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Chapter 1. Wet milling of grain for alcohol production 

Introduction 

Broadly speaking, processes for making alcohol by fermentation include steps 

for (1) preparing the feedstock, (2) fermenting simple sugars, (3) recovering the 

alcohol, and often (4) recovering residual non-alcohol materials. 

The feedstock may already contain the sugars, as in the case of molasses, sugar-

cane juice or whey; or it may contain sugar polymers such as cellulose, hemicellulose 

or starch, which can be depolymerized to fermentable sugars. 

This chapter concerns grain as the feedstock, and therefore starch as the sugar 

source; and it also concerns 'Wet-Milling' (as opposed to 'Dry-Milling') as the process 

for preparing the grain prior to fermentation. 

Use of the term 'wet-milling' in the context of preparing grain for alcohol 

fermentation is of recent origin. It seems to have been first used in the late 1970's or 

early 1980's as a means for those entering the new and explosively-growing fuel-

ethanol industry to differentiate between two distinct processes. In the corn-wet-

milling industry, alcohol could be made from their standard products - purified starch 

and a range of sugars and syrups, whereas in conventional distilleries, alcohol was 

made from whole grain which was first hammer- or roller-milled in 'dry' condition. 

Meanwhile, in addition to wet milling and the regular distillery dry-milling process, 

there are still other processes for preparing grain prior to fermentation. 

One of these uses specific flours made from wheat by the classic flour-milling 

process. This flour is mixed with water to form either a dough or 'batter' after which 



the elastic hydrated gluten is recovered, and alcohol can then be made from the 

remainder, preceded or not by starch purification. 

Another process is that practiced in the US by the venerable corn-dry-milling 

industry. The process resembles wheat-flour milling, except the starch-rich 

endosperm fraction is intentionally not ground entirely into flour. Instead it is 

separated by screening and other means into various size fractions; as indicated in 

Table 1.1. 

 
Table 1.1  

Products of corn dry-milling (1) 
Through US Screen Size 

On 
Product 

3.5 6 Flaking 
 10 15 Coarse 
 15 30 Regular 
 30 60 Corn Meal 

40 80 Corn 
 60 325 Corn 
  

Annual US production of these corn fractions is in the region of 6 billion lbs. 

(2.7 million metric tonnes). Some 30% of this, primarily coarse and regular grits, is 

used to replace part of the malt in brewery fermentations (2). These grits contain 

some 78% starch, (88% dry basis), so their use for making distilled alcohol has been 

suggested from time to time, but the economics have never proven favourable. 

The History of Wet-Milling 

The wet-milling process was first introduced in the mid-1800's, (3) to produce 

corn starch pure enough to be used not only in the laundry, but also in the kitchen, for 

making such things as puddings and custards and for thickening gravies. Meanwhile, 

an industry for making substitutes for cane sugar from different starches by treating 

them with acid had been growing since the blockades of the Napoleonic wars. By the 

early 1900's at least, making of corn (or glucose) syrup had been joined to the wet-

milling starch process. In the US corn syrup began to be used in candy-making, and 

in the home as a replacement for other syrups. In the 1920's pure crystallized dextrose 

was successfully produced (4). Then for several decades, industry growth was slow, 



but steady. Increases were primarily industrial applications of a broadening line of 

regular corn syrups. This included introduction of enzymes to replace acid in at least 

part of the conversion from starch to syrup. However, sales of such products from 

starch were always limited by their low level of sweetness compared to cane and beet 

sugars and the "invert syrups" made by splitting them into their component simple 

sugars dextrose (glucose) and levulose (fructose). 

However, this changed dramatically during the 1970's with the 

commercialization of high- fructose corn syrup (HFCS) with sweetness equal to 

syrups made from sucrose. The volume, measured in terms of pounds per capita, dry 

substance, of HFCS rose from 1.4 lbs in 1973 (5) to 56 lbs. in 1993/94 (6) - 86% as 

much as sucrose. In that year the industry consumed some 660 million bushels (7) 

(16.8 million metric tonnes) of corn in making fermentable sugars for use as 

sweeteners. 

The first significant use of a wet-milling plant for alcohol production began after 

the end of prohibition, when the Standard Brands Co. bought an existing plant at 

Clinton, IA and began making the grain neutral spirits required for its Fleischmann 

brand of beverages. 

Later, an interesting change from the dry-milling process to wet-milling process 

took place in stages at the Grain Processing Corp. (GPC) plant in Muscatine, IA. This 

plant was originally a dry-milling-type unit built to produce alcohol for the World 

War II Rubber-Reserve program. After the War it became a major supplier of 

industrial and beverage alcohols, and in the 1950's added facilities to recover the 

solubles and the oil-containing germ from the corn, employing the first steps of the 

wet-milling process, while continuing to use the remainder of the corn for 

fermentation in the existing war-time equipment. At a later time, equipment was 

added to take out part of the protein and some clean starch; ultimately they completed 

the change to wet-milling (see process description below). They became the largest 

and lowest-cost producer of neutral spirit, to the extent that a great many distillers 

purchased spirit from GPC instead of producing it themselves. 



When the petroleum crises of the 1970's set off a rush to build plants to make 

fuel alcohol from grain, it was widely expected that production would come primarily 

from dry-milling-process plants. However, instead of that, we find now that the wet-

milling process dominates the industry. It got a fast start when Archer Daniels 

Midland Co (ADM) added alcohol facilities to its then under-used HFCS plant in 

Decatur, IL. This was followed by steady expansion of those facilities, acquisition 

and expansion of the Clinton plant and addition of alcohol to the product line at their 

Cedar Rapids, IA, starch and corn-sweetener plant. Meanwhile, a joint venture of 

Texaco and Corn Products Company (CPC) (traditional petroleum and corn-wet-

milling companies respectively) modified an ageing starch and dextrose plant in 

Pekin, IL to produce fuel alcohol exclusively. 

In retrospect, it can be said that the dry- milling-type distilleries built with the 

financial support of the U.S. Government in the late 1970's and early 1980's, were 

generally financially unsuccessful, and required from modest to extensive rebuilding 

to operate. On the other hand, most of the existing wet-milling plants added alcohol 

to their product lines and, without direct Government support, have been suc¬cessful 

in the fuel-alcohol market. 

The US has the largest wet-milling industry, with a grind in 1994 of at least 

1,200 million bushels (30.5 million metric tonnes). 

The wet-milling process divides into two distinct sections. The first is the 

millhouse, which takes in corn and produces from it a slurry of refined starch plus 

various byproducts as described below. The other part consists of 'finishing' 

departments which process the starch slurry from the millhouse, into a myriad of 

starch, sweetener and fermentation products (Figure 1.1). 



 

Figure 1.1 Wet-milling finishing channels 

 

The Corn Kernel 

As seen in Figure 1.2, a corn kernel is made up physically of four major parts. 

The largest, which represents some 83% of the kernel's dry weight, is the 

'endosperm', containing both starch and protein. The protein is more concentrated in 

the 'hard' area, where a protein matrix encloses particles of starch, while in the upper 

part of the endosperm there is less protein structure and the starch particles are very 

much easier to separate. 

The germ is the embryo corn plant. It consists of about one-third fat. It is an 

elongated structure on one side of the kernel and it makes up 10-12% of the dry 

weight. Covering the entire kernel is the pericarp, which is more usually known as 

the hull or bran. It is composed almost entirely of cellulose and accounts for about 5-

6% of the weight. The other one percent is the 'tip cap' a small broken tube that 

originally connected the kernel to the cob. 

As shown in Table 1.2, the chemical composition of the corn kernel may vary 

within wide limits, but the averages shown are representative of commercial corn 

available in the late 1980's. 

 
 



Table 1.2  
Chemical analysis of corn 

                           (Percent, dry basis) 
                               Range Average 

Starch 61-78 71.7 
Protein 6-12 9.5 

Fat 3.1-5.7 4.3 
Ash (Oxide) 1.1-3.9 1.4 

Cellulosea  3.3-4.3 3.3 
Pentosansb 5.8-6.6 6.2 

Sugarsc 1.0-3.0 2.6 
Other  1.0 
Total  100.0 

a plus lignin 
 b as xylose 
 c as glucose 

 

 
Figure 1.2 Structure of the corn kernel 

 
 



In the millhouse, the kernel is separated into well-defined streams: a slurry of 

prime starch, and four others which are used to produce valuable 'byproducts'. The 

process streams are (1) 'steepwater' containing the solubles, (2) germ, containing 

most of the oil, (3) fiber, and (4) 'gluten' containing a large part of the insoluble 

protein. (Corn gluten is significantly different in composition and physical properties 

from the wheat gluten mentioned earlier, and the two should not be confused). 

The byproduct oil, gluten feed and gluten meal are crucial to the economics of 

wet-milling inasmuch as they produce revenue, which on an average is some 60% or 

more of the cost of the corn itself. This contrasts with the dry-milling, alcohol-

production process where the return from byproduct sales is more usually in the order 

of 45% of the cost of the corn. The difference amounts to about $0.15 per gallon of 

alcohol in the US. 

The usual byproducts are (1) unrefined corn oil, expelled or extracted from the 

germ, (2) corn-gluten meal (60% protein) made by drying the gluten stream, and (3) 

corn-gluten feed (21% protein) made by mixing germ residue, fiber and steepwater 

streams and drying them. 

Yields of these byproducts vary from plant to plant and with corn composition, 

but the yields in Table 1.3 are used by the USDA in their reports (9). 

Table 1.3  
Wet-mill yields per USDA 

Product % Moisture Ibs/bu kg/tonne 

Crude Corn Oil 1.55 27.7  
Corn Gluten Feed 10 13.5 241.1 
Corn Gluten Meal 10 2.65 47.3 
Starch 0 31.5 562.5 

 
The Wet-Milling Process 

General 

The millhouse produces starch using a series of steps beginning with a lengthy 

soaking (steeping), where solubles are removed, followed by recovery of the germ, 

fiber (bran) and gluten (protein). This leaves impure starch, which in the last 

millhouse step is washed counter- currently with fresh water, to produce a 99% pure 

product. 



As shown in Figure 1.3, the flow of water is actually countercurrent throughout 

the entire process. After starch-washing it moves stepwise towards the steeps, 

accumulating solubles as it goes. While small amounts of water leave with the 

various byproduct streams, the main part goes to steep the incoming corn, after which 

it is removed, carrying a significant amount of solubles with it. 

Corn receiving and storing 

Shelled corn arrives at the plant in rail cars or trucks, (both provided with 

hopper-bottoms), barges and sometimes ships. In the plant, it is weighed, sampled, 

cleaned, elevated and stored in bins or silos. Depending upon their location and the 

availability of transport, different plants may store large amounts of corn or as little 

as only a few days grind. Broken grain that is removed by the cleaning process may 

be sold as such, or more usually is ground and mixed into corn gluten feed. 

 
Figure 1.3 Water flow in corn wet-milling 

Steeping 

As shown in Figure 1.4, clean corn is first soaked in tanks for about 20 to 40 

hours, with 'steep acid' containing about 1600 ppm of S02, at a temperature of about 



125°F (52°C). The tanks are filled with corn in sequence and are discharged after 

steeping in the same order. After steeping, the kernels reach about 45% moisture; 

they are swollen and the action of the S02 has toughened the outer hull and germ, and 

also softened the protein structures, so that it is easier to remove intact germs and 

hulls, and to separate starch and protein. The steep acid moves countercurrenfly 

through the steeps, being used first on the 'oldest' corn and finally on the newest to be 

put in the steep tanks. When it is removed from there, it contains about 7% dry 

substance, comprising some 6.5% of the dry weight of the incoming corn, and is 

referred to as 'light' steepwater. The solids are high in nitrogen (about 47% calculated 

as protein), some 16% ash, plus lactic acid and residuals of the sugars from which it 

was produced, totalling about 28% (10) 

It also contains various unidentified growth factors and less than 100 ppm S02. 

The light steepwater is concentrated to about 45% d.s. in multi-effect or vapor-

recompression evaporators. It is then called 'heavy steepwater' and is sold under the 

name of 'Condensed Fermented Corn Extractives' to be used as a component of liquid 

cattle feeds. More usually it is mixed in the plant, with fiber (see below) and often 

other streams such as germ meal, corn screenings and refinery residue (protein and 

fat). When dried together, this forms 'corn-gluten feed (21% protein)', which is 

widely used as an ingredient in compounded cattle feeds; a large part of it is 

pelletized and exported to Europe. 

Germ system 

The steeped corn next passes through mills made of rotating toothed discs, set 

far enough apart that the kernels are torn rather than pulverized. This action frees the 

intact germs from the rest of the kernel, and they are separated in hydrocyclones 

which take advantage of the fact that the oil content makes the germ lighter than the 

rest of the slurry. They move to the center of the hydrocyclones and are withdrawn. 

After two stages of milling and separation, the germ is washed countercurrently in 

three steps, after which it is mechanically dewatered and then dried in rotary steam-

tube dryers. It contains about 50% oil, along with fiber, protein and starch. It is 

subsequently processed by mechanical expelling and/or solvent extraction, to recover 



the oil which is the high-value component. This may be done at the wet-milling plant, 

or the whole germ may be sold to others for processing. The residual 'cake' from 

expelling, or 'flakes' from extracting, may be sold as cattle-feed ingredients or mixed 

into corn-gluten feed. There is a commercial market for the crude corn oil, which is 

refined for the use in frying, baking, salad dressings, and other commercial and 

domestic food uses. 

Fiber system 

After the germ has been removed, the remaining material is a slurry of starch, 

protein and fiber with particles of various shapes and sizes. At this point, washing 

screens are used to recover the fiber pieces to which large amounts of starch and 

protein are adhered, while fine particles of starch and protein that are free of fiber 

advance to the next process step. The fiber which remains behind is milled with discs 

set close together, to dislodge as much starch and protein as possible. After milling, 

the fiber is countercurrently washed through several stages of screens, dewatered 

mechanically and partially dried, after which it is mixed with heavy steepwater and 

other components, and these are dried together to produce corn-gluten feed. 

Gluten separation 

The remaining thin slurry of starch and protein is next thickened by removal of 

water using a disc-nozzle centrifugal machine, followed by a similar machine which 

separates the lighter- weight protein from the starch by a centrifugal force of 3,000 or 

more times gravity. Protein concentration is adjusted to around 68% at discharge, so 

that it will be above 60% when dried to a commercial moisture of about 10%. 

The stream of gluten is thickened by another centrifugation, dewatered on a 

rotary vacuum filter, and dried. The product is 'corn-gluten meal (60% protein)'. The 

xanthophyll oil that gives yellow corn its color is concentrated in this fraction. Used 

primarily in poultry feed formulations, it provides not only high protein, but also 

yellow color to the skin and egg yolks, which is desirable in many markets. 

Starch washing 

The starch slurry coming from the gluten separator contains impurities, 

primarily about 2% insoluble and nearly 1% soluble protein, which must be greatly 



reduced to produce starch of acceptable quality. This is accomplished by 

countercurrent washing with fresh water through a series of up to 15 stages of 

hydro¬cyclones. The impurities are concentrated centrifugally and returned to the 

process stream after the fiber system, while the washed-starch slurry is collected as 

the main product. It is in a slurry of about 40% d.s. and the dry material contains only 

about 0.3% total protein and less than 0.01% soluble protein (11). On analysis it will 

show very little oil or fat, but there may actually be present as much as 0.6% 'hidden' 

fat held in the spirals of the starch molecules. This fat is released when the starch is 

hydrolyzed to form sugars. 

Alcohol production in wet-mills 

In order to use this starch for making alcohol, it must first be converted into low-

molecular- weight fermentable sugars, of which dextrose (glucose) and maltose are 

important examples. The reaction is called 'hydrolysis' since water combines with the 

starch, coincidentally producing a weight gain: 

 
 

The reaction can be achieved by the action of acids or of suitable enzymes. In 

the dry-milling distillery process, where whole grain is used, this hydrolysis and 

subsequent fermentation take place in the presence of large amounts of other 

materials such as germ, fiber and protein, but when clean wet-milling starch is used, 

these other materials are absent, and the fermentation broth is said to be a 'clear 

substrate'. 

This is important, because with a clear substrate, yeast can be recovered at the 

end of the fermentation and re-used for subsequent fermentations instead of being 

lost in the stillage. The advantages of this are: 

a) fermentation starts rapidly because of high yeast concentrations; 

b) high yeast concentrations tend to keep unwanted organisms from flourishing; 

 



 
Figure 1.4 Corn wet-milling block flow diagram 

 



c) in cascade fermentation, it results in a high alcohol concentration in the first 

fermenter, which decreases substantially the formation of glycerol in favor of more 

alcohol yield;  

d) it reduces the need to grow large amounts of new yeast during fermentation, 

saving as much as 4% of the sugars for alcohol instead of yeast growth. 

The yeast-recovery process involves passing the fermented beer through a 

centrifuge on its way from the fermenter to the first distillation column. The yeast is 

concentrated into a 'cream' which is acid treated to eliminate bacteria, and returned to 

the process. 

Conclusion 

The process known as 'wet-milling' of grain has been practised for more than a 

century, to obtain pure food-grade starch for use as such, and for conversion by 

hydrolysis into fermentable sugars and syrups. Some of these have been used 

historically to make beverage alcohol - both outside and in the wet-milling plant 

itself. 

When the demand for fuel alcohol first arose in the US, the corn wet-millers 

were thus already producing, very efficiently, large amounts of fermentable sugars. 

All that was required for them to produce alcohol was to add facilities for 

fermentation, distillation and alcohol dehydration - everything else was already in 

place. ADM, which had considerable excess HFCS capacity at the time, did this on a 

large scale and became the principal alcohol producer in the country. 

A different approach was taken by the A.E. Staley Company (Tate and Lyle) 

when their new HFCS plant was designed with large alcohol capacity in addition to 

the syrup. This offered two advantages: (1) the starch volume required for alcohol 

increased the millhouse size so it benefited from the economics of scale, and (2) 

alcohol production rate could be adjusted to balance the seasonality of HFCS sales, 

so the millhouse could be kept operating steadily at full production. 

Another plant (Perkin Energy) discontinued completely the making of starches 

and sweeteners and now devotes its entire grind to alcohol. The success of this 



operation demonstrates that it is not inherently necessary for wet¬milling alcohol 

plants to make other products to be viable. 

At present almost all wet-milling plants use corn (maize) although some wheat 

is being used in Europe. 

The wet-milling process obtains pure starch by successively removing other 

fractions of the kernel, arriving at a somewhat impure starch, which is then washed 

clean with fresh water prior to further processing. The non-starch fractions are 

customarily sold in the form of unrefined corn oil, corn-gluten feed (21% protein), 

and corn-gluten meal (60% protein). Together these byproducts usually return a value 

equal to at least 60% of the cost of corn. This results in a significantly lower raw 

material cost when compared with the 'dry-milling' process for making alcohol. 

Due to the lower raw-material cost and to the economics of scale of the wet-

milling plants, most of the grain neutral spirits and of the fuel alcohol produced in the 

US is made by the wet-milling process. 

 

Chapter 2. Grain dry milling and cooking for ethanol production 

This chapter deals with the milling and cooking stages of alcohol production 

from whole cereals. In brief, in this process the whole cereal, normally corn (maize), 

is ground in a mill to a fine particle size and mixed with liquid, usually a mixture of 

water and backset stillage. The slurry, so produced, is then treated with a liquefying 

enzyme to hydrolyze the starch in the cereal to dextrins which are oligosaccharides. 

The hydrolysis of starch with the liquefying enzyme, called alpha-amylase, is helped 

along by cook¬ing the mash at an appropriate temperature to break down the granular 

structure of the starch and cause it to gelatinize. Finally the dextrins produced in the 

cooking process are further hydrolyzed to glucose in a saccharification process using 

the exo-enzyme glucoamylase. These separate stages of milling, cooking and 

saccharification will be explained below in more detail. 

Milling 

The incoming cereal is usually inspected upon receipt. The distiller will check 

the grain for bushel weight, moisture content, mold infestation and general 



appearance. If the cereal complies with the quality control standards, it will be 

unloaded into silos, to be ready for milling. 

The purpose of milling is to break up the cereal grains to as small a particle size 

as possible, in order to facilitate subsequent penetration of water, in the cooking 

process. 

A wide variety of milling equipment is avail¬able to grind the whole cereal to a 

meal. Normally, most distilleries use hammermills, although some may use roller 

mills, particularly for small cereal grains. 

Hammermills 

With a hammermill, the cereal grain is fed into a grinding chamber in which a 

number of hammers rotate at high speed. The collision of the hammers with the grain 

causes a breakdown to a meal. The mill outlet contains a retention screen which holds 

back larger particles until they are broken down further, so that there will be a known 

maximum particle size in the meal. The screens are normally in the size range 1/8"-

3/16". 

A size-distribution test or 'sieve analysis' of the meal should be taken regularly. 

This shows whether the hammermill screens are in good order and whether the mill is 

correctly adjusted. Table 2.1 shows a typical sieve analysis for corn. 

As can be seen from this analysis, the two largest screens retain only 11% of the 

particles, while the quantity passing through the 60 mesh screen is also fairly low at 

7%. For efficient processing of the cereal starch into alcohol, the particles should be 

as fine as possible, but a compromise has to be made so that the particles are not too 

fine as to cause balling in the slurry tank, or problems in the byproduct recovery 

process. 

The fineness of the grind is a significant factor in the final alcohol yield. It is 

possible to obtain a 5-10% difference in yield between a fine and a coarse meal. 

Table 2.2 shows the typical alcohol yield from various cereals. It can be seen that the 

normal yield from corn is 2.65 anhydrous gallons of ethanol per 56 lb bushel. 

However, the yield with a coarse grind for corn may drop to 2.45 gallons per bushel, 



a reduction in yield of 7.5%. This is a highly significant reduction and would have 

serious economic consequences for any distiller. 
 

Table 2.1  
Typical sieve analysis of corn meal 

Screen Size Hole Sizea % Meal on Screen 

12 0.0661 3.0 
16 0.0469 8.0 
20 0.0331 36.0 
30 0.0234 20.0 
40 0.0165 14.0 
60 0.0098 12.0 
Through 60  7.0 

a inches 
Table 2.2  

Typical alcohol yields from various cereals 
Cereal 

Yielda 
(anhydrous US 
gallons/bushel) 

Fine grind corn (3/16") 2.65 
Coarse grind corn (5/16") 2.45 
Milo 2.60 
Barley 2.50 
Rye 2.40 

a Note that a distiller's bushel is always a measure of weight. It is always 56 lb, 
regardless of the type of grain. 

 

It is recommended that a sieve analysis of the meal be done at least once per 

shift. The distiller should set specifications for the percentage of particles on each 

sieve, and when the measured meal falls outside of these specifications, the mill 

should be adjusted. 

Normally, the hammers in a hammermill are turned every 15 days, depending on 

the usage, and every 60 days a decision should be made whether or not to replace the 

hammers and screens. 

Roller mills 

Some distillers use roller mills, particularly where cereals are used which have 

substantial quantities of husk material. In a roller mill, the cereal is nipped as it passes 

through the rollers, thus exerting a compressive force. In certain cases, the rollers 

operate at different speeds so that a shearing force can be applied. The roller surfaces 



are usually grooved, to aid in the shearing and disintegration. Figure 2.1 shows the set 

up of a roller mill. 

 
Figure 2.1 Roller mill 

 

In Scotland, the solids in whisky mashes, made entirely from malted barley, are 

usually removed by using a brewery-type lauter tun, which is a vessel with a 

perforated bottom, like a large colander. In this case a roller mill should be used, as 

the shear force allows the husk to be separated with minimal damage. The husk men 

acts as the filter bed in the lauter tun for tne efficient separation of solids and liquid. 

Cooking 

Cooking is the entire process that goes from mixing the grain meal with water 

(and possibly backset stillage), through to the delivery of a mash ready for 

fermentation. Figure 2.2 shows the components that make up a typical milling and 

cooking system. This schematic diagram could represent the processes involved in 

beverage, industrial or fuel alcohol production, except that nowadays, only the 

whisky distillers use malt as a source of liquefying and saccharifying enzymes. All 

other alcohol producers use microbial enzyme preparations. 

 Before discussing cooking operations, it is necessary to considerthe 

biochemical processes that are involved. The source of alcohol from cereal grains is 



the glucose polymer known as starch. The purpose of cooking and saccharification is 

to achieve a hydrolysis, or breakdown, of starch into fermentable sugars. 

This normally involves the use of the endo- enzyme alpha-amylase, followed by 

the exo¬enzyme glucoamylase (amyloglucosidase), to produce glucose. However, 

when malt is used as a source of both alpha-amylase and the exo-enzyme beta-

amylase, the fermentable sugar produced is maltose, which is a dimer, made up of 

two glucose units. 

Starch exists in two forms. One form is the straight-chained 'amylose', where the 

glucose units are linked together by alpha 1,4 glucosidic linkages. The amylose 

content in corn is about 10% of the total starch, and the amylose chain length can be 

up to 1,000 glucose units. Figure 2.3 shows the chemical structure of amylose. 

The other form of starch is called 'amylopectin' and represents about 90% of the 

starch in corn. Amylopectin has a branched structure. It has the same alpha 1,4 

glucosidic linkages as in amylose, but also has branches which are connected by 

alpha 1,6 linkages. The number of glucose units in amylopectin can be as high as 

10,000. Figure 2.4 shows the chemical structure of amylopectin. 

The alpha-amylase enzyme which is used for the initial liquefaction or 

hydrolysis of the starch, acts randomly on the alpha 1,4 glucosidic linkages, but will 

not break the alpha 1,6 linkages of amylopectin. 

As can be seen from Table 2.3, which tabulates me starch content of various 

cereals, corn, wheat and milo have similar levels of starch. That is why they are, in 

fact, the most commonly used cereals in the alcohol-distilling industry. 

Table 2.3  
Starch content of various feedstocks 

Raw material % Starch 
Corn 60-68 

Wheat 60-65 
Oats 50-53 

Barley 55-65 
Milo 60-65 

Potato 10-25 
Cassava 25-30 

Rye 60-63 
Rice (polished) 70-72 



Sorghum (millet) 75-80 
 

For the alpha-amylase to be able to bring about the hydrolysis of the starch to 

dextrins, the granular structure of the starch must first be broken down in the process 

known as gelatinization'. 

 
Figure 2.2 Typical milling and cooking system 

 
Figure 2.3 Chemical structure of amylose 



 
Figure 2.4 Chemical structure of amylopectin 

 

When the slurry of meal and water are cooked, the starch granules start to 

adsorb water and swell. They gradually lose their crystalline structure, until they 

become large, gel-filled sacs which tend to fill all of the available space. They then 

break with agitation and abrasion. The peak of gelatinization is also the point of 

maximum viscosity of a mash. Figures 2.5, 2.6 and 2.7 show the progressive 

gelatinization of corn starch, as viewed on a microscopic hot stage. 



 
Figure 2.5 Gelatinization of corn starch. Group of granules viewed on 

microscope hot stage, at 65°C, under normal illumination 

 

In Figure 2.5 the granules can be seen as quite distinct and separate from the 

surrounding liquid. In Figure 2.6 these same granules have swollen in size and some 

of the liquid has entered the granules. Figure 2.7 shows the granules as indistinct 

entities in which the liquid has entered to expand them considerably. 



  
Figure 2.6 Gelatinization of corn starch. Same group of granules as in Figure 

2.5, viewed on microscope hot stage, at 75°C, under normal illumination 
 

 
Figure 2.7 Gelatinization of corn starch. Same group of granules as in 

Figure 2.6, viewed on microscope hot stage, at 85°C, under normal illumination. 

 



Table 2.4 

 Temperature range for the gelatinization of cereal starches 

Cereal Gelatinization range °C 
Barley 52-59 
Wheat 58-64 
Rye 57-70 

Corn (maize) 62-72 
High amylose corn 67->80 

Rice 68-77 
Sorghum 68-77 

 
Table 2.4 shows the gelatinization temperature for the different cereals. It is 

thought by some distillers to be important for the meal-slurrying temperature to be 

below the temperature of gelatinization, so that an impervious layer of gelatinized 

starch does not coat the grain particles, preventing the enzymes from penetrating to 

the starch granules, and leading to incomplete conversion. Many distillers however, 

go to the other extreme, and slurry at temperatures as high as 90°C at which the 

starch gelatinizes almost immediately, so that, with adequate agitation there is no 

build up of viscosity, and no loss of yield. 

Figure 2.8 shows the chemical reaction of hydrolysis of the alpha 1,4 glucosidic 

linkage and represents the breakdown of starch to the lower-viscosity dextrins. 

The dextrins are oligosaccharides resulting from the hydrolysis of starch, using 

the endo- enzyme alpha-amylase as a catalyst. Alpha- amylase works randomly and 

rapidly, to catalyze the hydrolysis of the starch molecule. The dextrins will be of 

varying chain lengths. However, the shorter that the chain length is, the less work 

remains for the exo-enzyme, glucoamylase, which starts from the non-reducing end 

of the chains to release single glucose molecules by hydrolyzing successive alpha 1,4 

linkages. The glucoamylase enzyme also hydrolyzes the alpha 1,6 branch linkages, 

but at a much slower rate. 

 



 
Figure 2.8 Hydrolysis of the alpha 1,4 glucosidic linkage 

 

Premixing, cooking and liquefaction 

In considering all of the different processes that make up cooking, it should first 

be explained that there are a variety of types of cooking systems, both batch and 

continuous. 

For a batch system, there is usually only one tank, which serves as slurrying 

vessel, cooking vessel and liquefaction vessel. There are usually  

live steam jets installed in the vessel to bring the temperature up to boil, and also 

cooling coils, to cool the mash down for liquefaction. Figure 2.9 shows a typical 

batch-cooking system. 

With the batch-cooking system, a weighed quantity of meal is mixed into the 

vessel with a known quantity of water and backset stillage. These constituents of the 

mash are mixed in simultaneously, to ensure as good a mixing as possible. The 



quantity of liquid mixed with the meal will determine the eventual alcohol content of 

the fermented mash. When a distiller refers to a '25-gallon beer' it means 25 gallons 

of liquid per bushel of cereal. For example, for a corn distillery with an alcohol yield 

of 2.5 gallons of absolute alcohol per bushel, the 25 gallons of liquid would contain 

2.5 gallons of alcohol. It would, therefore, contain 10% alcohol by volume. Using the 

distillery alcohol yield, the distiller can in this way determine the quantity of cereals 

and liquid to use. Most distilleries operate with beers in the 10-12% alcohol range, 

although some beverage plants run at alcohol levels as low as 8%. 

 
Figure 2.9 Batch-cooking system 

 

With the batch-cooking system, a small quantity of alpha-amylase is added at 

the beginning (0.02%w/w of cereal) to facilitate agitation in the high-viscosity stage 

at gelatinization. After boiling, usually for 30-60 minutes, the mash is cooled to 75-

90°C and the second addition of alpha-amylase made (0.04-0.06% w/w cereal). The 

liquefaction then takes place, usually over a holding period of 45-90 minutes. The 

mash should always be checked at this stage, to make certain there is no starch 

remaining, which gives a blue or purple color with iodine. Mash should not be 

transferred from the liquefaction hold until it is 'starch-negative'. The optimum pH 



range for alpha- amylase usage is 6.0-6.5, so that from the first addition of this 

enzyme until the end of liquefaction, the mash pht should be controlled in this range. 

The glucoamylase enzyme has a lower pH range of from 4.0-5.5 so that after 

liquefaction, the pH of the mash should be adjusted with either phosphoric acid or 

backset stillage, or a combination of the two. 

The quantity of backset stillage as a percentage of the total liquid varies from 

10% to 60%. On the one hand, the backset stillage  

supplies nutrients essential for yeast growth, but too much backset stillage can 

result in the oversupply of certain minerals and ions which suppress good 

fermentation. Particularly of note here are the sodium ion and the lactate ion. Sodium 

concentrations above 500 ppm and lactate above 1.4% both have the effect of 

inhibiting yeast growth, to slow down and possibly stop the fermentation 

prematurely. The over-use of backset must therefore be avoided to prevent serious 

fermentation problems. 

With the continuous cooking process as shown in Figure 2.10, meal, water and 

backset stillage are continually fed into a premix tank, at a temperature just below 

that of gelatinization. The mash is pumped continuously through a jet cooker, where 

the temperature is instantly raised to 120°C and it then passes into the top of a 

vertical column. With plug flow, the mash moves down the column in about 20 

minutes, and passes into the flash chamber for liquefaction at 80-90°C. High-

temperature- tolerant alpha-amylase is added at 0.05-0.08% w/w cereal to bring about 

liquefaction. The retention time in the liquefaction/flash chamber is 30 minutes. The 

pH from slurrying through to the liquefaction vessel must be controlled within the 

6.0-6.5 range. The greatest advantage of this system is that no enzyme is needed in 

the slurrying stage, leading to significant savings in enzyme usage. From the 

liquefaction chamber, the mash is pumped through a heat exchanger to be cooled for 

saccharification or fermentation. 

Figure 2.11 shows the continuous U-tube cooking system. This system, differs 

from the columnar cooking system in that the jet cooker heats the mash up to 140°C, 

prior to being transferred through a continuous U tube. The retention time in the U 



tube is only three minutes, after which it is flashed into the liquefaction vessel at 80-

90°C and the enzyme is added (high-temperature-tolerant alpha-amylase 0.05-0.08% 

w/w cereal). The residence time in the liquefaction vessel is 30 minutes. 

 
Figure 2.10 Continuous columnar cooking system 

 
Figure 2.11 High-temperature, short-time, continuous U-tube cooking system 

 



The main advantage of this system is the relatively short residence period in the 

U tube. If properly designed there is no need to add any alpha-amylase enzyme in the 

slurrying stage. However, because of the relatively narrow diameter in the tubes, 

some distillers add a small amount of enzyme to the slurry tank to guarantee a free 

flow. 

The relative heat requirements of the three cooking systems can be seen in Table 

2.5. 

Table 2.5  
Relative heat requirements of cooking systems 

Batch  1 
Continuous columnar  1.18 
Continuous U-tube  1.37 

 
Surprisingly, the batch system is the most energy-efficient cooking system. 

Batch systems also generally use less enzyme than the other systems, possibly due to 

the difficulty of accurate dosing and good mixing with the continuous systems. The 

main disadvantage of the batch system compared to the continuous systems is the 

poor utilization or productivity per unit of time. Figure 2.12 shows the temperature 

time sequence for the three systems. 

This graph shows how much more efficient, time-wise, the continuous systems 

are as compared to the batch system. 

In the continuous systems, the flow diagrams show steam addition to raise the 

mash temperature. This temperature increase is brought about instantaneously by a jet 

cooker or 'hydroheater' as shown in Figure 2.13. 

One purpose of the cooking process is to breakdown the hydrogen bonds, which 

link the starch molecules together, thus breaking down the granular structure and 

converting it to a colloidal suspension. 

Another factor in the breakdown of starch is the mechanical energy put into the 

mash via the agitation of the different vessels in which the cooking process takes 

place. Well-designed agitation is very important in a cooking system, and the 

problem is intensified when plug flow is also desired. 



 
Figure 2.12 Temperature-time sequence in various types of cooking 

 

 
Figure 2.13 Automatic hydroheater 

 
Looking at mash viscosities gives some indication of the relative ease with 

which some cereals are liquefied, while others are more difficult. Figure 2.14 

compares viscosity against temperature, for corn and waxy maize (amioca). 

As can be seen, the viscosity profile varies from one starch source to another. 



 
Figure 2.14 Viscosity build up in cooking corn meal 

 

All of the cooking systems described earlier require the addition of enzymes, at 

least for the liquefaction stage, where most of the hydrolysis takes place. Many 

distilleries now use a high- temperature-tolerant alpha-amylase produced from the 

micro-organism Bacillus licheniformis. Figure 2.15 shows the effect of pH on the 

activity of such an enzyme. 

 
Figure 2.15 Effect of pH on the activity of alpha- amylase 



The optimum pH range for this enzyme is between 6.0 and 6.5, although it 

shows good stability up to a pH of 8.5. Figure 2.16 shows how the activity of this 

same enzyme varies with temperature. 

As can be seen, the optimum temperature for this enzyme is between 88°C and 

93°C. Typically, this type of enzyme would be used at between 0.06% and 0.08% by 

weight of cereal. Where it is necessary to add some alpha-amylase enzyme to the 

slurrying vessel, the dosage rate may be slightly higher. 

The reaction time for enzyme-catalyzed reactions is directly proportional to the 

concentration of enzyme used. Consequently, distillers who wish to minimize the 

quantities of enzyme used, should design their equipment to have long residence 

times, to allow the reactions to be completed with the minimal dosage of enzyme. 

 
Figure 2.16 Activity of high-temperature-tolerant alpha-amylase in relation to 

temperature 
Saccharification 

The saccharification of distillery mashes is a somewhat controversial subject. 

Over the last ten years, or so, many distillers have changed from saccharifying mash 

in a dedicated saccharification vessel (or 'sacc-tank'), to adding the saccharifying 



enzyme directly to the fermenter, in a process referred to as 'Simultaneous 

Saccharification and Fermentation'. Saccharification in a separate vessel is still the 

practice in some distilleries, particularly for beverage production. 

Mash from the liquefaction vessel is cooled, usually to 60-65°C, and transferred 

to a liquefaction vessel where the glucoamylase (amylo- glucosidase) enzyme is 

added. This exo-enzyme starts hydrolyzing the dextrins from the non-reducing end of 

the molecule, and progressively, but quantitatively and slowly compared to endo- 

enzymes, releases glucose. The saccharifying process is usually carried out with a 

residence time of between 45-90 minutes and the glucoamylase is added at 0.12% by 

weight of cereal used. Some distillers actually measure the quantity of glucose 

produced by measuring the dextrose equivalent (DE) of the mash. A DE of 100 

represents pure glucose, while zero represents the absence of glucose. This test is 

rarely used nowadays, as many distillers have high-performance liquid-

chromatography systems, which can measure sugars directly. 

The functional characteristics of glucoamylase, which is usually prepared from 

the micro¬organism Aspergillus niger, can be seen in Figures 2.17, 2.18, 2.19 and 

2.20. 



 
Figure 2.17 Influence of pH on the stability of glucoamylase 

 
Figure 2.18 Influence of pH on the activity of glucoamylase 



 
Figure 2.19 Influence of temperature on the stability of glucoamylase 

 
Figure 2.20 Influence of temperature on the activity of glucoamylase 

 

Two parameters, temperature and pH, dictate how enzymes can be used. While 

liquefaction is carried out at a pH of 6.0-6.5 and a temperature of 90°C, this is not at 

all acceptable for saccharification. The pH needs to be in the 4-5 range for 

saccharification, and the optimum temperature for the glucoamylase activity is 75°C . 

The mash, therefore needs to be acidified, either with phosphoric acid, or backset 



stillage, or both, before addition of the glucoamylase. The temperature also needs 

modifying. As mentioned previously, the normal mash saccharification temperature is 

60-65°C although, for microbiological reasons, it would be preferable at 70-75°C. 

Lactobacillus can survive at 60°C and frequent infection of saccharification systems 

has caused many distillers to change to saccharifying in the fermenter. It is 

recommended, therefore, that with modern glucoamylase enzyme preparations, 

saccharification take place close to the optimum, or maximum temperature tolerated 

by the enzyme. 

After saccharification, the mash is cooled to about 32°C for fermentation. 

Raw Materials 

Corn 

Corn has between 60-68% starch, and is certainly the most widely used cereal in 

dry¬milling operations. It is easy to process from cooking through fermentation. A 

bushel of corn weighs 56 lb and generally contains approximately 32 lb starch, which 

is present in the endosperm portion of the kernel, in the form of granules. When 

hydrolyzed, this starch yields about 36 lb of glucose. (The weight increases, as water 

is taken up in the hydrolysis process.) 

Barley 

Barley is used in many countries as a raw material for alcohol production, both 

in its ungerminated form, and in its germinated state, when it is called barley malt. 

This cereal contains starch at levels of 55-65% of dry weight. The starch is easily 

processed using methods similar to those used for corn, although the grain is much 

more abrasive on the equipment than corn, due to its high husk content. 

Barley, either of two-row or six-row varieties contains high levels (1-4%) of the 

polysaccharide gum known as beta-glucan. This is a very viscous gum and can lead 

to processing problems, unless the mash is treated with a beta-glucanase enzyme 

which hydrolyzes the gum to glucose. 

Alcohol yields from barley are slightly lower than for corn, normally 2.2-2.3 

U.S. gallons of anhydrous alcohol per 56 lb bushel. 

Milo (millet or grain sorghum) 



Milo has a smaller kernel than corn, but yields about the same quantity of 

alcohol per bushel. The cereal is treated in the same way as corn. Occasionally, 

foaming problems occur during fermentation, and the distillers dried grain has a 

slightly different color. As milo is purchased at a lower price per bushel than corn, 

the alcohol may be produced at a lower raw-material cost. An important feature of 

milo fermentation is the formation of a crusty head above the liquid, which requires 

constant agitation to break up. (For this reason, some distillers who use milo 

regularly, install an extra agitator just below the fermenter-fill level.) 

Rye 

Rye contains almost as much starch as corn (yielding 2.4 gallons of alcohol per 

bushel), and is used in rye-producing areas for alcohol production. It is an unusual 

cereal in that ungerminated rye contains a high level of alpha-amylase and the mash 

can almost be liquefied without the addition of alpha-amylase from external sources. 

During cooking, a hold at 65-70°C allows these enzymes to work. 

Normally microbial alpha-amylase preparations are added at 0.03% w/w rye. 

The fermenting mashes have a tendency to foam, and rye also contains gums which 

lead to serious viscosity problems. Treatment of rye mashes with beta- glucanase 

enzyme helps reduce the viscosity, but the problem is not as easy to solve as with 

barley. The bitter taste of rye results in a distillers dried grain with a different 

character to that of corn, but the plants in North America which use rye exclusively, 

have no difficulty in selling this product. 

Wheat 

While vast quantities of wheat are grown in the USA and Canada, little has been 

used directly in distilleries, because it generally tends to be more expensive than corn. 

The byproduct wheat-gluten may be extracted before converting the starch to alcohol 

as shown in the wheat- gluten processing system in Figure 2.21. 

Depending on the end use of gluten, it can be extracted by washing the wheat 

starch with water, or by dissolving in ammonium hydroxide. Water is used when the 

gluten is intended for bread baking, while ammonia is used when the gluten is 

intended for use as a protein supplement or is to be processed further. When the 



gluten is removed, the resulting product may be deficient in free-amino nitrogen and 

nutrients may need to be added to the mash, to have a satisfactory fermentation. 

 
Figure 2.21 Wheat processing including gluten separation 
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