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Fermentation of 6-Carbon Sugars and Starches 
 

FEEDSTOCK CLASSIFICATION 
Sugars are molecules of carbon, hydrogen, and oxygen, called carbohydrates, used by the plant 
and animal world as an energy source.  Sugars may have from 3 to 9 carbon atoms per molecule, 
but 5-carbon (pentose) and 6-carbon (hexose) sugars are by far the most common forms found in 
plant and animal-based feedstocks.  Six-carbon, single-molecule “monosaccharide” sugars 
include glucose (found in plants), dextrose (a natural form of glucose), galactose (found in milk 
and some plants), fructose (found in fruit and honey), and mannose (some fruits).  The most 
common 5-carbon sugars are xylose and arabinose.  Double-molecule “disaccharide” sugars 
include sucrose (a combination of glucose and fructose), maltose (two glucose molecules), and 
lactose (a glucose and a galactose).   
 
Starch and cellulose are very large polymer molecules composed of many hundreds or 
thousands of glucose molecules (polysaccharides).  Starch is an energy storage carbohydrate 
used by plants as an energy source.  Although cellulose is also composed of glucose sugar 
molecules, cellulose is a rigid building block molecule used to make cell walls for the leaves, 
stems, stalks, and woody portions of plants.   

FEEDSTOCK EXAMPLES 
Monosaccharide and disaccharide 6-carbon sugars are found in sugar crops (such as sugar 
beets and fruit), waste beer and milk.  Starch is often found in the fruit, seeds, or tubers of plants. 
Examples include starches from field corn, sweet corn, potatoes, oats, winter wheat, barley, 
and rye.  

FEEDSTOCK RESTRICTIONS 
The processes and products in this section involve conversion of feedstocks that contain six-
carbon sugars, and the organisms that utilize six carbon sugars in their one or two molecule 
forms for energy.  These feedstocks and organisms are widely occurring in the plant and animal 
world.  Starches, which are long chains of sugar molecules, must be broken down into one or 
two-molecule pieces prior use by organisms in fermentation reactions.  It is a relatively simple 
process to break starch into simpler, “fermentable” sugars.   
 
Cellulose is resistant to being broken down into smaller molecules, and cellulose occurs bound 
together with other plant substances that require special process steps to separate.  Among 
those plant substances are 5-carbon sugar molecules. Extraction of 5-carbon sugars from plant 
materials, conversion of cellulose to fermentable 6-carbon sugars, and subsequent fermentation 
of these sugars are treated as a separate conversion process, “Fermentation of Lignocellulosic 
Feedstocks”. 

PROCESS DESCRIPTION 
Fermentation is a biological process in which enzymes produced by microorganisms catalyze 
chemical reactions that break simple sugars or amino acids into lower molecular weight materials 
such as organic acids and neutral solvents such as ethanol.  An enormous variety of bacteria, 
yeasts, and fungi are of interest for biorefining through fermentation.  Although organisms exist to 
break down virtually any organic material, six carbon sugars, and especially glucose, are widely 
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available in the plant and animal world.  A wide variety or microorganisms exist to ferment these 
sugars.  These microorganisms digest simple one and two molecule sugars to produce the 
energy and chemicals they need to live and reproduce, and give off byproducts such as carbon 
dioxide, organic acids, hydrogen, ethanol, and other products.   
 
Commercial production of ethanol through fermentation is well established.  Most other products 
are specialty chemicals.  Ethanol is the most common compound produced through commercial 
fermentation, at 50,000 tons per year worldwide, but many different organic chemicals, mainly 
acids and alcohols, can be produced through fermentation.1  Other chemicals produced 
commercially include antibiotics, enzymes, monosodium glutamate, and citric acid.1 
 
Producing commercial byproducts through fermentation is a multi-step process: pre-treatment of 
the plant or carbohydrate to release fermentable simple sugars, fermentation of simple sugars by 
living microorganisms to produce hydrocarbons such as organic acids or alcohols, recovery from 
the fermentation broth of the desired fermentation products, and utilization of the byproducts.  
Commercial suppliers and researchers have developed many unique and proprietary methods for 
conducting each of these process steps, and have cultured thousands of different organisms to 
carry out specific chemical reactions.  Although the process steps are described separately, the 
steps may be integrated to optimize production performance.  In recent years, genetic 
modification techniques have been used to create organisms that improve the yields by altering 
the organism’s capability with respect to feedstocks, fermentation conditions, reactions carried 
out, and chemicals produced.2 

Pre-treatment Processes 
When mono- and disaccharide sugars exist naturally in plants, they can be released by simple 
pre-treatment that includes chopping or crushing, and washing with hot water to release the sugar 
from the plant material.  Prior to fermentation, the mixture of sugar, water, and plant material may 
treated to remove plant material, chemical substances, or wild microorganisms that could inhibit 
the fermentation process.  Treatments can include filtration, centrifugation, chemical additives, 
heat sterilization, or even adding microorganisms that target chemicals other than sugar.   
 
Starch molecules are too large to be used directly by microorganisms for energy reactions.  When 
starches are to be the feedstock for fermentation, the cell walls and husks of grain and other 
starch feedstocks must be opened to make the starch accessible.  Wet milling applies water, 
chemicals, and a sequence of physical processes to separate the starch from other portions of 
the grain feedstock, to create a high-purity starch.  Dry milling is a grinding procedure of the grain 
to make the starch accessible for further processing. Dry milling creates a starch-rich mash that 
contains other portions of the grain, such as oils, proteins, and husks.  
 
Further processing is required to break the starch into fermentable sugars of one or two 
molecules.  Hydrolysis is the process by which water splits a larger molecule into two smaller 
molecules.  Historically, acids have been used to catalyze (speed up) the hydrolysis of starch in 
“starch cookers” operating at temperatures of 150 to 200oC,1 a process referred to as acid 
hydrolysis.  Since the 1960’s, the use of specialized enzymes to break the starch into smaller 
molecules has become more common, as enzymatic conversion increases dextrose yield from 
about 86% up to 97%.3  Acid hydrolysis may be combined with enzyme hydrolysis. 
 
Hydrolysis of wet-mill or dry-mill starch is basically a two step process: liquefaction and 
saccharification.  Starch, suspended in water, is liquified in the presence of acid and/or enzymes 
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which convert the starch to a solution of smaller “dextrin” molecules. The saccharification process 
begins by treatment with another enzyme to continue the conversion to smaller, fermentable 
sugars. Throughout the process, refiners can halt acid or enzyme actions at key points to produce 
the right mixture of sugars like dextrose and maltose for syrups to meet different needs. In some 
syrups, the conversion of starch to sugars is halted at an early stage to produce low-to-medium 
sweetness syrups. In others, the conversion is allowed to proceed until the syrup is nearly all 
dextrose.  
 
Depending upon the purity required, syrups from wet-milled starch can be refined in filters, 
centrifuges and ion-exchange columns, and excess water is evaporated.4  The syrup may be 
used at this point to create the fermentation broth. Syrups can also be sold directly, crystallized 
into pure dextrose, or processed further to create high fructose corn syrup.  Syrups from dry 
milled grains contain the non-starch constituents from the grain, and may or may not undergo 
further processing prior to fermentation. 

Fermentation Process 
Large, temperature-controlled tanks are used for batch commercial fermentation.  The sugars, 
syrup, or syrupy mash are mixed with water to form a fermentation broth.  Sugar concentration in 
the fermentation broth water is adjusted to meet the needs of the microorganism, and nutrients 
such as a nitrogen source are added as needed to facilitate the reactions.  The broth is brought to 
the optimum temperature for fermentation, which may be different the temperatures used in pre-
treatment steps.   
 
Fermentation begins as the growing population of microorganisms produce enzymes to break 
two-molecule sugars into single molecule sugars (if needed or capable), and then convert the 
single molecule sugars into the commercial chemicals and byproducts.  Yields of chemicals 
approach a limit as the microorganisms either consume all the fermentable sugars or the 
products and byproducts of fermentation inhibit (or kill off) the organism.   
 
There are inherent challenges to working with living microorganisms in commercial fermentation.  
Microorganisms ferment a watery broth containing sugars and other nutrients, which in most 
cases must be aseptic and held to tight temperature and pH conditions.  Production rates are low 
by chemical refinery standards, with upper limits on the amount of dissolved materials in the broth 
at the start of fermentation and the final concentration of fermentation products.  Living organisms 
are variably sensitive to impurities that inhibit their action, including their own byproducts.  Final 
product fields can be as low as 2% weight by volume, for example as in the production of 2,3-
butanediol by the bacteria bacillus polymyxa.1   
 
The advantage of fermentation processes is that the reactions are highly specific and can be 
directed toward the production of valuable chemicals.  A typical yield for ethanol from corn is 
about one-third of the initial weight of corn, or 47% of the starch, being converted to ethanol.1  
Certain bacteria make lactic acid in high yields (> 90% of the sugar carbon is converted straight 
into lactic acid carbon).5 
 
In many fermentations, the product acts as an inhibitor to the production reactions.  Removing the 
product during fermentation increases the yield by allowing more to be formed from a given 
amount of biomass, in addition, product removal increases the production rate by reducing the 
accumulation of an inhibitory product.  Using continuous extraction, a side-stream can be pumped 
out of the unit and the extracted broth returned to it.5  

W I S C O N S I N  B I O R E F I N I N G  D E V E L O P M E N T  I N I T I A T I V E  
www.wisbiorefine.org 
 



 

Product Recovery Processes 
Typically, 50–70% of the total production cost in classical fermentation processes is due to 
downstream processing.5  Recovery costs can range as low as 10% to 50% of total production 
cost for bulk chemicals such lactic acid and citric acid, or 90% for high purity pharmaceutical 
products.5  The high costs are due primarily to the low final concentration of product in the water 
broth, the complex mixture of cellular materials and chemicals in the final broth, and the purity 
required of the final product.  As fermentation moves into lower-value higher-volume chemicals, it 
becomes necessary to maximize efficiency, and minimize costs and waste byproducts to 
compete effectively against traditional options. Some recommend that achieving these goals 
means approaching the design of fermentation and downstream separations as a single, 
integrated process.5   
 
Distillation is an energy-intensive separation process used to recover water soluble products from 
fermentation.  Distillation separates two liquids by taking advantage of their difference in boiling 
point temperatures.  A distillation “still” consists of a vessel to heat the combined liquids to boiling, 
a condenser to cool the vapors back into liquid, and receivers to collect the concentrated liquids.  
Distillation follows one of two main methods. In the first method, the heated mixture may consist 
of two liquids with significantly different boiling points. The vapor that is given off will a majority of 
one or the other liquid, which after condensation and collection effects the separation.  
 
A second method, fractional distillation, is more effective at separating liquids with similar boiling 
points. This method relies upon a gradient of temperatures existing in the condenser stage of the 
equipment. Often in this technique, a vertical condenser, or column, is used. By extracting 
products that are liquid at different heights up the column, it is possible to extract liquids that have 
different boiling (and condensing) temperatures.  Under ideal conditions, distillation can be used 
to effect a near-complete separation of one type of liquid from another. The fractions can further 
purified by a second distillation. 
 
Distillation is not effective for recovering many fermentation products.  Even where distillation 
may work, lower cost, lower energy separation techniques are being developed and used.  In the 
ethanol industry, distillation accounts for about 40% of the total energy needed for corn-to-ethanol 
conversion.6  Other recovery methods include precipitation and other chemical based techniques, 
and various types of membrane separation.   
 
Organic acid fermentation products may be recovered as salts of calcium and other metals.  
Recovery involves concentration of the salt, and conversion back into the acid.  Other techniques 
use caustic chemicals to precipitate fermentation products.  Recovery through these methods 
results in large volumes of waste salt materials such as gypsum. 
 
Membrane separation technology applies to use of a membrane, an engineered barrier with 
special properties, that restricts the transport of various chemicals in a selective manner.  
Transport through the barrier by selective chemicals may be driven by convection, diffusion, 
electric charge (electrodialysis), or pressure, temperature, or concentration differences.  
Membranes can provide substantial energy savings over distillation, and offer flexibility and 
modularity in design. 
 
A relatively new technology called “pervaporation” may provide considerable energy savings over 
traditional distillation technologies.  Pervaporation is a membrane-based process used to 
separate and concentrate volatile compounds from a liquid mixture by selective permeation 
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through a non-porous membrane into a vacuum permeate stream. The remaining liquid thus 
becomes depleted in the compound that permeates the membrane.6 

PRIMARY BIOBASED PRODUCTS 
An enormous variety of bacteria, yeasts, and fungi are of interest for biorefining through 
fermentation, able to produce dozens of chemicals with significant market potential.1,7  In addition 
to ethanol, products that are already being produced through commercial fermentation include 
theraputic and research enzymes, bulk enzymes, antibiotics, lysine, monosodium glutamate, 
gluconic acid, lactic acid, acetic acid, citric acid, malic acid, and whole-cell yeast biomass.1,5 
 
Of special interest in biorefining are platform intermediate chemicals from fermentation that can 
be converted into numerous consumer and industrial products, including succinic acid, butanol, 
itaconic acid, 1,3 propanediol, polyhydroxyalkanoates and 3-hydroxypropionic acid. 

PROCESS BYPRODUCTS 
Crops and plants that release fermentable sugars through simple crushing and washing 
operations leave lignocellulose plant residues that may be processed through a variety of 
biorefinery conversion processes.   
 
The wet-milling process of grain produces a variety of marketable byproducts, including steep 
liquor from an initial soak of the kernels, oil and oil cake extracted from the germ, protein, and 
hulls.   
 
When dry-milled starch feedstocks are used in fermentation, there are fibrous non-starch 
residues from the grain and other unfermented residues that are separated from the liquid 
product (sometimes called beer, in the generic sense).  These residues are dried into a product 
called distillers’ dried grains with solubles (DDGS) that may be sold as animal feed or 
converted into other biobased products.   
 
The fermentation process releases gases such as carbon dioxide that may be captured for sale, 
for example, to the beverage industry.  Fermentation may also produce volatile organic 
compounds that may need remediation prior to release. 
 
Distillation and membrane separation processes result in large volumes of wastewater that 
contain a high biological oxygen demand that requires treatment.  Some recovery methods 
generate large volumes of solid materials, such as calcium sulfate (gypsum), that must be 
recycled if possible, sold as a soil amendment, or properly disposed. 

MAJOR EQUIPMENT 
As described in detail above, the major components of the fermentation process are the crop pre-
treatment process which may include cleaning and washing operations; the milling, liquefaction, 
and saccharification processes (for starches); the fermentation vessel; a bulk separation process 
for dry mill or mash fermentation; and product recovery equipment. 

ENERGY REQUIRED 
Energy used in ethanol production is representative of commercial fermentation.  One study 
examined the question in detail, from growing corn on the farm to production of ethanol and 
byproducts, with results that follow.8  Assuming an average efficiency corn farm and an average 
efficiency ethanol plant, the total energy used in growing the corn and processing it into a gallon 
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of ethanol and other products is 81,090 Btus. Ethanol contains 84,100 Btus per gallon and the 
replacement energy value for the other co-products is 27,579 Btus. Thus, the total energy output 
is 111,679 Btus and the net energy gain is 30,589 Btus for an energy output to input ratio of 
1.38:1. In best-existing operations, assuming the corn is grown on the most energy efficient farms 
and the ethanol is produced in the most energy efficient plants, the net energy gain would be 
almost 58,000 Btus. Modern ethanol plants play close attention to energy costs. 
 
From the corn planter to the retail counter, the biobased plastic NatureWorks PLA from Cargill 
Dow has a lifecycle that reduces fossil fuel consumption by up to 50 percent.11 In addition, the 
process to make NatureWorks PLA generates 15 percent to 60 percent less greenhouse gases 
(GHG) than the material it replaces.11 Research also shows that technology advancements in 
PLA could allow up to 80 percent to 100 percent reduction in GHGs.11 

CAPITAL AND OPERATING COST 
The Cargill Dow fermentation plant in Blair, Nebraska, with a capital cost of $300 million, is 
capable of producing more than 300 million pounds (140,000 metric tons) of NatureWorks PLA 
per year and uses up to 40,000 bushels of locally grown corn per day as the raw material for the 
manufacturing process.11,9    

COMMERCIALIZATION STATUS 
All steps in the fermentation process – pre-treatment, fermentation, and product recovery – are 
commercialized.  Although commercial fermentation is a mature industry, there is extensive R&D 
and innovation occurring to develop fermentation around the biorefinery concept.2,7  In addition to 
larger, traditional milling companies, smaller companies are providing proprietary milling 
technologies that generate value-added products from non-starch components of grain.10,2 
Hydrolysis enzymes are produced by several companies.2   
 
A prominent example of commercial fermentation of chemicals for biobased products is provided 
by the Cargill Dow plant in Blair, Nebraska that produces a polylactide polymer, NatureWorks 
PLA, through a fermentation process that yields lactic acid from corn-derived dextrose. From the 
corn planter to the retail counter, NatureWorks PLA has a lifecycle that reduces fossil fuel 
consumption by up to 50 percent. In addition, the process to make NatureWorks PLA generates 
15 percent to 60 percent less greenhouse gases (GHG) than the material it replaces.11    

COMMERCIAL SUPPLIERS 
Several of the references listed below provide more information on commercial suppliers.2,3,7  The 
U.S. Department of Energy12 and its operating laboratories work in partnership with private 
companies on technologies and processes critical to the success of biorefining.13  The Biobased 
Manufacturers Association is a source information on suppliers of biobased products, although it 
is not exclusive to fermentation.14 
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