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PREFACE

THE use of alcohol as a fuel for internal combustion engines is by
no means a new development. Since the beginning of the present
century it has been employed to a limited extent in farm engines,
more especially in the neighbourhood of agricultural distilleries
on the Continent. Alcohol engines have also been used success-
fully in some of the chief sugar-producing countries of the tropics,
the fuel being derived from the fermentation of molasses. It is
only within recent years, owing to the shortage and high price of
petrol following on the war, that the employment of alcohol as a
fuel for light motor transport has been seriously advocated.

Although at the present moment there would seem to be an
over-supply of petrol, and consequently little inducement to explore
the possibilities of a substitute, we have no assurance that this is
likely to be a permanent condition of affairs. On the contrary,
there are many indications that, with the revival of industrial
prosperity, the demand for motor fuel will again tend to outstrip
the supply. Opinions are somewhat sharply divided as to the
extent of the world’s petroleum reserves, and in default of some
definite evidence as to the sufficiency of future supplies, it is clearly
of importance to investigate the possible alternatives. It is with
this object in view that I have endeavoured to present, in a con-
nected and readily accessible form, the arguments for and against
the employment of alcohol as a motor fuel, together with the
theoretical and practical considerations governing its production
and utilisation.

Owing to limitations of space, methods of analysis of fuel

mixtures containing alcohol have not been included. The investiga-
v

bodll & VT ARAY 2 )
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tion of the more common liquid fuels in the laboratory is already
dealt with in detail in existing text-books. The inclusion of alcohol,
and possibly ether or other bodies, in fuel mixtures, will undoubtedly
introduce many difficulties in the way of analytical procedure, and
the subject is clearly too extensive to be susceptible of adequate
treatment in a book of this character.

I am indebted to Mr. W. A. Godby for valuable assistance in
connection with the transcription of the manuscript and the reading
of the proof-sheets.

G. W. M.-W.

LONDON, -
December 1921,
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POWER ALCOHOL

CHAPTER I
INTRODUCTORY : THE MOTOR FUEL QUESTION

THE progress of civilisation during the last century seems to
have been in great measure dependent on the extent to which
manual labour has been supplanted by power derived from natural
sources. In the Middle Ages the only ‘‘ prime movers ”’ known
derived their energy from water and wind. It was not until a com-
paratively recent period in the history of mankind that engines
were invented capable of converting heat into work, and thus of
utilising the vast stores of bituminous fuel which had gradually
accumulated in the form of coal and mineral oil.

As long as the requirements of industry were of moderate
dimensions the output of mineral fuels was quite equal to the
demand, and the cost remained at a figure which supplied little
incentive to economy in fuel consumption. Within recent years
the demands of industry have increased enormously. The older
and more accessible coal and oil fields are gradually becoming
depleted and the development of new areas of supply, more especially
of mineral oil, has barely kept pace with the demand. The inevit-
able consequence has been a considerable increase in the cost of
fuel, and this has emphasised the necessity of improving the effici-
ency of heat engines and of obtaining the utmost value from the
fuel consumed. -

For the conversion of heat into work there exist, broadly speak-
ing, two essentially different types of engine. In the steam engine
the motive power is derived from the expansion of steam supplied
under pressure, and the réle of the fuel is to generate this steam from
a boiler which may be situated at some distance from the engine.
Any kind of combustible material can be used as fuel, provided that
it can be conveniently applied to the raising of steam. In the
internal combustion engine the fuel is mixed with the approximate
amount of air required for complete combustion and the mixture

I
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is then burnt inside the engine itself. The rapid combustion of the
fuel in a confined space generates a large quantity of gas, which by
its expanswn supphes motive power to the engine. The action of
the engine requires that the combustion of the fuel shall be extremely
rapid, and to this end the air and fuel must form an intimate mixture.
The available fuels are therefore restricted to those which can be
used in the form of gas or vapour, or as a fine spray. There is no
reason, a priori, why solid fuels reduced to a fine powder should not
be successfully employed in internal combustion engines, but the
mechanical difficulties encountered are so great that no advance
has been made in this direction.

The factors which determine the type of power plant most
suitable for any given purpose include the following :

(@) Cost of installation and maintenance.

(&) Cost of fuel per unit of heat.

(c) Amount of labour required for attendance.

(@) Size and weight of plant.

(¢) Thermal and mechanical efficiency.

(f) Storage and handling of fuel.

(g) Continuous or intermittent operatmn of plant and
variations in load.

In factories and stationary power plants the cost of fuel per unit
of horse-power developed is all-important. Itisnota disadvantage if
the plant be large and heavy—in fact, the larger the plant the higher,
as a general rule, is the efficiency and the greater the economy in
labour and maintenance. There is usually plenty of room for
storage and handling of solid fuel. As coal is by far the cheapest
fuel obtainable it is almost universally employed, in some form or
other, for stationary power plants. Unfortunately the potential
thermal units of raw coal are not present in a high state of avail-
ability—that is to say, the steam engine and boiler do not constitute
an efficient means of converting heat into work. A power plant
consisting of boiler and reciprocating steam engine will not convert
into work much more than 1o to 12 per cent. of the heat it receives,
and a turbine engine about 18 to 19 per cent. Moreover, the eco-
nomical production of steam power requires that the plant be not
too small and that it be operated more or less continuously at a
heavy load. Intermittent working at varying loads leads to waste
of fuel. It takes a considerable time to raise steam in a boiler, and
to bring a steam engine into operation, and the dangers attendant
upon high pressure steam plants necessitate constant and skilled
supervision.

Internal combustion engines are free from many of these dis-
advantages and convert into work a greater portion of the heat
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which theyreceive. Under certain conditions, therefore, it is prefer-
able to employ large internal combustion engines utilising gaseous
and volatile fuels derived from coal. Thus in many power plants
at the present day are installed heavy gas engines working on coal
gas, producer gas, and waste gases derived from the coal used in
certain industrial processes, such as blast furnaces. The thermal
efficiency of these engines is much higher than that of a steam plant,
approximating to 40 per cent. in the large gas engine. Such engines
running upon blast furnace gas or producer gas from low grade fuel
provide an extremely cheap source of power.

There is a second type of heavy internal combustion engine, the
Diesel engine, which utilises oil fuel. The use of Diesel engines is
greatly on the increase, and theyare particularly suited for conditions
under which facilities for storage and transport of fuel are limited,
and where supplies of cheap oil fuel are available. The Diesel
engine operates at extremely high compressions (p. 214), so that it
must be massively built and possess a heavy flywheel. Its employ-
ment is therefore restricted to conditions under which size and
weight are not of prime importance.

Light motor transport is far more exacting in its requirements.
It is essential that the engine be small, compact, light, flexible under
varying loads and easy to operate, and, further, that the fuel be
casily stored and transported. In face of these considerations, cost
of fuel is of secondary importance. The petrol engine fulfils these
requirements to a high degree, and its use for the lighter forms of
transport has developed enormously in recent years in spite of the
high cost of volatile liquid fuels.

When compared with other fuels the price of motor spirit is out
of all proportion to the work actually obtained fromit. With petrol
at 3s.a gallon, fuel oil at £4, 10s. per ton, and coal at 40s. per ton, the
cost of 100,000 B.Th.U. in the form of petrol works out at about
2s. 2d., as compared with 21d. for fuel oil, and 1{d. for coal. The
cost of fuel for one horse-power hour is roughly o-24d. for a large
steam plant run on coal, 0-14d. for a Diesel engine working on
heavy oil, and 3-3d. for a petrol engine.

Within the last few years the scarcity and rising price of motor
spirit has become a serious problem and has directed attention to
the whole question of the future development of mechanical road
transport.

Makers and users of power units either for factory or transport
purposes are often deeply committed to particular types of engines
and it is difficult to change over from one fuel to another accord-
ing to fluctuations in price. It is true that in steam plants tem-
porary alterations can readily be made to admit of the burning of
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oil in place of coal, or vice versa. But in the case of engines de-
pendent upon special types of fuel it is of paramount importance,
as affecting future design and construction, to form some estimate
as to the probable trend of the fuel supply. The question is
whether the increase in price of certain fuels is the result of a
temporary excess of demand over supply, which will readjust
itself as new fields are developed and become productive; or
whether it is the first symptom of a permanent shortage, becoming
more accentuated as the existing reserves of fuel are gradually
depleted.

The world’s annual output of coal at the present day is esti-
mated to be of the order of 1500 million tons, and of petroleum
about #5 million tons or 18,000 million gallons. The reserves of
coal known to exist are probably sufficient for over three thousand
years at the present rate of consumption, which might be held to
indicate that the supply is practically inexhaustible. Against
this must be set the certainty of a progressive increase in demand,
and the probability of a continual rise in price as the accessibility
of the material diminishes. But if the estimate of the reserves be
correct, an actual shortage of coal within a reasonable period is
an extremely improbable contingency, and the price of this fuel
is more likely to be affected by cost of labour and materials than
by actual scarcity or depletion of reserves.

The world’s reserves of petroleum do not admit of even an
approximate estimate. Notwithstanding the wvarious theories
advanced to account for the formation of this substance, its origin
and the conditions which determine its occurrence in quantity

s sufficient for commercial exploitation are still obscure. On the
one hand, it is held that the existing oil wells have only touched
the fringe of the available supplies, and on the other, that the
world’s reserves of petroleum will not last more than fifty or a
hundred years, possibly less. One thing, however, is certain, that
the United States, which in 1919 produced 74 per cent. of the
world’s total output, itself consumed more than this quantity
and was importing oil from Mexico and other fields.! It was
estimated in 19172 that during the period from 1859 to 1917 the
oil-fields of the United States had produced a total of 4200 million
barrels of crude petroleum, and that the quantity still available
underground amounted to 7000 million barrels. As the yearly
output was at that time 340 million barrels, this estimate would
seem to indicate that the total exhaustion of the United States
fields is only a matter of a few years.

There is little doubt that the output offother countries, which
in 1919 contributed 26 per cent. of the total production, is capable
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of being greatly increased, but such increase has not yet made
itself felt. The development of new oil-fields is a slow operation.
They are situated in great part in undeveloped countries, and often
a long way from the coast. Wells must be drilled, pipe lines
laid, storage tanks and refineries erected, and tank steamers built
to convey the oil to the points of consumption. In 1913 the
world’s output of crude petroleum was roughly 13,500 million
gallons, of which 4700 million, or about one-third, came from
countries outside the United States. In 1919 the figures were
17,500 and 4500 million gallons respectively. Thus the total
increase during the period was only 30 per cent. of the 1913 pro-
duction, and was due solely to the United States, largely on ac-
count of the diminished output from the Russian and Roumanian
fields. On the other hand, the consumption of petroleum spirit
rose greatly during this period, as is indicated by the figures given
for the import of petrol into the United Kingdom. In 1913 we
imported 1ox million gallons of petroleum spirit and in 1920 over
200 million gallons, 40 per cent. of which came from the United
States, or from Mexico v¢a the United States. In the latter country
the consumption of petrol rose from 1200 million gallons in 1914 to
2680 million in 1918. This increased demand has been met largely
by widening the ‘“ cut ”’ in the distillation and refining of the crude
oil with the production of a heavier spirit, and also by “ cracking
the higher boiling portions and by recovering the lighter con-
stituents or “ casing-head *’ spirit.

The yield of motor spirit from crude petroleum varies greatly
in different localities. Alsatian oil contains very little petrol, while
Pennsylvanian crude may yield 20 per cent. or even more. A fair
average figure is 6 to 8 per cent., and this may be more than
doubled by the adoption of the above expedients. With further -
developments in carburettor design it will no doubt be possible to
utilise in motor-car engines still more of the kerosene fractions
of petroleum which at present are employed largely for heavy
transport and agricultural engines.

The first half of 1921 has witnessed a decline in the demand
for petrol. Stocks accumulated, and production and price have
fallen in consequence. It would seem that this is largely a result
of general trade depression and cannot be taken as an indication
that a shortage is no longer to be feared. The recent correspond-
ence of H.M. Government with the United States on the subject
of the Mesopotamian oil-fields® provides an interesting com-
mentary on the conflicting views held in regard to probable oil
supplies of the future.

One is led to the conclusion that a complete solution of the
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motor fuel problem can only be found in the opening up of ex-
tensive, and as yet unproved, new areas of supply, together with the
introduction of fuels derived from sources other than petroleum.
Unless the results obtained from existing oil-fields and from new
ones now being explored exceed all expectations it is tolerably
certain, with the present rate of development of motor transport,
that every possible source of liquid fuel will have to be developed
to the utmost.

In view of the comparative cheapness'and accessibility of coal
and the fact that volatile products can be obtained from it by
destructive distillation, it is natural to look first to this material
as a possible source of motor fuel. Bituminous coal yields on
carbonisation at a high temperature 14 to 17 per cent. by weight
of gas, 4 to 10 per cent. of tar, and 60 to 75 per cent. of coke.
From the tar on further distillation there is obtained from o-5 to
2 per cent. (002 to 0°2 per cent. on the original coal) of a mixture
of volatile hydrocarbons eminently suitable for use as a motor
fuel. The nature of the light oils and the yields obtained vary
greatly according to the type of coal carbonised, and the tempera-
ture at which the process is conducted. Broadly speaking, cannel
coal carbonised at a low temperature gives about 10 per cent. of a
tar rich in aliphatic hydrocarbons, and the tar on distillation gives
a high yield of light oils hardly distinguishable from certain kinds
of petroleum spirit. Caking coals carbonised at a high temperature
give a smaller yield, 4 to 6 per cent., of tar, which on distillation
yields a light oil consisting mainly of benzene and its homologues.

In the carbonisation of coal for the production of gas or of hard
metallurgical coke only a small proportion of the volatile hydro-
carbon oils is condensed with the tar. The greater part remains
in the gas and can be recovered by “ scrubbing ” or washing the
gas with oil. Assuming a yield from gas tar of 0-4 Ib. benzene
and 0°13 1b. toluene per ton of coal carbonised, this can be raised
to approximately 10 1b. benzene and 35 1b. toluene by washing
and oil stripping. Prior to the war the demand for benzol was
not sufficiently great to render the stripping of the gas remunerative,
and, moreover, the high standard of illuminating power laid down
for public supplies of coal gas prevented the removal of more than
a small proportion of hydrocarbon oils. During the war efforts
were made to recover as much benzene and toluene as possible,
and in 1918 the total output of benzol in the United Kingdom was
about 42 million gallons, three-fourths of which were produced
from coke ovens.* In 1919 to 1920 this had fallen again to 20 million
gallons. It has been estimated that the complete extraction of
volatile hydrocarbons from the whole of the gas produced in this
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country from gas works and coke ovens would produce annually
80 million gallons of motor spirit (Taylor).

The extraction of benzol does not by any means exhaust the
possibilities of the application of coal products to motor transport.
Light cars have been run successfully on coal gas, but this involves
the use either of extremely bulky and inconvenient containers for
the fuel, or of heavy cylinders of compressed gas. For the heavier
kinds of road transport, steam-propelled vehicles are extensively
used and are capable of much further development, while portable
gas producers have recently been advocated as a cheap source of
motive power. It is stated that the weight of a gas producer
specially designed for this purpose is from 3 to 4 cwt., and that its
performance compares favourably with that of a steam lorry
burning the same type of fuel. A great disadvantage, however, is
that it takes fifteen to twenty minutes to start the vehicle from
cold, and three to four minutes to start after a short stop.’

At the Research Station of the Fuel Research Board ¢ extensive
investigations are being conducted on the carbonisation of various
kinds of coal under different conditions, special attention being
paid to the subject of low temperature carbonisation. There is
little doubt that the possibilities of coal as a source of motor fuel
are capable of great development, but this islikely to be an extremely
slow process. Even if 8o million gallons of benzol were immedi-
ately available as a result of the universal adoption of oil stripping
at gas works and coke-oven plants, this would only represent about
one-third of this country’s present estimated requirements in
motor fuel. - We should still be dependent chiefly upon petroleum.
Any further expansion of supplies from coal must wait upon the
advent of a complete revolution in our methods of fuel utilisation,
when factory and household coal is replaced by a smokeless fuel
from which the volatile oils have been extracted, and when practi-
cally the whole of the raw coal raised is dealt with in central car-
bonising plants and there ‘sorted out " into different fuels each
suited to special purposes.

Coal and possibly petroleum may be regarded as originating
from the solar energy of prehistoric times and as representing a
form of capital which is being depleted at a vastly greater rate
than it is being replenished. The realisation that this capital is
not unlimited, but may be exhausted within a reasonable time,
has directed attention to the possibility of utilising more fully the
solar energy of to-day and of obtaining from contemporary vegeta-
tion a liquid fuel, such as alcohol, which can be used in place of
fuels derived from mineral sources. It has been demonstrated by
repeated trials that alcohol can be used successfully as a fuel for
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internal combustion engines. Being derived by fermentation from
sugar, and thus indirectly from starch and cellulose, three of the
chief constituents of plants, alcohol should be capable of being
produced annually in quantities limited only by the acreage avail-
able for cultivation. It is urged that the development of alcohol
as a motor fuel would make this country less dependent upon
supplies drawn from restricted areas, mostly at a considerable
distance, that production could be expanded almost indefinitely
without any danger of exhausting the available reserves, and that
agriculture and the food supply would benefit greatly from the
increased acreage which would be brought under cultivation.

If one excludes the possibility of a liquid fuel being produced
by inorganic agency from the hydrogen of water and the carbon
of carbonic acid or carbonates, contemporary vegetation constitutes
the only alternative to bituminous mineral deposits as a source
of motor spirit, and it would seem that it must eventually supply
a large proportion of the world’s requirements of liquid fuel. But
at the present day the most important factor is the relative cost
of alcohol as compared with petrol, and it is here that one of the
chief difficulties is encountered.

When a hexose sugar, such as dextrose, is fermented, not more
than half of it can be obtained in the form of alcohol. If the
equation

be taken as representing approximately the sum of the rather
complicated reactions which take place, calculation shows that the
utmost yield of alcohol theoretically obtainable corresponds to
511 per cent. of the sugar. Expressed in terms of carbon, the most
important constituent from the fuel standpoint, the proportion
converted into alcohol is two-thirds, or 66:6 per cent. The remain-
ing third is lost as carbonic acid gas, which has only a limited value
as a by-product. Further, the quantity of fermentable carbo-
hydrate contained in a given weight of vegetable matter is com-
paratively small. Whatever the raw material employed, be it
grain, potatoes, beet, or wood, the total weight'which must be
grown, harvested, and transported to the factory is consider-
ably greater than the weight of fermentable constituents. Thus
potatoes contain on an average 16 to 18 per cent. of fermentable
carbohydrates, and the weight of 95 per cent. alcohol obtainable
in practice is not more than 7 per cent. of the total weight of the
crop. Cereals contain from 60 to 75 per cent. of fermentable
carbohydrates, and the yield of 95 per cent. alcohol is from 26 to
32 per cent. of the total weight of the grain. If the straw which
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forms part of the crop, and which must be harvested and trans-
ported with it, is also considered, the percentage yield of alcohol is
reduced to approximately half of this figure. In the case of wood,
the yield of alcohol obtained on a manufacturing scale represents
not more than 5 to 7 per cent. on the timber as felled.

Apart from the cost of cultivating and delivering to the factory
this mass of raw material, there must be taken into consideration
the actual cost of manufacture of 95 per cent. alcohol. This is
estimated to be about gd. per gallon including depreciation on
plant.?

Petroleum, on the other hand, is a naturally occurring product,
and when once wells have been sunk and refineries erected, the
raw material is not burdened by recurrent expenses of cultivation
and harvesting. The yield of motor spirit from the crude oil is,
it is true, not much higher than the average yield of alcohol cal-
culated on the raw material, but the heavier constituents of crude
oil are all available for use in some form or other as fuel. The costs
of refining are low, and compare favourably with the cost of manu-
facture of alcohol. It may be urged that with alcohol the by-
products remaining after extraction of the fermentable carbo-
hydrates have in many cases a considerable value as feeding stuffs
or manures, and also that certain raw materials, such as molasses,
sawdust, and rice straw, are waste products costing little or nothing.
These factors must be taken into consideration when comparing
the cost of alcohol with that of other fuels. But it stands to reason
that the residues after extraction of carbohydrates cannot possess
more than a fraction of the feeding value possessed by the original
raw material. The difference must be charged to the alcohol.
The use of the residues for manure simply amounts to returning to
the soil the nitrogen, phosphorus, and potash taken out of it by the
crop. Waste cellulose materials, such as sawdust and straw, are
bulky and difficult to transport, and the costs of handling are high
in comparison to the weight of the material and the yield of alcohol
obtained. It is obvious, therefore, that alcohol is placed at a dis-
advantage compared with petrol as long as the supply of the latter
is equal to the demand. However high the present price of petrol,
distillers will not undertake the erection of expensive plant for the
production of alcohol if they are liable at any time to be put out of
business by petrol prices falling to a figure more closely approxi-
mating to the actual cost of production and distribution.

Owing to the prevailing uncertainty as to the world’s reserves of
mineral oil it would be unwise to assert that power alcohol offers
an immediate solution of the motor fuel problem. The balance of
evidence, however, certainly appears to favour the view that before
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many years have elapsed the supply of petrol will be permanently
unequal to the demand, and that power alcohol, considered from
the standpoint of a supplementary and not necessarily a competitive
fuel, has an undoubted future before it, provided that the industry

is organised and developed on sound lines.
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CHAPTER I1I
THE PLANT AS A SOURCE OF ALCOHOL

The Formation of Carbohydrates in Plants: Respiration and
Photosynthesis.—The growth of plants, like that of almost all
living organisms, is dependent upon two main processes, respiration
and nutrition. The energy required by the plant for growth and
development is derived from the oxidation of its tissues by atmo-
spheric oxygen with the production of carbon dioxide and water.
Oxygen is continually being absorbed from the air over the whole
surface of the plant and carbon dioxide and water are given off.
There are no special respiratory organs, the absorption of oxygen
taking place chiefly at the points where the processes of growth are
most active, such as.leaves, growing points, and germinating seeds.

The green plant obtains its food supply in two different ways
—by photosynthesis or carbon assimilation, and by absorption of
water and salts from the soil through the roots. Photosynthesis is
effected through the medium of chlorophyll, the pigment existing
in the chloroplast cells of the leaves and other green parts. Choro-
phyll is a substance of complex constitution which has the property
of absorbing certain of the red rays of the light spectrum and trans-
mitting most of the rays from yellow to violet. The energy of the
light absorbed is in some way utilised to promote the synthesis of
carbohydrates from water and atmospheric carbon dioxide. This
process is quite distinct from respiration. Whereas the latter
involves absorption of oxygen and evolution of carbon dioxide and
has, as its sole function, the supply of energy, photosynthesis is
the reverse process, carbon dioxide being absorbed for the nutri-
tion of the plant and oxygen evolved. The two processes occur
simultaneously and there is no constant relationship between the
volumes of each gas absorbed and exhaled. Photosynthesis varies
with light intensity, being most active in bright sunlight and sup-
pressed at night.

The absorption of carbon dioxide takes place through the
“stomata ”’ or pores of the leaf, the diffusion of this gas into the cell
sap being extremely rapid. When one considers that practically
the whole of the carbon of the plant is derived in this way from the
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atmosphere, which itself contains only 0'03 per cent. by volume
of carbon dioxide, and that the stomata represent not more than
I to 3 per cent. of the total surface area of the leaf, it is evident that
the absorptive capacity of these minute pores must be of a high
order. H. T. Brown,! in an investigation of the laws of gaseous
diffusion through small apertures and multiperforate septa, has
shown that the stomata must have the power of absorbing atmo-
spheric carbon dioxide at a rate about fifty times greater than
apertures of similar dimensions would do if they were completely
filled with a constantly renewed solution of alkali hydroxide.

The building up of starch and sugars by the agency of chloro-
phyll was held by Baeyer to be dependent upon the intermediate
formation of formaldehyde and the subsequent polymerisation of
this substance to a hexose sugar

6(CHOH)=CH,OH (CHOH),CHO.

Several attempts have been made? to show that formalde-
hyde is actually formed as an intermediate product, but it cannot
be said that its existence in the growing plant has yet been satis-
factorily demonstrated. H. Wager® and C. H. Warner ¢ showed
that preparations of chlorophyll when exposed to light and oxygen
become bleached, and that traces of aldehydes, including formalde-
hyde, are produced. Wager suggested that the formation of sugars
and starch in the plant may be due to photo-oxidation of chloro-
phyll and subsequent polymerisation of the aldehydes thus formed,
rather than to direct synthesis from carbon dioxide and water.
That formaldehyde is in fact formed by the action of ultra-violet
light on carbon dioxide and water under certain conditions, and
that it can also be polymerised to reducing sugars in ultra-violet
light, was shown by Moore and Webster.®? But it is extremely
improbable that the plant itself utilises ultra-violet light, since
these rays would be more or less completely absorbed by the epi-
dermis before reaching the chloroplasts, and, moreover, plants can
grow normally under glass, which is opaque to ultra-violet rays.
Baly ¢ and his co-workers have shown that while the formation
of formaldehyde from carbon dioxide and water, and its subse-
quent polymerisation to reducing sugars are effected, in pure
aqueous solutions, only by the action of ultra-violet light of definite
and very short wave-length, yet in the presence of certain coloured
substances both these processes can be ‘‘ photocatalysed,” in that
they can be actuated by visible light of longer wave-length. It
would seem that the function of chlorophyll may be that of a
photocatalyst of both processes simultaneously, and that its pres-
ence in the leaf may enable the synthesis of carbohydrates from
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carbon dioxide and water to take place under the influence of visible
light, without the free existence of formaldehyde as an inter-
mediate product.

The carbohydrates elaborated by the plant vary progressively
in complexity from the simple hexose sugars to starch and cellulose.
Apparently, cane sugar is the first product of the condensation of
formaldehyde in the chloroplasts, and this sugar is partly utilised
direct in the metabolism of the growing cells and partly conveyed,
as hexose sugar, to other parts of the plant where condensation to
sucrose and starch takes place. The chief hexose sugars formed
are dextrose, levulose, mannose, and galactose, all possessing the
empirical formula CgH,,04. Maltose and sucrose, C;,Hy,0,,, may
be regarded as being formed from two molecules of a hexose sugar
by elimination of one molecule of water. Starch (CgH;O;), may
similarly be looked upon as a condensation product of several
molecules of a hexose sugar with the loss of an equal number of
molecules of water. Cellulose possesses approximately the same
empirical formula as starch and appears to be built up mainly of
dextrose units, but its composition varies somewhat according to
the source from which it is obtained. Inulin, a constituent of
certain tubers, yields leevulose on hydrolysis, and the mannans and
galactans give the hexose sugars mannose and galactose. Lignin,
which is a constituent of the lignocellulose of woody plants, appears
to be produced partly by the condensation of pentose sugars, of
which arabinose and xylose are the most important.

The mechanism by which the countless other organic constituents
of the plant are elaborated is quite unknown. The simple sub-
stances synthetised in the chloroplast cells undergo varied trans-
formations and condensations with nitrates, sulphates, and phos-
phates derived from the soil, producing the different proteins which
are essential constituents of the living cell. Oils and fats, secretory
substances such as organic acids, colouring matters, and “ ferments
and excretory products, resins, gums, alkaloids, etc., are also formed
in great variety. Potash, silica, lime, and other inorganic materials
derived from the soil are found in varying proportions in the ash of
all plants.

Enzymes.—In the early stages of growth, from the germina-
tion of the seed until the appearance of leaves, no chlorophyll is
present and no photosynthesis can take place. The plant at this
stage is dependent for its supply of carbon upon reserve material
previously stored up in the seed. Thus it is found that according
to the species and habit of growth of the plant, some of the carbo-
hydrates elaborated in the leaf have been transferred to seeds,
roots, tubers, or stems, according as these are destined to serve as
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the starting-points for new growth in the following season. It is
only in certain plants that carbohydrates form the chief reserve
material. In many plants such as peas and beans the seceds
contain a high proportion of protein, while in others oil or fat is
the main constituent.

As stored in the seed or root these reserve materials are to a
great extent insoluble in the cell sap. Before they can be made
available for the metabolism of the growing plant they must be
broken down into simpler bodies and brought into solution for
transference to the growing points. This breaking down is effected
by the agency of unorganised ferments or “enzymes,” substances
of unknown constitution secreted by the protoplasm of all living
cells. d

The most important properties of enzymes as a class are as
follows :

(i) They are colloidal in nature, ¢.e. they do not diffuse through
parchment paper or similar membranes.

(ii) They act as catalysts in that they increase the velocity of a
reaction which normally proceeds at a slow rate. A minute quantity
of an enzyme is able to transform a large amount of the substance
upon which it acts.

(i) They are specific in their action, that is, a particular
enzyme will act only upon one compound or group of compounds.
For instance, the enzyme amylase converts starch into maltose,
invertase accelerates the hydrolysis of sucrose to dextrose and
levulose, and pepsin converts proteins into peptones. It is
probable that enzymes act by ‘“adsorption,” or by combination
with the substances which they attack, and their specific action
is possibly due to the configuration of the respective molecules,
much in the same way as a key is fitted to a lock (Emil Fischer).

(iv) Enzyme action is largely dependent upon the maintenance
of certain temperature conditions. Like catalysts, enzymes act
more rapidly the higher the temperature, but at temperatures
between 60° and 100° C. they are rapidly destroyed. The optimum
temperature, s.e. that at which the rate of reaction reaches a
maximum before yielding to the rate of destruction, varies with
different enzymes and usually lies between 37° and 55° C. At
0° C. enzyme action is barely perceptible.

(v) The reaction of the liquid is an important factor in deter-
mining the rate of action of enzymes. Most of them will act only
within definite limits of acidity or alkalinity, and are sensitive to
changes in the hydrogen-ion concentration of the solution.

(vi) It appears probable that enzymes are able to synthesise
the same compounds which they split up, but at a much slower
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rate. It would seem that a state of equilibrium is set up in which
the amount of the original substance is extremely small compared
with that of the hydrolytic products.

As the different enzymes can only be differentiated by their
specific action on certain substances, their names are derived from
those of the substances attacked, with the addition of the suffix
‘““ase,” and in the case of the adjective the termination “‘-clastic.” ?
Thus the enzyme which hydrolyses starch to maltose is termed
“amylase "’ and is an ““ amyloclastic ’ enzyme, while those attacking
fats are termed ““ lipases *’ or “ lipoclastic *’ enzymes. This nomen-
clature is not universal, as it is convenient to retain many of the
old-established names, such as the ‘“diastase ”’ or starch-hydro-
lysing enzyme of malt, the * pepsin ”’ of the gastric juice, and the
“zymase "’ of yeast. The substance attacked by the enzyme is
termed the “ substrate.”

The functions of the enzymes secreted by plant protoplasm are
well illustrated in the germination of barley, a process which, owing
to its importance in brewing and distilling, has been studied in
great detail.

Germination of Barley.—The barley grain consists essentially
of two main portions, the germ and the endosperm, separated
from each other by a layer of epithelial cells termed the *“ secretory
layer (Fig. 1). The endosperm consists of a mass of large thin-
walled cells packed with granules of starch and protein, and

- bordered, in the upper portion of the grain, by three or four rows

of square-shaped cells, the “ aleurone ” layer, filled with protein
granules. When the grain is placed under suitable conditions of
temperature, moisture, and air supply, it germinates, and the
plumule and rootlet begin to develop. Enzymes, principally
diastase and proteoclastic enzymes, are formed in the secretory
layer and to a less extent in the aleurone layer, and penctrate
the endosperm, partially breaking down the reserve starch and
proteins into sugars and amino-acids.

Enzymes, being essentially colloidal in character, cannot penetrate
the cell walls of the endosperm unless these are either dissolved or
rendered permeable. It was formerly supposed that the first
enzyme to be secreted was a “‘ cellulase ”’ capable of hydrolysing
cellulose, and that the process of germination was accompanied
by solution of the cell walls. A. R. Ling 8 has shown that the cell
walls remain intact, at any rate during the preliminary stages of
the conversion of the cell contents into sugars, which indicates
that the enzymes secreted have the power of rendering the cell-
walls permeable to colloids, but not of dissolving them. The cell-
wall appears to consist largely of hemicelluloses yielding pentose
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sugars on hydrolysis (Schulze) and the enzyme concerned in rendering
them permeable is termed “ cytase.”

The sugars formed by the action of diastase on the starch
granules are conveyed by the cell-sap through the epithelial layer
into the cells of the “ scutellum,” where they are partly utilised
in the metabolism of the cell protoplasm and partly redeposited
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F1G. 1.—Section of a Grain of Barley (diagrammatic).

as starch. Under normal conditions of uninterrupted growth
the transference of carbohydrates and other food material from
the endosperm to the scutellum continues until the appearance of
leaves enables the plant to draw its supplies of carbon from the
atmosphere. When this stage is reached the endosperm has been
completely emptied of its reserve food material.
Fungi.—Chlorophyll is present in the great majority of plants,
and is even found in unicellular algz and in certain organisms
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closely allied to the bacteria. There are, however, many plants
such as the ““ mycetes,” or fungi, and certain of the higher plants,
which contain no chlorophyll. They cannot therefore assimilate
the carbon dioxide of the air and must depend upon other sources
for their supply of carbon. Some of these plants are parasites,
obtaining their nutriment from living organisms, others which are
able to assimilate non-living organic matter are termed  sapro-
phytes,” and to this class belong the yeasts, moulds, and bacteria.

It has already been noted that respiration and nutrition are
essential processes in plant life, and that as a result of cell meta-
bolism various secretions and excretory products are produced.
In principle these characteristics persist in the lower fungi and
bacteria. These organisms can grow only in media which contain
the necessary nutriment in the form of organic carbon compounds,
combined nitrogen and mineral salts, and it would seem that all
of them, with the exception of certain anaerobic bacteria, require a
supply of oxygen for their development. But the.most striking
characteristic of some of the lower fungi is the manner in which
the secretory functions are developed and the magnitude and
variety of the chemical changes which can be brought about by the
secretions. The best known and most widely studied of these
chemical changes is the conversion of hexose sugars into alcohol
and carbon dioxide by the enzymes secreted by yeast :

C6H1206=2C2H50H+2C02-

Yeasts.—The yeasts or Saccharomycetes are minute unicellular
organisms belonging to the family of so-called ‘‘ budding fungi.”
The latter term has reference to the mode of reproduction by
vegetative budding, a process which may be regarded as a modifica-
tion of ordinary cell division. During its growth the yeast cell
gives rise to a small outgrowth which gradually incr:cses in size,
and is finally detached as a separate yeast cell. These new cells,
even before they are separated from the parent cells, may repeat the
process of budding, thus giving rise to cell groups. The term
Saccharomyces is, strictly speaking, confined to those budding fungi
which can under certain conditions reproduce themselves in another
manner, namely, by spore formation. When yeast is grown on solid
media with consequent restriction of available food material, the
process of budding ceases, and the yeast cell forms internal spores
or ““ascospores *’ (endospores). The spores probably represent a
resting stage of the yeast. On the return of favourable conditions,
with a sufficiency of nutriment, the outer casing enclosing the
spores is burst, and each of the spores becomes a new cell which
commences to bud.

2
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The yeast employed in breweries and distilleries is the species
S. cerevisie. Owing to the high fermentative activity of this
species in malt infusions, and the comparatively small amount
of unpalatable by-products in the resulting fermented liquor,
S. cerevisie has become, in course of centuries, the * cultivated ”
species, as opposed to the so-called ““ wild "’ yeasts which occur
widely distributed in the air and on the surface of ripe fruit.

The term * wild yeasts "’ is often somewhat loosely used to cover
a large variety of budding fungi capable of decomposing sugars into
alcohol and carbon dioxide. Many of these organisms can form
ascospores and are therefore true Saccharomycetes, others, such as
Torula, Mycoderma, and Monilia, do not form ascospores, although
in many other respects they resemble the true yeasts. Wild yeasts
differ among themselves in their capacity for fermenting different
sugars and in the amount and character of the products other than
alcohol formed by them during fermentation. A further charac-
teristic often made use of in differentiating the various species
is the formation of tough films of interlacing * mycelium,” or stem-
like structure, upon the surface of the liquid.

S. cerevisie is often contaminated with air-borne wild yeasts
which are liable to cause irregular fermentation and to give
rise to by-products affecting the appearance and taste of the
resulting beverage. This was a cause of constant trouble in
breweries and distilleries until Hansen in 1879 showed that it was
possible, by starting from a single yeast cell, to obtain a supply of a
pure yeast in any desired quantity. A small quantity of a liquid
containing a few yeast cells in suspension is added to a sterilised
nutrient solution containing sufficient gelatine to cause it to set
when cold. The mixture is transferred to shallow glass dishes and
kept at a temperature favourable to the growth of the yeast. If
the number of cells originally present in the liquid was small, they
will be sufficiently widely separated on the surface of the gelatine
for the cell colonies to develop without touching or growing into
each other, until they become easily visible to the naked eye. It is
then possible to remove a few cells from a selected colony by means
of a platinum wire and cultivate them progressively in vessels
containing sterile nutrient solutions, until a large yeast crop is
obtained. This yeast can then be used in brewing operations, and
the trouble which may arise from the presence of wild yeasts can
be avoided.

The various species of Saccharomyces thus isolated by Hansen
from yeast mixtures were differentiated by the length of time taken
to form ascospores when kept under standardised conditions at
definite temperatures. Hansen’s work led further to the recogni-
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tion of several types or races of Saccharomyces cerevisie, exhibiting
well-marked differences in the extent to which they could ferment
different sugars and in the character of the fermentation induced.
These distinctive characters were found often to persist unchanged
through many generations, indicating that certain of the types
might be not merely varieties, but distinct species.

Some of the types possess a low “ attenuating ”’ power. When
grown in a solution containing hexose sugars or polysaccharides
the ““ attenuation ” or reduction in the specific gravity of the liquid,
owing to production of alcohol, is comparatively small, indicating
that some of the carbohydrate remains unfermented. Others
possess a high attenuating power, the conversion of fermentable
matter into alcohol being nearly complete. In practice the former
are often termed ‘‘ Saaz ” type, and the latter ““ Frohberg ”’ type
yeasts, after the breweries where the most characteristic of them
were first isolated.

Another practical classification is that of ““ top ”’ and ““ bottom ”
yeasts, the latter of which form a sediment on the bottom of the
vessel during fermentation, while the former collect partly at the
bottom and partly at the top of the liquid. Distillery yeasts
belong mainly to the top fermentation Frohberg type. This type is
subdivided into races differing from each other in rate of growth,
rate of fermentation, amount of foam produced in the fermenting
liquid, resistance to toxic influences, optimum temperature of
growth, and other characteristics.

While the Saccharomycetes and associated budding fungi are
the main organisms concerned in the fermentation of sugars,
there are a number of moulds and bacteria which are of import-
ance in the distillery owing to their power of secreting amyloclastic
and sucroclastic enzymes. These will be referred to more fully
in connection with the special processes in which they are
employed. :

Alcoholic Fermentation.—Pasteur’s and Liebig’s Views.—
The factors influencing the fermentation of sugars by yeast were
for many years the subject of acute controversy between Pasteur
and Liebig. Pasteur maintained that fermentation by yeast was
a direct consequence of the processes of nutrition, assimilation,
and growth, when these are carried on without the agency of free
oxygen. If the yeast were supplied with a sufficiency of air for
respiration, fermentation was reduced and the yeast developed
after the manner of an ordinary fungus. If the supply of oxygen
were cut off, the yeast was able to effect the decomposition of sugar
into alcohol and carbon dioxide, and to utilise the heat energy
thereby set free for cell metabolism and growth. The decom-
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position of a hexose sugar into alcohol and carbon dioxide may be
expressed by the equation

C,H,404=2C,H,0H+2C0,

an equation which represents the summation of a series of complex
chemical reactions. Nothing appears to be gained or lost by the
yeast in this process except energy, and in thermochemical notation
the above equation may be written

CaleO‘ = 2C2H50H+ 2C02+ 28Ca1-

indicating that a molecular weight in grams of sugar on being
split up into alcohol and carbon dioxide sets free 28 Calories of
energy in the form of heat.

When yeast is grown in a saccharine solution, it assimilates
for its nutrition a certain proportion of the carbohydrate, but a
far larger proportion is simply split up by fermentation into
alcohol and carbon dioxide. Pasteur maintained that fermenta-
tion, apart from carbohydrate assimilation, was only exhibited
when yeast was grown under more or less anaerobic conditions
and that its function was to replace respiration as a source of
energy. In other words, fermentation was ‘life without air.”
Liebig, on the other hand, held that fermentation was purely a
chemical phenomenon. The decomposition of sugar into alcohol
and carbon dioxide he considered to be an ordinary chemical
process which was catalysed or accelerated by a minute quantity
of a ferment or catalyst. Ferments were unstable nitrogenous
substances formed by the oxidation of plant juices containing
sugar. Yeast was able to act as an organic catalyst, and its action
in inducing the decomposition of sugar was analogous to that of
platinum and other inorganic catalysts in accelerating chemical
reactions. The growth of yeast and the metabolism of the cell
were, in Liebig’s view, in no way connected with the process of
fermentation, which was an accidental phenomenon quite apart
from the respiration and nutrition of the yeast plant.

Adrian Brown’s Work.—Pasteur’s theory that fermentation
was life without air was critically examined by Adrian Brown in
1892 to 1894, who carried out an extensive series of experiments
on the growth of yeast under different conditions of aeration and
sugar supply, and introduced improved methods of assessing the
‘ fermenting power "’ of yeast. Brown concluded that * yeast
cells can use oxygen in the manner of ordinary aerobic fungi, and
probably do require it for the full completion of their life-history,
but the exhibition of their fermentative function is independent
of their requirement with regard to free oxygen.” In a later
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paper he claimed to have established definitely the fact that yeast
growth increases proportionately with the amount of dissolved
oxygen initially present in the liquid, and that in the absence of
oxygen the reproduction of yeast cells could not take place. These
experiments appeared to lend additional support to Liebig’s view
that fermentation was not an essential part of the vital processes
of the yeast cell.

Slator’s Work on Rate of Fermentation.—A. Slator?
as a result of his researches on the rate of fermentation by yeast,
has advanced a theory which in some respects resembles that
originally put forward by Pasteur, s.e. that yeast is an organism

Number of Cells per c.c

Time.

Fi1G. 2.—Diagram of Yeast Growth.
(A. Slator, Journ. Soc. Ckem. Ind., 1919, 88, 391R.)

A=Lag phase in growth. C=Retarded growth.
B=:Logarithmic phase. D=Yeast crop.
E=Death of yeast cells.

endowed with two modes of life—aerobic and anaerobic. Slator
considers that each of these two modes of growth involves a
different set of chemical reactions. The growth of yeast in a
nutrient solution is marked by five distinct stages. When yeast
cells are introduced into the solution there is at first a period of
quiescence, termed the *lag-phase’” in growth, before any
budding takes place (A, Fig. 2). This is followed by a period of
vigorous growth (B) during which the multiplication of cells takes
place at a logarithmic rate. The third stage (C) is characterised by
a decrease in the rate of multiplication owing to retarding influences,
the chief of these being the accumulation of carbon dioxide. Final
cessation of yeast growth is brought about by lack of fermentable
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sugar and accumulation of alcohol, the relative extent to which
each of these factors is responsible varying according to the con-
ditions under which the fermentation is carried out. The number
of yeast cells in the liquid is now at a maximum (D), and the fifth
stage (E) in the process is marked by the death of the cells at a
rate which has not yet been fully investigated.

It was formerly held, in the light of Adrian Brown’s work, that
these different rates of growth at various stages in the fermenta-
tion were conditioned largely by the supply of oxygen, and that
the initial development of yeast under apparently anaerobic con-
ditions in non-aerated malt wort was due either to oxygen initially
dissolved in the wort or to the presence of a substance which
readily gave up its oxygen to the yeast. Slator considers that
oxygen, either free or combined, plays no part in the process of
budding, the energy necessary for growth being obtained from the
fermentation of the sugar. The reason that oxygen appears, under
ordinary conditions, to accelerate the growth of yeast, is that it
assists in removing carbon dioxide, which is one of the main in-
hibiting factors. If the fermentation be carried out under con-
ditions which permit of the removal of carbon dioxide as fast as it
is formed, the rate of cell multiplication is just as great when
oxygen is completely absent as when it is present—in fact, free
oxygen slightly retards the initial rate of growth. The later stages
are favourably influenced by the presence of air, and aerobic
vegetative growth then comes into consideration.

Buchner’s Researches.—As the outcome of Pasteur’s and
Liebig’'s work it was recognised that alcoholic fermentation,
whether essential or not to the vital processes of the yeast cell,
must be caused by some substance elaborated by the cell and
capable of acting as a ferment or catalyst in promoting the de-
composition of the sugar. In 1878 Kiihne suggested the name
“enzyme” (& {pn: in yeast) for the so-called ‘‘unformed
ferments ”’ secreted by living organisms. No proof, however, was
forthcoming that an enzyme causing fermentation was capable
of separate existence apart from the living cell, until the discoveries
of E. Buchner in 1897 threw an entirely new light on the whole
subject.

Buchner was engaged in the preparation of yeast juice for thera-
peutical purposes by grinding up the cells with sand and squeezing
out the juice in a hydraulic press. It was found that if the mass
were mixed with kieselguhr before pressing, the necessary porosity
was obtained, and the choking of the filter pores by the broken cell
membranes was avoided. The yeast juice thus obtained rapidly
underwent change, and sugar was added with a view to preserving
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it.1® Buchner found that under these conditions the sugar was
fermented, although no yeast cells were present, and that the fer-
menting power of the juice was not destroyed by the addition of
small quantities of protoplasmic poisons such as chloroform and
sodium arsenite nor by precipitation with alcohol. He concluded
therefore that alcoholic fermentation must be due to a soluble
enzyme present in the yeast, to which he gave the name of
‘ zymase.”

The fermentation of sugar solutions by the zymase of yeast
juice is exactly similar in kind though not in intensity to the action
of the living yeast, alcohol and carbon dioxide being produced in the
same ratio. The four hexose sugars fermented by living yeast,
dextrose, leevulose, mannose, and galactose, are also fermented by
yeast juice. Fresh yeast juice is rapidly autolysed,—that is, it
undergoes a loss of fermenting power,—and this was ascribed by
Buchner to the presence of a proteoclastic enzyme which de- -
stroyed not only the protein of the juice but also the zymase.

Harden’s Theory of Fermentation.—The property exhibited
by yeast of digesting itself was utilised later on as a means of
testing for the presence of “antiferments’ in the blood serum of
animals. If such an antiferment were present the autolysis of the

"yeast juice should be suppressed. In the course of these experi-
ments Harden found that when blood serum was added to a mixture
of yeast juice and sugar, 60 to 8o per cent. more sugar was fermented
than in the absence of the serum. The same effect was produced
when either boiled fresh yeast juice or boiled autolysed yeast juice
was added in place of blood serum.1!  The acceleration of fermenta-
tion thus brought about was ultimately found by Harden and
Young 12 to be mainly due, not to the action of an antiferment in
preventing the destruction of the zymase, but to two independent
factors, namely, the presence of phosphates in the liquid and the
existence in the boiled yeast juice of a co-ferment or co-enzyme the
presence of which was indispensable for fermentation.!3 ;

On adding a soluble phosphate to a fermenting mixture of yeast
juice and a hexose sugar, the rate of fermentation was greatly
accelerated. During this period of enhanced fermentation the
amounts of additional carbon dioxide and alcohol formed were
cxactly in the ratio CO, or C,H,O: R, HPO,1* This fact indicated
that a definite chemical reaction occurred between the sugar and
the phosphate, and Harden put forward the following equation as
representing the rdle of phosphates in alcoholic fermentation :

2CgH ;064 2P0, HR,=2C0,+2C,H,0H 4 2H,0+ C¢H,,0,(PO,R,),.
CeH1304(PO,R,),+2H,0=C¢H,,04+2PO HR,.
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Several metallic salts of hexose diphosphoric acid were obtained
in the form of amorphous precipitates, but the free acid was capable
of existence only in dilute solution. The decomposition of hexose
phosphates into hexose and phosphate appeared to be due to the
action of an enzyme which Harden provisionally termed ‘‘ hexose-
phosphatase.” Whatever the hexose sugar originally present,
whether dextrose, l&evulose, or mannose, the same hexose phosphate
is obtained, and on hydrolysis this always yields levulose. It is
remarkable that the hexose phosphate is not fermented or hydro-
lysed by living yeast, a fact which has been cited as an argument
against this theory of fermentation, but as F. G. Hopkins 1° points
out, this would appear to be largely a question of cell permeability.
The above reactions may be considered as taking place inside the
yeast cell, while added hexose phosphate is not able to diffuse into
the cell .1

The fact that hexose phosphate, whether derived from dextrose,
levulose, or mannose, yields on hydrolysis always the same sugar,
levulose, can be explained on the assumption that all three sugars
can exist in solution in a common enolic form 7 which is the form
actually combining with phosphate and entering into fermentation.
In neutral solutions the change to the enoclic form is slow but in
presence of alkalies equilibrium is rapidly established.

If boiled yeast juice be dialysed, the substance which accelerates
fermentation passes into the dialysate. Harden and Young found
that if fresh yeast juice were dialysed, or better filtered under high
pressure through porous earthenware impregnated with gelatine
(Martin filter), the juice could be divided into a residue and a
filtrate, each of which by itself was incapable of fermenting sugar
solutions. When the residue and filtrate were reunited, the mixture
produced almost as active a fermentation as the original juice. It
was clear, therefore, that alcoholic fermentation is caused by the
simultaneous presence of two substances, one a colloid which cannot
pass through a gelatine filter, and the other a body of much simpler
constitution. This latter substance is not destroyed by heat, but
is capable of being decomposed by a variety of reagents. Harden
and Young 8 showed that it is not a phosphate, and its identity is
still in doubt, though recent work has afforded indications that it
may be acetaldehyde or pyruvic acid (p. 28).1°

While it is certain that phosphates play a fundamental part
in the mechanism of fermentation, the equation given above does
not fully elucidate the actual steps by which the hexose molecule
is broken down into alcohol and carbon dioxide. Harden suggested
that in the presence of phosphate and enzyme two molecules of
hexose are each decomposed primarily into two groups. Of the four
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groups thus produced two go to form alcohol and carbon dioxide,
while two are recombined to a new chain of six carbon atoms which
forms the carbohydrate residue of the hexose phosphate. When
one considers that there are twenty-nine possible hydroxyl sub-
stitution products of propane CH,CH,CH,, twenty of which are
known, it is obvious that a great variety of schemes might be
conceived as representing the progressive decomposition of the
hexose molecule into alcohol and carbon dioxide. Several theories
have been advanced, but some of them fail in that they are not
supported by sufficient evidence either that the intermediate
compound postulated is actually formed, or that when formed it
can be broken down by yeast into alcohol and carbon dioxide.
Thus Buchner and Meissenheimer considered that lactic acid
CH,;CHOH.COOH was an intermediate product. This acid is
frequently present in yeast juice in small quantities, but Slator
showed that lactic acid could not be split up by yeast into alcohol
and carbon dioxide, a fact which was subsequently confirmed by
Buchner and Meissenheimer themselves.

Slator pointed out that before any particular substance could
be admitted as being a probable intermediate product in alcoholic
fermentation, it must be shown that the reaction by which it is
fermented must proceed at least as rapidly as that by which it is
formed. Otherwise there would be an accumulation of the inter-
mediate substance in the liquid. This argument would appear
to weigh against the probability of methyl-glyoxal CH,.CO.CHO,
glyceraldehyde CH,0H.CHOH.CHO, or dihydroxy-acetone
CH,0H.CO.CH,OH, being intermediate products, since they are
either unfermentable by yeast or only broken down at a compara-
tively slow rate. The experimental data on these points, however,
are uncertain owing to the multiplicity of the factors involved, and
Lebedeff considered that both glyceraldehyde and dihydroxyacetone
could be regarded as intermediate products of fermentation.

Neuberg’s Theory.—The view most generally held is that ad-
vanced by Neuberg, according to which pyruvic acid, CH,CO.COOH,
is the intermediate product. In 191I Neuberg and his co-workers
found that yeast was able rapidly to decompose several a-keto
acids with evolution of carbon dioxide and formation of the corre-
sponding aldehyde

R.CO.COOH=R.CHO-}-CO,.

Pyruvic acid is fermented at approximately the same rate as
is dextrose, with the production of acetaldehyde and carbon dioxide.
The yeast enzyme which is assumed to be the active agent in this
decomposition is termed ““ carboxylase.” The subsequent reduction
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of acetaldehyde to alcohol is possibly due to a “‘reductase,” but
Schade has advanced a theory that it may be due to the inter-
action of acetaldehyde with formic acid, which was found by
Harden to be a regular product of the action of many bacteria
on dextrose—

CH,.CHO+HCOOH=CH,CH,0H+CO,.

A. Fernbach 20 showed that if the fermentation was carried out
in the presence of calcium carbonate the pyruvic acid was neutralised
as it was formed, and the yield of calcium pyruvate amounted to

early one-fourth of the weight of sugar fermented. Some calcium
lactate was also produced, the lactic acid being formed possibly
by the reduction of pyruvic acid.

The complete scheme of reactions suggested by Neuberg and
Kerb 2! is as follows :

Dextrose is first split up into two molecules of methyl-glyoxal,
one of which is oxidised to pyruvic acid while the other is reduced
to glycerol :

CH,: C(OH).CHO+H,0 H, CH,(OH). CH(OH)CHZ(OH)

A e Glycerol.

CH, : C(OH).CHO (6] CH,.CO.COOH
Pyruvic acid.
The pyruvic acid is then decomposed by carboxylase yielding
acetaldehyde and carbon dioxide

CH,.CO.COOH =CH,CHO+CO,

Of the acetaldehyde produced part is reduced direct to alcohol
and part reacts with a further molecule of methyl-glyoxal yielding
pyruvic acid and alcohol—

CH,;.CO.CHO 0 CH,.CO.COOH

+ +
CH,.CHO H, CH,.CH,.OH

The pyruvic acid then again undergoes decarboxylation to
acetaldehyde.

According to this scheme glycerol and acetaldehyde should
appear as by-products of the fermentation process, which is in fact
the case. Glycerol is always produced to the extent of approxi-
mately 3'8 per cent. of the sugar decomposed,? and Ashdown and
Hewitt 22 have shown that acetaldehyde is a regular product of
alcoholic fermentation, although they considered it to be formed
in a somewhat different manner.

Neuberg’s theory has led to a remarkable technical development
in the application of fermentation. It was found 24 that by carrying



THE PLANT AS A SOURCE OF ALCOHOL 27

out the fermentation in the presence of calcium or sodium sulphite
the acetaldehyde was fixed in the form of its addition compound

CH,.CH(OH).0.SO,R

and was not reduced to alcohol. The ““ hydrogen of fermentation,”
instead of reducing the acetaldehyde to alcohol, was uscd up in
producing more glycerol from methyl-glyoxal. The quantity of
aldehyde thus fixed and the corresponding yield of glycerol amounted
in each case to 70 per cent. of the quantities which might conceiv-
ably be formed according to the above equations. This process
was developed industrially during the war by W. Connstein and
K. Liidecke ?® and eventually the monthly output of glycerol
amounted to 1000 tons.

It would appear that many alkaline salts such as sodium car-
bonate, bicarbonate, phosphate, etc., can be used in place of sulphite,
but the main products of the fermentation are then glycerol and
alcohol, together with some acetic acid. Addition of alkaline
sulphite increases the yield of aldehyde at the expense of the alcohol.
The practical yield under the conditions adopted in Germany is
stated to have been 20 parts of purified glycerine, 27 parts of
alcohol and 3 parts of aldehyde from 100 parts of sugar.26

Later Developments.—Neuberg ?? has recently developed his
theory in the light of the results obtained from fermentations
carried out in presence of alkalies and alkaline sulphites. He
assumes that yeast is normally able to effect three forms of fer-
mentation, all of which occur simultaneously in a fermenting
liquid, but that the relative predominance of each form is deter-
mined by the conditions under which the fermentation is conducted.

(i) CeH,,04=2C,H,0H+2CO,.
Alcohol. %o
(i1) CeH;,04=CH;CHO+CO,+C,H,0,.
Acetaldehyde. Glycerol.
(iii) 2CeH,;304+H,0=CH,COOH+ C,H;OH+2C0,+-2C,H;0,.
Acetic acid.  Alcohol. Glycerol.
Pyruvic acid is an intermediate product in all these reactions,
and from it aldehyde is produced by decarboxylation. In acid
solutions the greater part-of the aldehyde is reduced to alcohol.
In presence of alkaline sulphites the aldehyde is fixed and the
second form of fermentation becomes the main reaction. If
sodium carbonate or other alkalies are substituted for sodium
sulphite the aldehyde is not fixed, but two molecules of aldehyde
react with one molecule of water to form acetic acid and alcohol,
in a manner analogous to the reaction which was assumed above
to occur between acctaldehyde and methyl-glyoxal.
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It is evident that the formation of pyruvic acid from sugar
involves the removal of hydrogen, and in order that this reaction
may proceed unchanged, some substance must be present which
canact as an ““ acceptor ’ for hydrogen. In a normal fermentation,
acetaldehyde appears to be the hydrogen acceptor, and is reduced
to alcohol. If the aldehyde be fixed with sodium sulphite, it would
seem, according to Neuberg, that methyl-glyoxal becomes the
hydrogen acceptor, and is reduced to glycerol. The induction
period, or delay in the commencement of fermentation which is
always apparent when yeast juice is added to a sugar solution,
appears to be due to the fact that the amount of aldehyde initially
present is not sufficient to promote the formation of pyruvic acid
from methyl-glyoxal at the normal rate. Ifacetaldehyde or pyruvic
acid are added to the yeast juice the fermentation is accelerated.
Other substances, such as methylene-blue, which are easily reducible
by yeast, show the same activating effect.?® The presence of a
sufficiency of potassium or ammonium phosphates is essential
before the activating effect of acetaldehyde can be exercised. If
dried yeast or ““ zymin ”’ (yeast in which the reproductive functions
have been destroyed by extraction ‘with acetone) be inactivated by
thorough washing with water, it can be reactivated by the addition
of a pyruvate or acetaldehyde provided potassium phosphate is also
present.?® It would seem that the ““co-ferment ”’ of Harden and
Young may be acetaldehyde or pyruvic acid, and possibly that
many other substances capable of “ accepting *’ hydrogen and being
thereby reduced, may act in the same way.3°

Gowland Hopkins 3 has recently isolated from yeast and
from animal tissues a dipeptide yielding on hydrolysis cysteine
CH,(SH)CH(NH,).COOH and glutamic acid

COOH.CH,.CH,CH(NH,)COOH,

in which the —SH group is readily oxidised with the formation of a
compound containing an —S—S— linking. The latter substance
can be as readily reduced to the original dipeptide

RSH+HSR 5 R—S—S—R-+-H,.

Both the oxidation and reduction can be influenced by factors
shown to be present in the tissues themselves. It is possible that
this substance, or one closely allied to it, may play an important
part in alcoholic fermentation.

Ehrlich’s Work: Formation of Fusel Oil.—In fermentation
as carried out in distilleries, there is always formed a small quantity
of ““fusel oil ” amounting to o' to 0'7 per cent. of the alcohol
produced. Fusel oil consists essentially of a mixture of the higher
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homologues of ethyl alcohol together with traces of fatty acids,
esters, furfural, and other substances. The nature and relative
proportion of the higher alcohols varies somewhat with the source
from which the alcohol is obtained. The fusel oil from potato and
grain spirit consists chiefly of a mixture of iso-amyl alcohol
(CH,),CH.CH,.CH,0H, and d-amyl alcohol CH,;.CH(C,H;).CH,OH,
together with 15to 20 per cent. of isobutyl alcohol (CH,),CH.CH,OH,
and 4 to 7 per cent. of normal propyl alcohol CH;CH,CH,OH.
In the fusel oil from grape spirit the amount of propyl alcohol is
somewhat higher, about 12 per cent., and some analyses show a high
content of normal butyl alcohol. This is also the case with the oil
obtained from beetroot alcohol. In the fusel oil from cane molasses
the proportions of iso-amyl and d-amyl alcohol are approximately
equal, while in potato and grain fusel oils iso-amyl alcohol is the
chief constituent.

Ehrlich 3? has shown that these alcohols are derived from the
amino-acids formed by the hydrolysis of proteins. Living yeast
is able to decompose amino-acids into carbon dioxide and the alcohol
containing one carbon atom less, the nitrogen of the amino-acid
being at the same time assimilated. Thus iso-amyl alcohol and
d-amyl alcohol are derived from leucine and isoleucine respectively :

(CH,),CH.CH,.CH(NH,)COOH+H,0
Leucine. =(CH,),CH.CH,.CH,(OH)+CO,+NH,
Iso-amyl alcohol.
CH,.CH(C,H;).CH(NH,)COOH+H,0
Isoleucine. =CH,.CH.(C,H;).CH,(OH)+CO,+NH;
d-amyl alcohol.

It would appear from the researches of Neubauer and Fromm-
herz 33 that the decomposition is not quite so simple as the above
reactions would indicate. A more likely explanation of the reaction
is that an a-ketonic acid is produced by removal of the —NH,
group and simultaneous oxidation of the amino-acid

R.CH(NH,).COOH+ 0O =R.CO.COOH+NH,

and that the e-ketonic acid then undergoes decomposition into
aldehyde, and eventually alcohol, a reaction which has already been
shown to occur with pyruvic acid. Some of the aldehyde may also
be oxidised to the corresponding acid, which would account for
the observed formation of succinic acid COOH.CH,.CH,.COOH
from glutamic acid COOH.CH,.CH,.CH(NH,;)COOH. Traces of
succinic acid are nearly always present among the products of
alcoholic fermentation.

The character of the fusel oil, therefore, depends largely on the
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nature of the proteins present in the raw material, but is also affected
by the species of yeast employed. Amino-acids are not decomposed
by yeast juice, but only by living yeast, and the reaction appears
to be intimately connected with the nitrogenous metabolism of
the cell.
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CHAPTER III

PRODUCTION OF ALCOHOL FROM STARCH
AND SUGAR

Raw Materials.—The raw materials from which fermentation
alcohol can be obtained fall into three main groups :

(i) Materials containing starch, such as cereals, potatoes, and
cassava. In this group may be included artichokes, the tubers of
which contain a small proportion of inulin in place of starch.

(ii) Plants and residues containing ready formed sugars. This
group comprises sugar cane and sugar beet, together with the
residual molasses from the manufacture of cane and beet sugar,
mangolds, fruits of various kinds, and the sap of many different
species of trees.

(iii) Cellulose, including wood and straw of all kinds.

The dividing lines between these groups are not sharp, since
many starchy and cellulosic materials frequently contain a certain
proportion of sugars which account for some of the alcohol pro-
duced.

In this country the chief raw materials used are maize, rye,
barley, and oats. Much of the spirit destined for methylation is
produced from molasses, on account of its relative cheapness as
compared with grain. Potatoes are not used at all in Great
Britain for the manufacture of alcohol. In Germany, potatoes
are the main raw material, but maize and other grains and alco
beet molasses are extensively used in the larger distilleries. In
Eastern Europe, rye and maize are used, and in France the greater
part of the industrial alcohol is made from beets and beet molasses.
In the United States maize is the chief raw material, and in
the tropics cane molasses and other residues from cane sugar
manufacture.

The average percentages of starch and sugar in the various raw
materials used are given on pp. 87 to 114, and are summarised in
the table on p. 115.

Among the naturally occurring carbohydrates it is only the
hexose sugars, dextrose, levulose, and mannose, that can readily
be converted into alcohol by the zymase of yeast. Galactose is

3T
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met with among the products of hydrolysis of many plant tissues,
but it is doubtful whether it occurs in the free state in nature. It
is only fermented with difficulty, and not by all species of Sac-
charomyces. Thus S. apiculatus, one of the so-called “ wild yeasts,”
will ferment dextrose but not galactose, and this affords a method
* of separating galactose from dextrose. The disaccharides sucrose
and maltose, and the trisaccharide raffinose occurring in sugar beet
are not fermentable direct, but only after hydrolysis to hexose
sugars. This hydrolysis can be effected by enzymes present in
yeast, so that to all intents and purposes these sugars are ferment-
able. Raffinose exhibits a varying degree of resistance according to
whether top or bottom fermentation yeasts are employed (p. 64).

Starch cannot be hydrolysed or fermented by the Saccharo-
mycetes since they do not secrete amyloclastic enzymes, and it is
therefore necessary to break down the starch molecule into simple
carbohydrates preparatory to fermentation. This can be effected
in various ways:

(i) By the amylase (diastase) formed during the germination
of barley and other grains.

(ii) By the use of certain amylase-producing moulds, belong-
ing to the genera Aspergillus and Mucor. "

(iii) By heating with mineral acids.

Barley Malt.—The formation of diastase during the fer-
mentation of the barley grain has already been briefly discussed (p.
15). During germination the diastase content of the grain in-
creases greatly and the hard starchy endosperm is gradually con-
verted by partial hydrolysis of starch and proteins into a friable
condition. If the further growth of the grain is checked when
this change in the condition of the endosperm, or * modification,”
is complete, the resulting product is termed ‘‘ malt.” By virtue
of its high content of diastase malt is capable of transforming a
large additional quantity of starch into soluble and fermentable
carbohydrates.

There are several different species of barley in cultivation, each
possessing certain characteristics which determine its relative
value for either brewing or distilling. The species are distinguished
by the way the grains are developed on the main axis or * rachis ”
of the inflorescence. The rachis is divided up into short sections
by a number of nodes, each of which bears three single-flowered
spikelets. The spikelets springing from one node. are on the
opposite side to those from the next succeeding node, so that the
complete inflorescence presents the appearance of having six
vertical rows of flowers. In the six-rowed barley, Hordeum hexa-
stichum, all three flowers on each node are fertile and the resulting
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ear bears six rows of fully developed grains. In the two-rowed
barleys H. distichum and H. zeocritum only the middle one of the
three flower spikelets is perfect, the two lateral ones being barren.
Sometimes the outer or lateral spikelets on alternate nodes of six-
rowed barley overlap, and the ear presents the appearance of having
only four rows instead of six (H. wuigare). This type is often
termed four-rowed barley.

The two chief varieties of English malting barley, *“ Goldthorpe *’
and ‘ Chevalier,” belong to the two-rowed type. The former, a
variety of H. zeocritum, is wide-eared, and the latter (H. distichum
var. nutans) is narrow-eared. Six-rowed barleys are also grown
in this country and abroad, and are widely used for brewing and
distilling.

Barleys vary to some extent in size and weight of grain and in
their relative content of starch and protein. The best brewing
barleys are characterised by fineness of skin, well developed,
starchy, and ‘“mealy ” endosperm, and low content of protein.
They are usually large-grained and heavy, weighing from 54 to
56 1b. to the bushel. The brewer requires a barley which on malting
will give him the highest extract. A high content of diastase is
not required, in fact it may be a disadvantage, since the flavour
and ‘“body ” of the resulting beer depends to a large extent on
the presence of intermediate starch conversion products which
remain unfermented by yeast. Moreover, brewer’s malt is dried
or “cured ” at a comparatively high temperature, which has the
effect of destroying much of the diastase and at the same time
producing the distinctive flavours required. For distilling, more
especially in the case of industrial alcohol, the diastase content
of the malt is all-important. The distiller’s object is to convert a
maximum quantity of starchy material into soluble and ferment-
able carbohydrates, with a minimum amount of malt, the latter
being the more expensive ingredient of the two. The higher the
protein content of the barley, the greater, as a rule, is the quantity
of diastase produced. The smaller the grains the greater the
number of germinating and diastase-producing units in a given
weight of the barley. In the manufacture of industrial alcohol,
therefore, relatively small-grained barleys rich in protein are to
be preferred to the plumper and more starchy varieties which would
be selected by the brewer.

The most essential characteristic of barley destined for malting
is its vitality or germinating power—that is, the percentage of
grains which will germinate when placed under suitable con-
ditions. This is usually determined experimentally on a hundred
of the grains by steeping them in water for twenty-four hours,

3
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draining off the water, and keeping them at a temperature of
10° to 12° C. until they show signs of germination. In a good
sample 9o per cent. of the grains should germinate within three
days, and 95 per cent. should be capable of doing so irrespective
of time.

For the preparation of malt the barley after being cleaned and
graded is first steeped in water at a temperature of 10° to 14° C. for
fifty to seventy hours, during which time it absorbs about 50 per
cent. of its weight of water. This process is analogous to that which
occurs naturally in the soil as a preliminary to the sprouting of the
grain. Aeration at intervals during the steeping is of advantage
in promoting subsequent germination of the grains,2 and for dis-
tillery malts a small proportion of calcium bisulphite or other anti-
septic is often added to inhibit the growth of moulds and bacteria.
The grain during steeping becomes soft, and a certain proportion of
the more soluble constituents, amounting to about 1 per cent. of the
total weight of grain, is dissolved out by the steep water. The
barley is then spread out or “ couched *’ on the malting floor to a
depth of about 12 inches, and kept under carefully controlled
conditions of temperature, ventilation, and moisture. Oxygen
respiration takes place, and in consequence the temperature
graduallyrises. Temperature and aeration are regulated by turning
over the heap on the malting floor and gradually reducing its thick-
ness, the grain being kept sufficiently moist by occasional sprinkling
with water, and the temperature not allowed to exceed 63° F.
(z7° C.).

About twenty-four hours after couching, the grain commences
to ‘“chit,” a small protuberance showing itself at the base of
the germ. This develops further into four or five short bushy
rootlets. At the same time the embryo shoot or *‘acrospire ”
moves up the back of the grain. In brewing malt, or short malt,
growth is stopped by gradual loss of water and cessation of respira-
tion when the acrospire has grown about two-thirds up the back
of the grain, the rootlets being then about one and a half times
the length of the grain. This usually takes about nine or ten days
on the malting floor. At this stage diastatic activity has not
reached its maximum, but the starchy endosperm is completely
“modified,” or converted into a friable condition, which from the
brewer’s point of view is more important than highly developed
diastatic power.

In distiller’s malt, germination is allowed to proceed for about
three weeks, until the acrospire has grown right out, and the rootlets
are more than twice the length of the grain. The malt thus pro-
duced is termed ““long’ malt, and possesses the maximum of
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diastatic power.3 The development of the acrospire is not necessarily
an indication of the relative diastatic activity, but is unavoidable
when malting is continued for a long period. It is the aim of the
maltster to suppress excessive growth as far as is consistent with
the attainment of a maximum diastase content. This is largely a
question of temperature. Germination proceeds most quickly at
25° C. or over, but the growth is rank and the resulting malt low
in diastase. The most favourable temperature for diastase develop-
ment is 15° C., the growth of the acrospire being then much slower.
The use of long malt has the disadvantage that a considerable
proportion of carbohydrate is lost in the process of respiration
and in the development of acrospire and rootlets, but this is more
than counterbalanced by the gain in diastatic activity.

Malting is now conducted extensively on the ‘ pneumatic ™
system, which has the advantage of saving floor space and labour,

.and of rendering the process independent of variable weather
conditions. The barley is introduced into a large drum which
slowly revolves upon its axis, thus keeping the grain in constant
movement and preventing the rootlets from interlacing and matting
or felting together. A current of air previously passed through a
water spray is led continuously through the drum, and the maltster
is thus able to regulate the temperature and moisture of the air
supply as required. Pneumatic malting is particularly suited to
hot climates where difficulty would otherwise be experienced in
regulating the temperature of the malting floor.

When the development of the grain has reached the desired
stage, the malt is gradually dried off and the rootlets allowed to
wither on the floor. The secretion of enzymes ceases, but as
drying proceeds the diastase already formed continues to act upon
the starch of the grains and completes the ‘‘ modification ’ of the
endosperm. At this stage the product is termed “ green ”’ malt.
If destined for use in brewing or for the distillation of potable
spirit the malt is further dried or * cured "’ on a drying kiln, at a
temperature of 50° C. to 100° C. or over, according to the type of
malt required. While kilning gives flavour and colour to the malt,
the high temperature involves destruction of some of the diastase.
Distillery malt is therefore either used in the green condition, or else
cured at as low a temperature as possible. When dried in a rapid

3 The diastatic power of malt is determined by C. J. Lintner’s method, in
which a definite quantity of the cold water extract of the malt is allowed
to act on a solution of soluble starch under standard conditions, the amount
of sugar formed being estimated by means of Fehling’s solution. The diastatic
power of English brewing malt is usually between 20° and 40° on Lintner’s
scale, while that of green malt may be as high as 110° to 125°.
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current of air, not above 50° C., the resulting product retains
85 per cent. of the original diastatic power of the green malt.

Other Cereal Malts.—Malt prepared from rye and other
cereal grains is sometimes used in distilleries, generally mixed with
barley malt. According to Maercker, rye and wheat both give
malts of a diastatic power approximately equal to that of barley
malt. The richer the grain in protein the higher, as a rule, will be
the diastase content of the resulting malt. Rye does not require
such a long steep as barley. On the malting floor rye is liable to
become matted and to overheat, and is therefore best malted in
admixture with an equal quantity of barley. Such mixtures are
not adapted for the production of short malt owing to the difficulty
of securing even germination, but for long malt this is not of great
consequence.

Wheat must not be steeped too long, otherwise it is easily
attacked by moulds on the malting floor. The moisture is kept up
to the required point by subsequent sprinkling. Both rye and
wheat, like barley, are malted at a low temperature. On the
Continent, malted rye is sometimes used in distilleries without any
admixture of barley malt, and in British whisky distilleries it is
sometimes used in conjunction with barley malt.

The diastatic power of oat malt is only 30 per cent. of that of
barley malt, but it has been stated that when used in conjunction
with barley malt it often gives a better attenuation in potato and
maize mashes than barley malt alone, possibly owing to the greater
persistence of the diastase during fermentation. Oats can be
malted at a higher temperature than barley without fear of mould
infection, and a fully modified malt can be produced in five days.

Maize malt is low in diastatic power, being somewhat inferior
to oats in this respect. It requires a high temperature, 20°to 30°C.,
for germination. As maize usually shows a high proportion of
broken and damaged corns, its germinating power is often inferior,
and at the high malting temperature the broken corns are a fertile
source of mould infection. Maize must therefore be carefully
washed prior to malting with the addition of antiseptics, such as
calcium bisulphite, to the steep water. On the malting floor it
requires frequent turning and sprinkling. In former years malted
maize was often used in Hungarian distilleries without the addition
of any unmalted grain, owing largely to the cheapness of maize
as compared with barley. The loss of fermentable carbohydrates
during germination was considerable, and the process appears to
have given place to more modern methods of converting maize
starch into a form in which it can be readily acted upon by barley
malt.
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Sorghum grain (great millet, Guinea corn) is stated to produce a
malt rich in diastase (p. go).

Although malts made from grain other than barley are not much
used in temperate climates, they may conceivably assume some
importance in connection with the production of power alcohol in
the tropics. Barley, although it possesses a wide range of cultiva-
tion, is not well suited to tropical climates. Moreover, the successful
malting of barley requires careful control of temperature, and a rise
in temperature much beyond 65° F. during germination has a pre-
judicial effect on the resulting malt. - Where it is necessary to use
cereal malts in tropical distilleries, it would seem that materials
such as maize, which is more suited to the climate and can be malted
at a comparatively high temperature, may be preferable to barley
as a source of diastase.

Conversion of Starch into Fermentable Sugars.—The
finished malt can now be utilised for the conversion of the main
bulk of starchy raw material into fermentable carbohydrates.
Starch as it exists in nature is in the form of small grains which are
more or less resistant to the action of amyloclastic enzymes. A cold
extract of barley malt is entirely without action on the grains of
potato starch, but if the grains are ruptured by being ground up
with sand the starch is readily attacked. The grains of cereal
starches, on the other hand, are stated to be attacked in the un-
ruptured state by malt extract.4

In the preparation of starchy materials for treatment with malt
the starch is always gelatinised by heating, in which state it is
readily hydrolysed to fermentable sugars by a malt infusion. The
action of diastase upon gelatinised starch takes place in several
stages. The end products are maltose C;,H,,0;;, together with
some dextrose CgH,,04. The intermediate products, or dextrins,
are unfermentable uncrystallisable substances which exhibit a
gradually decreasing specific rotation and a gradually increasing
copper-reducing power, as they become further removed in com-
position from the original starch molecule.

Brown and Heron® found that a well-defined resting stage
occurred in the hydrolysis of potato starch by malt diastase, a stage
at which the specific rotation or copper-reducing power of the mixed
reaction products indicated that 8o'g per cent. of the original starch
had been transformed into maltose and 19°I per cent. into a dextrin,
or approximately in the ratio of four parts of maltose to one of
dextrin. Further hydrolysis of this ‘“ stable dextrin ” took place
more slowly than the main reaction. Brown and Morris ¢ further
extended these investigations, and by using the cryoscopic method
for the determination of the molecular weight of the stable
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dextrin obtained indications which pointed to its possessing the
formula (C;3H,00;0)90- They looked upon starch as being made up
of five of these complexes, one of the five corresponding to the
stable dextrin, while the other four, termed *“amylin *’ groups, were
capable of progressive hydrolysis by diastase to maltodextrins and
eventually to maltose.

[(C12H20010) 205> (C15H20010) 20+ 4(C15H20O10)20
Stable dextrin. Amylin groups.

C1oH,0p (C1aH 2:00)10
(CraH2030)2 '—">{ Lot —> 20C,H»0;,
+H,0 | (C;3H010)y9  +18H,0 (CIB}IWOIQ/ +H,0
Amylin group. Successive u?aqtodextrins. Maltose,

The stable dextrin on being further hydrolysed by malt diastase
is eventually broken down into approximately equal parts of dex-
trose and maltose. This, together with the fact that it shows a
definite though small copper-reducing power, led Brown and Millar ?
to suggest that this dextrin is built up, at any rate partially, of
dextrose units condensed together with loss of water. They
assigned to it the formula

(CoHO)so
40CeH,,05;+H,0 or CoH,,04

The constitution of the starch molecule is in all probability
somewhat more complicated than the above equations indicate.
A. R. Ling and B. F. Davis 8 have shown that several of the malto-
dextrins when isolated and subjected to the prolonged action of
diastase yield small quantities of dextrose, the diastase used being
incapable of converting maltose itself into dextrose. J. L. Baker
and H. F. E. Hulton ? by acting upon ungelatinised barley starch
with a purified preparation of diastase were able to isolate two
dextrins, one possessing a high molecular weight and the other a
molecular weight approximately equal to that of maltose, together
with crystalline maltose, and they further obtained evidence of the
production of dextrose in small amount. '

Malt diastase appears to consist of more than one specific
enzyme, as evidenced by the varying power possessed by different
malts of liquefying starch paste and of saccharifying soluble starch.
The diastase existing in ungerminated barley possesses a compara-
tively low liquefying power, but is able rapidly to saccharify soluble
starch. Green malt shows high liquefying and saccharifying power,
but the latter property is affected by heat to a much greater extent
than the liquefying power, so that highly cured malts are often
better able to liquefy starch than to convert it subsequently into
fermentable sugars.



PRODUCTION FROM STARCH AND SUGAR 39

Mashing : British and Continental Practice.—The mashing
process as carried out in most distilleries involves two distinct
operations: firstly, the gelatinisation and liquefaction of the starch,
and secondly, the saccharification by malt of the thick mash thus
prepared. The resulting saccharine liquid, when separated from the
“ spent grains,” is termed ‘‘ wort.”

Many different methods are adopted for the preparation of the
mash from starchy materials and for obtaining the wort in a condi-
ton suitable for fermentation by yeast. In some cases the sacchari-
fied mash is fermented direct and in others the wort is separated
from the grains before fermentation. As a general rule, patent
still distilleries in this country work on a system which involves
the fermentation of weak clear worts of specific gravity 1°030 to
1040, or occasionally up to 1:060.1° Many of them produce pressed
yeast commercially in addition to alcohol, the latter being regarded
more or less in the light of a by-product. Continental pressed
yeast distilleries also work on the same system, although in the
so-called “‘ Vienna ” process for yeast recovery the mash is more
concentrated and is fermented whole, without separation from the
grains (p. 52).

Most of the German agricultural distilleries work with concentrated
mashes of specific gravity 1110 to 1-120 without complete separa-
tion of the wort from the grains. The main reason for this is to be
found in the method of assessing the duty payable on spirits, which
was in force in that country prior to the year 19og. In the agri-
cultural distilleries a tax was levied on the actual capacity of the
fermenting vat, irrespective of the quantity of alcohol which could
be obtained in the fermentation (p. 93). It was therefore greatly
to the advantage of the distiller to prepare as thick a wort as
possible which would give him the utmost quantity of alcohol per
unit volume. Although the methods of taxation have now been
revised, many distilleries continue to use the thick mash process,
owing to the value set upon the spent wash for feeding stock. The
residue from the still contains the greater part of the non-ferment-
able constituents of the raw material, both soluble and insoluble,
in sufficiently concentrated form for use as a feeding stuff, whereas
in the thin mash system it is only the grains which can be so used,

10 In Great Britain the term ‘ pounds per barrel ”’ is frequently used in
place of specific gravity. A barrel of 36 gallons will hold 360 lb. of water,
but if filled with a wort of specific gravity 1040, the weight of the contents
will be 360x1'040, or 374'4 lb. The difference between 374'4 and 360,
f.e. 144, is termed * pounds of extract per barrel.” Similarly, if one quarter
of malt (8 bushels of 40 to 44 1b. each) will produce on mashing six barrels

of wort at a gravity of 1°040, the ** extract per quarter ” yielded by the malt
is 6 x 14°4, or 864 1b.
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and the spent wash containing all the soluble constituents must
either be evaporated down or run to waste. Apart from this it
does not appear that the thick mash system offers any material
advantages either in yield or economy over British methods. In
most other countries where the tax is levied on the finished product,
comparatively dilute worts of specific gravity not higher than
1060 to 1070 are the rule. In the larger German * industrial ”
distilleries, which were not subject to the vat-capacity tax, the
gravity of potato mashes, when these are used, varies from 1'074
to 1:083, and of maize mashes from 1:066 to 17074. It is, however,
undoubtedly the fact that the thick mash process, originally intro-
duced from force of circumstances, has been directly responsible
for many important developments in the technology of fermenta-
tion, owing largely to the difficulty experienced at first in securing
full conversion of the starch and complete fermentation of the
sugars.

Starch Conversion under Pressure.—When working with thick
mashes it is necessary to effect the conversion or gelatinisation of
potatoes and maize with the minimum amount of water, so as to
avoid excessive dilution of the mash prior to fermentation.

The potatoes after being washed are introduced into a conical
iron vessel, termed a ““ Henze *’ convertor (Fig. 3) capable of holding
two or three tons, and of withstanding a pressure of several atmo-
spheres. The convertor is furnished with steam inlets at top and
bottom, a drainage cock, and a valve through which the contents
can be blown off when the ¢onversion is complete. Dry steam is
introduced at the top and fills the vessel in fifteen to t wenty minutes,
the condensed water escaping through the drainage cock. This
cock is then shut and the steam pressure allowed to rise to two
atmospheres. The upper steam inlet is then closed and the lower
one opened until the pressure has risen to three atmospheres, which
takes about forty-five minutes from the completion of the pre-
liminary warming-up. The contents are allowed to remain at
this pressure for a further fifteen minutes before blowing off. At
this stage the potatoes still retain their shape, but owing to the
complete gelatinisation of the starch they are so soft that they can
readily be blown out through the valve at the base of the convertor.
The conical shape of the vessel ensures that the whole of the mass
can be blown out completely without any of it remaining in corners
or angles. The discharge cock and pipe are of small diameter
(the blowing off takes forty-five to fifty minutes) and are furnished
with sharp cutting edges or grids which serve to break up the mass
as it is driven past them. The sudden reduction of pressure from
three atmospheres to normal also assists disintegration of the
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potatoes. The pulp produced contains almost as high a percentage
of starch as the original raw material, s.e. 17 to 20 per cent. It
is blown from the convertor straight into a mash tun furnished
with stirring gear and attemperating coils, and is mixed with 2 to
3 per cent. of its weight of malt, previously ground up and mixed
with a small quantity of water.
The speed of blowing off and g
mixing is so regulated that the
temperature of the mash tun
contents does not rise above ==
55°C. Insome cases the con-
vertor pulp is blown off first
into an overhead vat where it
is stirred and cooled before
entering the main mash tun.
Unground maize is a some- |
what more refractory material, \\

and does not undergo gelatin-
isation quite so easily. Its
starch content is much higher
and its moisture content lower
than that of potatoes, so that
water must be added in order
to obtain a fluid product.
Owing to the smallness of
the grain, uniform distribu-
tion of steam is not so readily
obtained, and special arrange-
ment of the steam jets is
required. The grain is fre-
quently steeped beforehand in
water to effect partial soften- orip
ing, and a small proportion of
sulphuric or hydrochloric acid

BLOW-O0FF ¢
may be added to the water JAEVE Ll Imw
to assist in liquefaction. The 3
addition of acid is found to ‘Fi1G. 3.—Henze Convertor.

result in the production of a 1

thinner paste, possibly owing to the conversion of the alkaline
carbonates of the water and the basic phosphates of the grain into
sulphates and acid phosphates respectively. Maize requires for
conversion a higher pressure, up to four atmospheres, and must be
blown out at maximum pressure, so as to obtain the greatest
possible disruptive effect on the grains.
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The high pressure process as applied to unground maize possesses
certain disadvantages. It requires more time and greater steam
consumption than is the case with potatoes, and there is a not
inconsiderable loss of fermentable material owing to caramelisa-
tion. The oil contained in the maize appears to be partially
hydrolysed to fatty acids, which are liable to exert a toxic action
on yeast during subsequent fermentation. Moreover, the spirit
obtained is stated to be of inferior quality and the spent mash
to be not so readily consumed by stock as that obtained by other
conversion processes. In most distilleries, therefore, it is customary
to work with ground maize, maize ‘ grits ”’ or flaked maize, at a
lower pressure.

If ground maize is steamed direct under pressure it forms an
extremely thick viscous mass which obstructs the even distribu-
tion of the steam. This can be partially overcome by the provision
of stirring gear, but even then it is difficult to secure even mixing
and uniform gelatinisation. It is therefore usual to add a small
proportion, I to I'5 per cent., of green malt emulsion to the con-
tents of the convertor prior to steaming, so that during the pre-
liminary warming-up period the starch of the maize may be partially
liquefied and a thinner mash be obtained. During the steaming
the mass is continually stirred and the steam supply so regulated
that the pressure rises to three atmospheres in about one hour.

The conversion of finely ground maize is somewhat more costly
than the treatment of unbroken grain. Although the steam con-
sumption in the convertor is less, the preliminary grinding of the
corn and the necessity of providing powerful stirring gear involve
an expenditure of power and labour which is avoided when the
whole grain is treated direct. A compromise between the two
methods is frequently adopted, in which the grain is roughly broken
by passage through rollers which split each corn into three or four
pieces. The broken grain is filled direct into the convertor, and
steamed for a shorter time and at a lower pressure than when whole
grain is treated. : ;

Starch Conversion without Pressure.—In British dis-
tilleries, where more dilute mashes are the rule, the high pressure
convertor is not so widely employed. The maize convertor is
frequently a strong covered wooden vessel, provided with powerful
stirring gear, but not designed to stand a high pressure. The maize
grist is mixed in the convertor with 3 to 4'5 times its weight of
water, and either sulphuric acid or green malt emulsion added.

In the acid process from 1 to 1-51b. of concentrated sulphuric
acid is used for each hundredweight of grist, the acid being largely
diluted before being runinto the convertor. The temperature of the
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mash is then gradually raised by the injection of live steam with
continual stirring. When the starch has been completely gelatinised
and the mash has become a uniform fluid, the acid is partly neutral-
ised with finely powdered quicklime or milk of lime, and the
neutralisation then completed with powdered carbonate of lime.
The mash is diluted with water, cooled to 63° C., and run off into
the main mash tun. The acid process has the disadvantage of
producing a considerable quantity of insoluble calcium sulphate
in the mash tun, and there are several modifications of the process
having for their object the reduction of the amount of sulphuric
acid used. Hydrochloric acid is occasionally employed, but it is
more usual to effect preliminary liquefaction of the starch by the
addition of an emulsion of green malt. About 2 to 4 per cent. of
green malt, calculated on the weight of grist, is added to the mixture
of maize grist and water in the convertor and the whole kept at
55° C. for a short time with thorough stirring. The temperature is
then gradually raised to 74°-77° C., when a reduced quantity of
acid is added and the process completed by further injection of
steam. Sometimes acid is added at the commencement (about
% 1b. of sulphuric to 1 cwt. of grist), and the green malt at a later
stage after neutralisation and cooling, or the use of acid may be
entirely dispensed with, and a larger proportion of malt employed.

When rice is used, it is converted in much the same way as
maize.

Saccharification. —The converted grain has now to be
saccharified by mashing with a larger quantity of malt. In British
distilleries the following is one of the processes commonly adopted :
The main quantity of malt, varying from 10 to 25 per cent. of the
total material, is mixed with water in the mash tun, sometimes to-
gether with a proportion of grist prepared from other cereals, and
the mixture brought to a temperature of 52° to 54° C., or in some
cases 40° C. After thirty to forty-five minutes the maize or rice -
conversion is run in, and the temperature so regulated by means of
the stirring gear and attemperating coils that it does not rise above
57° to 59° C. Saccharification of the starch proceeds rapidly and
is complete in about 1%} hours. Hotter liquor is introduced or
“underlet " near the bottom of the mash tun towards the end of
the saccharification, and the temperature thereby brought up to
65°-66° C. This raising of the temperature serves to inhibit the
development of bacteria while not destroying too much of the
diastase. It is important that diastatic action should continue
during the subsequent fermentation, so as to secure more perfect
conversion of maltodextrins into fermentable sugars. In brewing,
on the other hand, the wort is boiled after mashing and the diastase
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destroyed, while a considerable portion of the maltodextrins still
remains unhydrolysed.

After the mash has settled, the wort is drawn off, usually from
the bottom of the tun, and the residual grains extracted two or
three times with hotter water, the weak wort thus obtained being
set aside for use in subsequent mashings. The hot liquor is gener-
ally “ underlet " below the mass of grains and the whole mixed up
by the stirring gear, but sometimes it is ““ sparged *’ or sprinkled on
the surface. The mash tun is provided with a false bottom which
facilitates the underletting and drawing off of liquor. The exhausted
grains are then conveyed to draining tanks. In many distilleries,
more particularly those producing yeast by the aeration process
(p- 53), the grains are separated from the wort in filter presses,
which effect a more complete extraction and give a clearer wort.

In continental distilleries, working on the thick mash system,
the saccharification of the concentrated potato or maize mashes
is carried out on much the same principles, but instead of running
off the wort and subsequently washing the residual grains with hot
liquor, the whole mash is fermented after removal of as much of the
solid matter as possible by mechanical means. This is done either
by passing the saccharified mash through a centrifuge or by means
of a helical screw conveyor working inside a perforated casing. It
is found that fermentation in concentrated worts is assisted by the
presence of a certain amount of solid matter, but that if this is
present in excess the free escape of carbon dioxide is interfered with,
resulting in too great an increase in volume in the fermenting vat.
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