibly to insufficient carbohydrate, the p did not 

drop far enough to prevent the action of the butyric acid-forming 

uicroorcuisms. Thus the final result was a formation of 

butyric acid instead of the lactic acid essential for a good 

silage. 
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It is seem from figs. 25 and 26 that, the small amount of 

lactic acid formed in the beginning of the fermentation had 

disappeared after 19 weeks and large quantities of butyric 

acid had been produced. This is generally found to occur in 

high pki silages due to the presence of the lacta.te attackiw7 

organisas Olostrigium blilzricum and Cl. tyrobutvricum (20a,91). 

Quiuic acid increased sliEhtly in amount and seemed to 

reLaain constant. Succinic acid, however, which was present in 

very small amount in the fresh grass, increased rapidly to 

over 3 of the dry matter and had almost colal?letely disappeared 

again after 19 weeks. Malie and citric acids both disappeared 

during the first week of the fermentation. 

Fructosan addition. 

ik silage experiment was carried out in which rye graut; 

fructosan was added to one portion of the grass and a control 

silae was made with another portion to which no addition was 

made. (see Silage No01)0 The grass was minced and ensiled in 

bottles maintained at 20°C. for 3 days and thereafter et 35°C. 

une bottle of each series was analysed at intervals. This 

grass, cut on April 25th, contained 205 water soluble carbo- 

hydrate calculated on a dry matter basic (92) and a "good" 

silage with no butyric acid was obtained. 

Durint: the first 3 days at 20°C. the pH did not drop in 
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either series, but after 7 days the pH was 4.3 in the control 

and 4.9 in the fructosan silage. In the final product pH was 

4.3 and 4.4 respectively. The samples which had been incubated 

for 143 days were analysed for volatile acids. Neither contained 

butyric acid (See experiments 23 and 4, r.p. 93, 95 ) 

Both contained acetic acid equivalent to 15i of the dry 

matter. The fructosan silage also contained 0.12,- propionic 

acid, which was not detected in the control silage. 

Formation of succinic acid was also observed in both 

silages in this experiment, although the amounts produced 

smaller than in the previous experiment (see fig.26). It 

will be noted that th e fructocan silage contained about 3 times 

as mach succinic acid as the control silage (see fig, 27 and 

28). However, the silage to which an aqueous solution of 

fructosan had been added had a higher moisture content than 

the control silage; as an equal amount of we ter was not added 

to the latGer. Therefore the initial conditions iu the silates 

were slightly diZferent, which elay have influenced the 

bacterial activity. 

As will be seen from figs. 27 and 28 there was a rapid droT 

in the malic acid and citric acid content in both silages. 
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Silages were prepared with addition of malate or citrate 

in order to study the breakdown of these two acids. In both 

cases control silages were prepared from the same grass 

sample as the silage to which addition was made. 

,:aJate addition. Sodium malate equivalent to 1.4% mane 

acid was added to grass cut on September 23rd (see table ii) 

so that the maIic acid content in the start1n3 material was 

2.8'; of the dry matter. 

After 20 days incubation the control silage contained 

0.785, euccinic acid and 9.2; lactic cold (see Silage No.4). 

There was a little butyric acid present. The had dropped 

to 

In the malate silage the pH dropped to 4.60 and there 'x-,s 

i.8: succinic, and 7.7 lactic acid present. Zalic and citric 

acids had disappeared almost completely in both silages and 

there was no significant difference in the volatile acid 

figures. 

Although detailed analyses are not available, it became 

clear that the malate silage deteriorated after further 

incubation, since a bottle opened after 2 months had PH = 5.3 

and gave a strong smell of butyric acid. 

It is known that certain bacteria in silage, e.g. some 

lactobacilli, decarboxylate malate which su,_;6ests a possible 
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exi)lanation for the deterionetion of the malate silage. The 

liberation of cations will leael to a rise in pH. This will 

fe.vour the activity of the butyric acid-forming microorganisms, 

and carbohydrate and the lactic acid formed will be fermented 

to tutyric acid. 

The control sile had remained at pH 4.2 after 2 months, 

indicatinr that the product was of good quelity. 

Citrate addition. Sodium tricitrate was added to grass which 

was then ensiled in the usual way. The addition was equivalent 

to a citric acid content of 2 of the dry matter of the grass. 

After 2 days incubation at 35°C. the pH had dropped to 4.9 both 

in the control and in the citrate silage. There was a 

considerable increase in succinic acid in both, and nalic 

citric acids had disappeared. 

There was more lactic acid in the citrate silage (9.2% 

D.M.) than in the control (7.5;L). After 22 weeks the pH was 

4.4 in the control and 4.48 in the citrate silage. The 

succinic acid content was the same in both (1.1%) and there was 

no significant difference in the lactic acid figures. There 

was no butyric and only a trace of propionic acid in the silages. 

The citrate silaiee, however, contained nrach more acetic acid 

than the control. 
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Prom these experiments it io evident that there is 

rapid disal)pearance of malic and citric acids during the 

silage fermentation. Similar decreases in mane en(9 citric. 
acids have been reported to occur in cider fermentation (93) 

as broughtabout by lactobucilli. These organisms also 

converted quinic acid to dihydroshikimic acid. In the 

present wurkpfurther study into the behaviour of quinic acid 

was not attempted. The conversion to dihydroshikimic acid 

by certain lactobacilli, comaonly found in cider, has bem 

reported to take place under conditions of reduced oxygen 

tension (94), which are similar to conditions in silage. 

It ip therefore possible that changes of this kind have been 

overlooked with the methods used. Succinic acid seems to 

appear in varied amounts in sila,7e. The :,-7-resence of this 

acid has been reported previously in sila'i7e (95) and under 

similar conditions of fermentation in cider (93). 

and lfliiOj of 

In order to study the changes which might occur during 

Owing and wilting of the grass, different drying methods were 

employed. Thus samples were dried in an oven at 95-100°C., 

wilted in the air, dried in vac:Lie over P205,And dried in a current 

of hot air. 
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liyhen a current of hot air was emraoyed, the dried grass 

contained essentially the same amounts of all non volatile 

acids as the frech 3ras. By using the other methods, however, 

there were considerable losses in malic and citric acids, the 

losses being largest during the slow wilting process. With 

this in mind it was reasonable to believe that losses of malic 

and citric acids in silage were not due entirely to bacterial 

actions but also to the action of the plant enzymes. 

The changes in the acid contents due to the plant enzymes 

were examined by analysis of freeh and wilted sterile timothy 

grass. Changes similar to those which occurred durinc' wilting 

of rye grass were expected. However, in the microbe-free 

grass there was a loss of Aalato and a sain of citrate. 

Within the experimeneerrors these changes corresponded to 

the conversion of 1 mole malic acid to I mole citric acid. 

There was also an increase in cuinic acid during the wilting. 

Thisv however, may possibly he an experimental error, as the 

amounts of grass analysed were relatively small. 

recrease in malic acid and increase in the citric acid 

content has been reported by Pucher et al. (96) to occur when 

excised tobacco leaves were cultured in the dark. The same 

worl:ers found that both malic and citric acids disappeared 

when rhubarb leaves were incubated on water in darkness (97). 

Waxi et al. (98,99,100) examined the orL:anic acids in 

Sudan grass, Kikuyu r,rass and Algerian oatre. They found that 



the behaviour of mane and citric acids was essentially the 

same in the leaves of all these when they were subjected to a 

gentle stream of air in darkness. The results, however, 

differed from those obtained with tobacco and rhubari), as there 

was an increase both in male and citric acids in the early 

stage of the starvation neriod. The content of the two acids 

reached a maximum and then decreased again 'a t the end of the 

7 day starvation period (99). 

I. ex-Dlained the oonflictinE results between 

grasses, tobacco and rhubarb by assuming differences in the 

individwl enzyme activities. 

Wilting of ryegrass and sterile timothy grass gave 

different changes in the malie and citric acid contents. 

Differences in enzyme activities due to different environments 

during the growing period might well be a possible explanation 

for this. The rye grass had grown naturally in the field 

while the sterile timothy grass had grown on a nutrient solution 

in test tubes in artificial light, !lso it must be remembered 

that they are different species. 

The results of the wilting experiments can not 1)e 

compared strictly with the starvation experiments quoted above, 

the differences in species and experimental techniques have 

to be considered. 
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The conversion of malate to citrate in the sterile grass, 

however, might be explained on the basis of the Krebs cycle, as 

malate could be converted to oxaloacetate which could combine 

with pyruvate to form a tricarboxylic acid see fig.i, p. 3 ) 

Silao,yith metql2alEhitle addftion. 

']odium metabisulphite acts as a bactericide and has been 

used as such as an additive to silage. The changes occurring in a 

metabisulphite silage will therefore be due largely to the plant 

enzymes. 

In a metabisulphite experiment carried out at the Edinburgh 

and East of Scotland College of Agriculture (Silage No.5), the 

non volatile acids were examined after E montlEensilage. 

Men metabisulphite had been added, the bacterial count was very 

small (l01). The fresh grass, from which the silage was made, 

was not analysed. However, the grass was cut on 1ay the ist from 

the same plot as the grass analysed on April the 25th (sec table 11). 

Although 5 days older it is müikeïy in view of the evidence 

given above, that the organic acid content had chanzed 

significantly. Assuming this, there was an incre3se in the 

citric acid content during ensilage when metabisulphite was 

added alone and when both metabisulphite and lactobacilli were 

added. There was a decrease in malic acid, especially when 

inocull-lted with lactotcilli. There was no increase in suc::;inic 

acid. 
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The effect of addition of metabisulphite on the 

behaviour of the non volatile organic acids can be seen by 

comparing these two silages with silaEe made froa the same 

grass saraple with addition of lactobacilli only. In this case 

a normal silage with a low pH was obtained and malic and citric 

acids had almost completely disappeared. 

It is teapting to connect the increase in citric acid in 

this experiment with the increase observed during wilting of 

sterile grass which could then be explained ae due to the 

action of the plant enzymes, although it ILlust be remembered that 

the fiicroorganisms were not entirely absent in the metabisulphite 

eper..ent® The results from the metabisulphite exoeriment 

also suLest that part of the malic acid in ordinary silaqe is 

broken down by action of ,oicroorganisms, and that the 

disappearance of citric acid is entirely due to bacterial action. 

Rosenberger (102) found that CloT;tridium aohenoides 

strains (isolated from silage) attacked malate in iure culture 

and most of them also fermented citrate at about pli 7. Also 

some strains of .010 :butylEicum were able to ferment malate. in 

pure cultures of lactobacilli, malate disappears from the 

medium with evolution of gas and rise of pH, suggesting a 

decarboxylation. It does not, however, appear to act as an 

energy source (103). 

Succinic acid was never found to change significantly in 
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amount during wilting of rye grass or sterile timothy, nor 

was it found in silage when metabisulhite had been added. 

Otherwise it appeared in varied amount in silage. It is 

known that .0ropionroacteria are able to produce succinic acid 

(9.10/0 from various substrates. Succinic acid may also 

appear by deamination of aspartic acid by coliform bacteria (104a). 

However, the bacterial changes occurring in silage may 

depend upon many factors and it is not .en easy matter to state 

the exact course or mechanisms of these Changes. First of 

all the types of microorganisms and the rumbers may differ 

from one samule of grass to another. Even if the sample from 

which the experimental silages are made is mixed well, the 

initial microflora may differ in different bottles. This may 

cause differences in the fermentation. 

However, the familier lactic acid fermentation of 

carbohydrate was observed in the silage experiments. Acetic 

acid, which can be roduced by many organisms from a variety 

of substrates was found in all silages. In silage No.3 it 

was found to be present in a larger amount when citrate had 

been added than in the control silage, This may suggest 

bacterial fermentation of citrate with acetate as the main 

product. Lactic acid was expected to appear in o silage with 

malate added. This was not the case however. Instead, the 

saccinic acid figure was higher than in the control, although 

auccinic acid need not necessarily come from malic acid. 
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Considering Silage Îo.2 (see fis 25 and 26) it al_Yoears 

that succinic acid could be an intermediate in the propionic 

acid formation. The succinic acid was formed very rapidly 

and did not increase much from a 2-day silage to a 1-weck 

silage. If the figure for the 1-week silage is considered as 

the maximum, the disappearance of succinic acid would account 

for the propionic 9.0A,0_ formed. 

When this work was started it was not known to what e-,;.tent 

organic acids contributed to the digestible components of grass, 

hay and silage. From the results obtained from analyses of 

perennial rye grass by accurate methods, it is seen that the 

total amount of organic acida is small in the fresh material. 

In silage the organic acids, mainly lactic and acetic, 

representing the main products in the fermentation of the 

carbohydrate originally present, are of considerable feeding 

value to the ruminants (18e,26,105). 

The ludic and citric acids which are loot in silage-making 

do not reoresent more than 2-35 of the dry matter. It is 

possible too that the products of this breakdown are digestible 

substances such as lower fatty acids, thus reducing the actual 

loss of feeding value. 

_ . . 
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SUTL.i.R.Y 

1, Chromatography of non volatile organic acids on an 

anion exchange resin has been adapted to grass and 

Silage analyses. 

2. Volatile acids have been determined in silage by 

chromatograDhy on silica gel. 

3. Lactic acid has been determined colortmetrically in 

silage extracts ourified by ion exchange resins. 

4. In agreement with previous workers, quinic, malic and 

citric acids have been found to be the main acids in 

perennial rye grass. Aalic acid increased in amount 

during the growing period but there was little 

change in quinic, citric and succinic acids. 

® alic and citric acids disappeared rapidly during 

silage fermentation, while succinic acid appeared in 

varying quantities, the increase being highest in a 

high-pH silage. 

These changes were greatly reduced by usinr:, 

metabisuiphite as an additive to the silage. 

6. During wilting and oven drying of the grass, there was 

a decrease in the amounts of malic and citric acids. 

Rapid drying in a current of hot air did not alter the 

composition of the non volatile acids. 



-157- 

7. During wilting of sterile grass, malic Lcid decreased 

and citric acid increased in amount. 

8. The results are discussed in relation to reactions 

brought about by plant enzymes and microorganisms. 



158 

Paggikl,MaX 

10 PonaRKIA.p "Plant Piochemiatry", New York:. , 195. 

laa ibid., p.14C0141. 

lb. ibid., v.146, quoting: Kostytschevp ,"Piont PespiratiLin", 

OloLieton, 1927. 

ibid, 19 

ld0 ibid, p.187 . 

le ibid, p.195, quotin ' 1t1U$ C. and Knood, 2., Z.phyaicl 

che4., 1936, gUt 

if ibid., p.151, quoting: Gollftb, :::. and Vennesland, r,o9 

.1010 Chol2., 1947 1V: *,)1"Ze 

ibidop 

ibid., p.161,162. 

11. ibid., 4191. 

16. ibi Op 1,01440 

2. alt;04111.,_a&LINdilialLt!Ir., Ann. Rev. ilant Yhyraiolop 

195(.,0 1p 75-4K5 (A reviW. 

3 flxibnall 'Protein Metaboiism in the Plant', new ikven, 

1939. 

3a. 

3b. ibid., p.10>-17)9. 

3c. ibiu., v.2()90 

" 1114'--9P(1,0.0/11439F.0 Ait, il:114730101e, 137, A, 14L4 

Krebe. Advance k:i amyLaologyp 1943, Is 191. 

Iait tespiration", Oxford, 1953, P0135, 

5. ibid., i)4126. 



-159- 

¡a;ter ;t4esan_pilllásIgls.h, "Respiration in nantb.0, 

London, 1952, p.122. 

6a0 ibid, 9.5. 

BruiAeati.,_)...C. and Burri :lei. Chem., 1954, 

755-65. 

Biol. Chem., 19470 16® 77. 

ba. liaa91201. Alai" ,cient. Fennica :ier. A II Chemica0 

`VAgif, 48. 

). Bioohem. J., 1936, IL). 46; 

1938, 2, 1262. 

104, ThqE,ALdo and_Ranzsl, , .L.0 New Phytolocict D '9540 11 1 

110 r4474AdjltYtojaiaellill J.Oci.Food 1')54, 2:. 

12. Mulizie J.Sci.Food Agri'. 1954.:2g, 

13. :telscsnli_14:.KIJAW......oteriliv Joks-I.Chelleoc0,19311103C1160 

2210 

14. Nelee L.R. and,Na§sepriad4.1., Am.Chem.3oc.,1931,,Z01k-400 

15. 13,EatatA;.¡,,J.G. and Duncan 14ature,Lonaoli015530.71,478. 

IG, RichardeyA0 Nature01..endon,19550.112,43. 

17. Yiateon "The $_oience and Practirie of Conserwition: 

times and Forage Cros", VoL.I. 

gerti2ftzor and :.'eeding -tuff Journal, l_ondon 1939. 

17va ibid., 

17b. Ibid., p.86. 

17c. ibid.' 1).13O0 

17d. ibld, 

17e. 1,.146. 

17f. ibid.. p.135. 



- 160 - 

18. j-Alms.A.L2.. "Silage Fermentation", London, 1954. 

18a ibid., p.1010 

18b. ibid., p.146. 

18c. ibid., :0010, 

18da ibid., p.151 . 

lee. ibid., p.55. 

15. F3utzer.,,,A., Biochem. Ztschr., 1915, 70, 299. 

20. Virtanalla i7.con. Proc. Roy. 1Jublin 

20a, RosenbeR.F., Thesis (Edinburgh), 1952e p.64 

22. Kealk12.L A.1, Lgric.01956,7,125. 

23. lLspleys9111.,11.T., J.Cci.Food 

24. Suomen Kemistilehti, 1555, R8, 3. 

25. BalAylaL_E., "Dynamic Aspects of Biochemistry", Cambridge, 

1947, 2.204-6. 

26. J.Sci,Food Agric., 1955,6,413. 

27. KaDoelle D. and Po stma C. Verslas Cent. Inst. Landbk. Onderz. 

over 1952, .viageningen, 1953, 101. 

Herbage Abstracts, 1954. jo.2, 86. 

28. J.2ci.Food Agric., 1954.48. 

29. .11,44.91ax C.B., J.Sci.Food Agric., 1953,4,527. 

30. Aidermann G. 
, Cowan R.L.J_Erij.t.i. and Swift 

J.Dairy Sol., 1954k1Z,659. 

31. .1,a1p2layskt.mit. R.T., rPiV. commn. 

7Y2. Pucheal,_Gtlyisicsluj_ILJLAand Wakemann, A.J.0 ind.Eng.Chem., 

Anal.Ed., 1934,6,140,288. 



-161 - 

33. 124PhSEJHiii1112eraalla---__-J4.j.t..aPd 1/10samu.121-* Ind.Engochel". 

Anal 'Ed. 91-0 24)4 p 41 2. 

j-Aochem.J., 1941.1358. 

35. 1:E..M9.14...1-11L2E42g- TA24-1.,,R.D. Jr., .Aza.Chem.Soc., 135'fiJD2642. 

36. Isherw9odl_F.A., Bioehe. J., 1946942,688. 

37. Moilel_241._aldwinl, Et_and_Fsarisbriekl_E., Bioehem.J. 1948, 

43,308. 

38. James T and MartIn J.P. Biocham.J. 19520522,679. 

39. Frohmann. C.-E. 6rter j and _Smith A j Biol They' 

L.O. 

1951, 193, 277. 

amejja.C, Anal . Chem. 
1952, 24, 187. 

41. DonaldspnL_Liall TulanetV.,J.. and ZarentIlli., Chem., 

1952, 2.24 185° 

bn o 

45. 

47. 

8. 

e 

grsh,-111 L Donald,;(,- w 0 and Frieebe-r .12' Anal. Chem., ° 9 

1952, 24, 773. 

2a4novek. V! and Burps 11.H., AnalL, Chem., 1954, 26, 208. 

andj'reepbeiat,D.M., J.Biol.Chem., 

19550 212, 379. 

Lugg, and Overell B.T.v Nature,London,19i470160087. 

Iglzu_,T.W.h. and Overell B.T., Aust0J.Sci.Pes.(er.A)91948,1,98. 

TayántL,F. and OvezmILL 5.T., Nature,London,1951,1L20361. 

BiochLa.biophys.Aeta,1953,10,471. 

lianest_C C.and_ip,hersa9.2A_LIL., Nature,London,1949,164,1107. 

Brown, i. and Hall L.P., Hature,London,1950,166,66. 



-162- 

51, Brovas P.0 N:Aures London, 19510679421. 

52e 1.421y41_,L2.21.1_,IR. and ,tedylaaA., j*Chem.Soc.0 

195192197. 

530 Reid R.L. and Lederer s Biochem.J.9 19519.5296c. 

540 Ishervvood F.A. and hanes Eiochem0J.0 195399824. 

55. SaatAtlfj.914_2.9 'Ion Exchangers in Analytical Chemistry", 

New Yorks 1953. 

56. Paech Y. ard "iilodern Methods of Plz).nt Analysis", 

Vol.119 541-429 4ringer-Verlags 1955. 

57. flatures London 1953, 1719 61G. 

58. J.D. end Polluas...A.,hEture9 London, 1953011s0. 

59. Schenker Holie_and Riemans s Ana/sChem. 1953 a.591637, 

6o. Buschts HurIb,j,B. and l'o2LUE2.R.s 47.73iol.Chem., 

1952,12.§0717. 

61. Fttarks_ and .--ANe32.9.4...auje 9 x'i.f.,41 Chen, . 

1951%.U94/30 

62. War.yer42. Priv. comian. 

63. Mpuhsmart4_2142.9 Biochem.j.91946,.4,470. 

64. PElasE., Conn.2gr.Exp.Sta.13ul1.,58901955. 

65. ?eiGl )ottests II. Organic applications", 

21seviers 19514s o.250. 

ibidos 

61o. ibid., p.263. 

66. Kemble, A.R., Thesis (XdinburGh)9 1953, 1).77. 

67. flockin_and illiams Ltd. *'Organic Reagents for Organic 

Analysis', Londons I 9l.Lj, 9.74. 



- 163 - 

68. BaiKer,_ C.J.L.0 Analyst, 1952, 71, 3400 

69. Barker__S-.. B. _and _Stim-gter,soil J .Biol . Chem , 1941 1389535. 

70. Barns tt wad,. p.une an R. E. B , j Set. Fo o d Agrie 1954D 

c or 

71 Fr1edemannT.E. p Biol.Chem. 19389191e1 e 

72. GloeKok.. and Hy-ids Z.Tierernahr<, FutterittIk 
i 95500 029. 

73. ElsdeiLt_ P4e Biochera. J. 1946 W,, 252. 

74. Clabrá.alli_L42. ..,111... and Williams .F . Bioehem.J. 

1943p37p354. 

75, Convu.s.....E.J.EtacLarua_..A." Biachem.J. 1933,27,419. 

76. j. Agric . Res. , 1917 A0361. 

77. puntera_2. A. J.Agric.Res0 t 1921,21 767. 

780 A.13.....42.12.4. cnd Feruson 
J.Agrie Sol . 5 19371270271 . 

0.B. and 1.141. Lamsat...Z J Dairy c:.,c 7° 

1947k12,775. 

80. Stqapler,...2" Ann. Ch Phann. p 1 8 59 p1 1 1 p 2 990 

81. Cl9e," .Inn,Ch.Pharra. iP6291229120. 

82. EilfolialitArág. . 1955,12,523. 

83. .1:51Tbs 1.1-A arYLEcla_ls,ptopot,.. Lev. , Biocheni.J. 1944,2,426. 

84. Smilial.21.!,10, Analyst, 19389,63,777. 

85. ForenF. 9 Biochem. J. 9 1 9 2i2 pi t 451 

86. Elochem. 1928,22,208. 

87. Woodaanj 'I.E. J.AEric 3ci. 19259:2,0343. 

88. Dyer J.Biol.Chera. p 1917528914)-50 



164 

89. yiemAKA.S., "Anleitung zum quantitativen agrikulturchemis hen 

Practikum"0 Ber1in0 1926. 

90. V1rtnen 111.1.1ttLirmas_.T.K., NaturegLonden0951,16q0234. 

91. Mat j.7. and Barkeah4A210 J.Bact.0 1947,1403810 

92. :&121aaSA.0 Priv. commn. 

93. xmajapsj J.Pollard 1. and Whitin_. G Cop J.Sci.Food Agric. 

1956 J3 
94. Carr Phi.3ApAs_Ap4211227AA. Whitg.0120. and 

A.H.0 Chem. and. Ind. 1954t -A, 1,513® 

95. Annett H.E. and Russell E.j.0 J.AgrJc0Sci001908020382. 

96a G..ELLLah9WIng_A.J. and VicIT.-1 11.1:°P 

J.Biol.Chem.0 1937,1100523. 

07 Pucher1121,21.0 rakeman0 A.J. and Vickeriaji.D., 

J.Biol.Chem.0 19380126043. 

98. 292111_.I..a.,4 Cruickshank. D.H. and Kuehel R.E.0 

Australian J.Expt1.Biol.Med.Sci.0 1945,2107. 

99. Wood J.G.,, :dercer=. and Pedlowi....2.0 

Australian J.Exptl.Biol.Med.Sci.0 1944022057. 

100. Cruickshank D.H. and Wood J.G.0 

Australian J.Exptl.Biol.Med.Sci.0 19450,243. 

101. Priv. commn. 

102. Posenbuizir P.F. Priv, coraln. 
P 

103. Ked4e H.q., Priv. comm. 

104. palelLE.F.0 "Chenaical Activities of Bocteria",London01-510,9.134. 

104a. ibid., p.162. 

105. 02134.C., Proc, Roy. Soc. le0.0 1946,120804. 


