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Synthetic Oxygenated 
Liquid Fuels 

I. I N T R O D U C T I O N  

Many microorganisms effectively serve as catalysts by promoting the biochemi- 
cal conversion of biomass, particularly its carbohydrate components, to poten- 
tial and established liquid fuels or liquid fuel precursors. The various enzyme 
systems generated by the microorganisms are the actual catalysts. Special 
emphasis is given in this chapter to low-molecular-weight alcohols because 
they are one of a few classes of liquid motor fuels that can be directly formed 
on microbial conversion of biomass. Ethanol, for example, is an important 
blending agent for motor fuels and also a primary microbial conversion product 
of biomass; it is formed by "fermentation." Fermentation refers to the enzyme- 
catalyzed, energy-yielding chemical reactions that occur during the breakdown 
of complex organic substrates, usually but not always under anaerobic condi- 
tions, in the presence of certain microorganisms. Fermentation reactions re- 
quire organic compounds as terminal electron acceptors. Some of these reac- 
tions such as the production of beer, wine, and vinegar and the souring of 
milk, have been known for centuries. Pasteur originally introduced the term 
fermentation (L. fermentare, to boil) to describe microbiological reactions dur- 
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ing which gas evolution causes the appearance of boiling (cf. Fieser and Fieser, 
1950). The microorganisms were originally named "organized ferments" to 
distinguish them from "unorganized ferments" that had been extracted from 
plants and animals. Distinction between the two ferments was abandoned 
when Buchner, in 1897, obtained a cell-free juice from yeast that fermented 
glucose in exactly the same way as living yeast does. Ethanol has a long history 
of usage as a liquid fuel for internal combustion engines and is commercially 
used today by itself (neat fuel) in certain countries, as a motor fuel extender 
in blends with petroleum fuels, as an additive for octane enhancement, and 
as a source of dissolved oxygen in modem gasoIines. 

Several legislative acts and regulations of the U.S. Government and the U.S. 
Environmental Protection Agency (EPA) have resulted in significant expansion 
of the liquid biofuel industry. The Iran-Iraq war of 1978m1979 led to a highway 
excise tax exemption in the United States that initially amounted to about 
$0.16/L ($0.60/gal) of biomass-derived ethanol formulated with gasoline as 
gasohol, a blend of 10 vol % ethanol and 90 vol % unleaded gasoline. The 
exemption does not apply to synthetic ethanol manufactured by ethylene 
hydration. Although the federal exemption has since been reduced to about 
$0.14/L ($0.54/gal), the availability of federal and additional state tax incentives 
for biomass-based alcohols and derivatives helped stimulate their development 
and commercial use as motor fuel components. Also, the U.S. government- 
mandated use of gasoline-soluble, oxidized organic compounds (oxygenates) 
in unleaded gasolines to improve their environmental characteristics became 
effective in November 1992. The mandate has had a large impact on the biofuel 
industry. The oxygenates are primarily alcohols and ethers. 

The oxygenated unleaded gasoline market was initially equivalent to about 
30% of total gasoline demand. The U.S. Clean Air Act Amendments of 1990 
included a requirement for dissolved oxygen levels in unleaded gasoline of at 
least 2.7 wt % during the four winter months for 39 so-called carbon monoxide 
nonattainment areas. The Act also required a minimum of 2.0 wt % dissolved 
oxygen in reformulated gasoline (RFG) in the nine worst ozone nonattainment 
areas year-round. The oxygenated RFG market was initially equivalent to about 
22% of gasoline demand. Some states have opted to market RFG even though 
they are not on the nonattainment list. If the area is both a carbon monoxide 
and an ozone nonattainment area, the RFG must contain at least 2.7 wt % 
dissolved oxygen during the winter season and 2.0 wt % dissolved oxygen the 
rest of the year. RFG is limited to a maximum of 1.0 vol % benzene and a 
total aromatic content of 25 vol %; it has a reduced vapor pressure and cannot 
contain heavy metal additives. 

The raw material for oxygenate manufacture does not have to be biomass, 
but it is used as feedstock to help supply the growing demand. Since the 
introduction of RFG with oxygenates to the U.S. motor fuel market in January 
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1995, significant reductions have occurred in emissions of volatile organic 
compounds (VOCs) and unburned hydrocarbons, carcinogens, and other crite- 
ria pollutants (CO, SOx, particulates). VOCs react with oxides of nitrogen in 
the presence of sunlight to form ozone, so RFG also provides considerable 
protection against ozone-forming emissions. The U.S. Energy Policy Act of 
1992 (EPACT) included a strong regulatory program, implemented in the fall 
of 1996, that requires alternative fuel vehicles in every major U.S. metropolitan 
market. EPACT sets a national goal of 30% penetration of non-petroleum fuels 
in the light-duty vehicle market by 2010 and requires that, in sequence, the 
U.S. Government, altem_ative fuel providers, state and local governments, and 
private fleets purchase alternative fuel vehicles in percentages increasing over 
time (Gushee, 1994). Alternative fuels are defined by EPACT to be 85% blends 
of methanol and ethanol with gasoline (E-85 and M-85), compressed natural 
gas (CNG), liquefied natural gas (LNG), propane, hydrogen, and any other 
fuel determined to be substantially not petroleum. All of these incentives and 
mandates are opening new markets for biomass-derived transportation fuels, 
especially fermentation liquids. 

Because large amounts of ethanol and a few other low-molecular-weight 
alcohols and derived ethers are commercially marketed in the United States 
as motor fuel components, a portion of this chapter is devoted to the history 
of alcohol motor fuel usage and the properties of some of the important 
oxygenates alone and in gasoline blends (Sections II and III). Several of these 
oxygenates can be produced from biomass. The use of unicellular microorgan- 
isms~yeasts and bacteria~for the production of oxygenates from biomass is 
then examined (Section IV), and major economic factors are discussed (Section 
V). Fermentation systems are emphasized. Some microbiological processes 
that, in theory, can yield suitable liquid motor fuels but have not been perfected 
yet, and a few thermochemical processes that may ultimately displace microbial 
systems as the preferred production method for the same biofuels, are also 
discussed along with a review of economic factors. 

II. HISTORY OF ALCOHOL MOTOR 
FUEL DEVELOPMENT 

A. ETHANOL 

A review of the historical development of ethanol usage as a motor fuel is in 
order before discussion of modern production technologies. The history dates 
back to the beginnings of the internal combustion engine. In an industrial 
chemistry book published about a century ago (Duncan, 1907), these state- 
ments appear: 
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One of the most interesting developments of the past decade has been that of 
the internal combustion engine . . . .  The question of profitably substituting in 
these engines alcohol for gasoline is one enormously controversial, but out of 
warring testimony there have appeared certain facts that seem unquestionable . . . .  
Alcohol is reproduced in the cycle of the seasons; it is absolutely inexhaustible; it 
is made out of sunshine and air; and its composition does not lessen the value of 
the soil or the energy of the earth. Gasoline, on the contrary, represents a part of 
the stored energy of the earth; it exists only to the extent of about two percent in 
petroleum, and its supply, will in the future inevitably fail. 

By far, the vast majority of alcohol usage as motor fuel has occurred with 
ethanol. The invention of the four-cycle internal combustion engine in 1877 
by Otto and the two-cycle engine in 1879 by Benz involved the testing of 
ethanol, other alcohols, and many other organic liquids as potential fuels. 
Another factor that played a major role in the development of fuel ethanol 
was the passage of laws that permitted the production of tax-free ethanol for 
industrial use--England in 1855, The Netherlands in 1865, France in 1872, 
Germany in 1879, and then the United States (U.S.I. Chemicals, 1981). Farm 
leaders and alcohol distillers lobbied successfully to have the U.S. federal 
beverage alcohol tax removed on denatured industrial ethanol during a period 
of agricultural price decline in 1906 in the belief that vast new markets for 
ethanol fuels would develop (Giebelhaus, 1980). The enactment of the Tax- 
Free Industrial and Denatured Alcohol Act of 1906 in the United States, 
however, had little effect on the development of ethanol fuel markets because 
of the availability of cheap gasoline. 

During World War I, various alcohol blends were used by the European 
military forces as motor fuels because of gasoline shortages. After the war, 
numerous countries other than the United States began a serious effort to 
extend their motor fuel supplies by blending ethanol in gasoline (Christensen, 
Hixon, and Fulmer, 1934). France passed legislation in 1923 which ultimately 
led to compulsory blending of 25 vol % ethanol in high-gravity gasolines to 
help reduce agricultural surpluses. A fuel blend called "Monopolin" containing 
25 vol % absolute ethanol and 75 vol % gasoline was marketed in Germany 
from 1926 to August 1930 in open competition with gasoline. After that time, 
compulsory blending to 10 vol % ethanol levels was required for all gasoline 
imported or produced within the country. Italian royal decree required that 
30 vol % ethanol-70 vol % gasoline blends be used in 1926; this was changed 
to 20 vol % ethanol in 1931. A fuel blend called "Motalco" containing 20 vol 
% ethanol and 80 vol % gasoline was compulsory in Hungary for all gasolines 
over 0.735 specific gravity in 1929. Argentina recommended a fuel containing 
30 vol % ethanol and 70 vol % gasoline in 1931, stating that this fuel is superior 
to gasoline. The Royal Dutch Shell Company marketed a blend called "Shellkol" 
consisting of 15 to 35 vol % absolute ethanol in gasoline in Australia. A law 
was passed in Austria in 1931 which compelled the blending of domestic 
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ethanol up to 25 vol % in gasoline during periods in which the price of ethanol 
was below that of gasoline. A Brazilian law enacted in 1931 required gasoline 
importers to use domestic ethanol up to 5 vol % of the gasoline imported. 
Ethanol-gasoline blends containing 10 to 25 vol % domestic ethanol were 
required in 1931 in place of gasoline, with the exception of aviation gasoline, 
and sold in Chile. A fuel blend called "benzolite" containing 55 vol % ethanol, 
40 vol % benzene, and 5 vol % kerosine was marketed in China. Latvia required 
all gasoline, kerosine, benzene, or other liquid fuels for internal combustion 
engines to contain 25 vol % absolute ethanol. In 1931, a fuel blend called 
"gasanal" was marketed; it contained ethanol, ethyl ether, and gasoline. Begin- 
ning in 1931, Sweden used various blends of ethanol with other organic liquids, 
including methanol, as motor fuels, but recommended 20 to 30 vol % ethanol 
in ethanol-gasoline blends after World War I. Czechoslovakian law in 1932 
required that all mineral oil fuels contain 20 vol % ethanol. In 1932, Cities 
Service Company began marketing a fuel blend called "Koolmotor" in the 
United Kingdom; it contained 10 vol % ethanol, 15 vol % benzene, and 
75 vol % gasoline. Yugoslavia required all motor fuels to contain a minimum 
of 20 vol % ethanol in 1932. 

Many of the countries that had enacted laws requiring the blending of 
ethanol in gasolines suspended them in the late 1930s because of the instability 
of ethanol supplies (Wilkie and Kolachov, 1942). Germany imported expensive 
foreign ethanol to meet the legal blending requirements and used 63,500 t of 
the cheaper synthetic methanol in 1937 to meet the ethanol deficiency. Italy 
and France suspended all regulations during parts of 1937 and 1938 because 
of crop failures. It is apparent that the use of ethanol as a motor gasoline 
extender was widespread in many countries after World War I. This was not 
the case in the United States. 

In the early 1920s, Standard Oil Company (New Jersey) marketed a blend 
of 20 to 25 vol % absolute ethanol in gasoline in the Baltimore area. The 
program lasted until 1924, although there seems to be a difference of opinion 
as to why the venture was terminated. One report indicates that high corn 
prices in 1924 were the cause (Christensen, Hixon, and Fulmer, 1934); another 
indicates the reason was storage and transportation difficulties coupled with 
customer complaints (Giebelhaus, 1980). Standard Oil's customers reportedly 
encountered clogged fuel lines and carburetors with scale and sediment loos- 
ened by the solvent action of the alcohol in the gasoline tank, so it is probable 
that unfavorable economics and operating problems both caused the demise 
of the first attempts to market ethanol-gasoline blends in the United States. 
Subsequent efforts to revive an ethanol fuel program in the late 1920s and 
early 1930s through federal and state legislation, particularly in the U.S. Corn 
Belt, failed. The American Petroleum Institute opposed the effort and, together 
with other groups, was able to block federal tax incentive legislation in 1933 
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and 1934. However, after Henry Ford and several experts on fermentation 
ethanol joined hands and organized the First and Second Dearborn Conferences 
to promote science, industry, and agriculture in 1935 and 1936, a fermentation 
plant to manufacture 38,000 L/day of anhydrous ethanol specifically for motor 
fuels was announced for construction in Atchison, Kansas. The plant began 
operation on March 3, 1937 and manufactured Agrol Fluid, a blend of 78 vol 
% anhydrous ethanol, 7 vol % other alcohols, and 15 vol % benzene. In 1939, 
75 million liters of Agrol Fluid was marketed through more than 2000 service 
stations in 8 midwestern states (Christensen, Hixon, and Fulmer, 1934; Pre- 
bluda and Williams, 1981). The plant closed near the end of 1938 because 
the cost of fermentation ethanol could not be reduced to a level competitive 
with that of gasoline. The plant was started again during World War II to 
manufacture fermentation ethanol for non-vehicular applications. 

In the Midwest, American Oil Company began marketing gasohol containing 
fermentation ethanol on July 1, 1979, becoming the first major petroleum 
refiner in recent times to market an ethanol-gasoline blend in the United States 
(cf. Klass, 1980). Several other major oil companies then initiated gasohol 
marketing programs. Fermentation ethanol was used as a gasoline extender 
and as an octane enhancer and served to prepare the petroleum and automobile 
industries for the gradual phase-out of leaded fuels. Gasohol was sold at several 
thousand retail outlets, and estimates of fuel ethanol production in 1979 ranged 
from 136 to 227 million L/year (0.86 to 1.43 million bbl/year). At that time, 
the largest supplier of anhydrous ethanol to the petroleum industry, Archer 
Daniels Midland Company (ADM), which is located in the U.S. Corn Belt, 
expanded its production capacity to about 570,000 L/day (1.31million bbl/ 
year) of 200 proof ethanol from corn. By the mid 1990s, total U.S. fuel ethanol 
production capacity had increased to over 5.68 billion L/year (35.7 million 
bbl/year). ADM is still the largest U.S. supplier; it supplied about 38% of the 
country's demand for fuel ethanol in early 1997 (The Energy Independent, 
1997). Gasohol's share of the motor gasoline market in the United States was 
about 10.8% in the mid-1990s (Bower and Greco, 1997). 

The Brazilian fuel ethanol program, called Proalcool, is larger than the U.S. 
program. It started in the 1930s and was expanded in October 1975 with 
mandated usage of gasohol (10 vol % ethanol in gasoline) throughout the 
country (Garnero, 1981). All ethanol-gasoline blends were converted to 20 
vol % ethanol shortly thereafter. Ethanol production, primarily from sugarcane, 
reached a total of 3.41 billion liters in 1980, of which 2.68 billion liters was 
consumed as vehicular fuel. Neat ethanol-fueled vehicles were introduced to 
the market in 1979, and by 1982, the percentage of ethanol in blended fuels 
was raised to 22 vol %. Proalcool was started by government decree and 
continues today. In 1994, 34.3 million L/day (216,000 bbl/day), or about 12.5 
billion L/year (78.8 million bbl/year) of fermentation ethanol was consumed 
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for fuel purposes, accounting for 48.5% of automobile fuel demand (cf. Nastari, 
1996). In 1995, 4.2 million neat ethanol-fueled automobiles were on the road, 
accounting for 35% of the total population of passenger vehicles in Brazil. 

B. METHANOL 

Until the introduction in 1923 to American markets of synthetic methanol 
manufactured from coal-derived synthesis gas at about one-half the price of 
wood alcohol, methanol was not given as much attention for motor fuel 
applications as ethanol (Riegel, 1933). By the early 1930s, when synthetic 
methanol was well established and had taken over about 75% of the methanol 
market in the United States, methanol was considered to be a potential alterna- 
tive fuel for gasoline. But with few exceptions, it was only used as an anti- 
icing additive, for aircraft injection on take-off, and as a racing fuel where 
advantage could be taken of the increased power obtainable without regard 
to economics (Keller, Nakaguchi, and Ware, 1978). The EPA has limited the 
blending of methanol without cosolvent to a maximum concentration of 
0.3 vol % in unleaded gasolines because of phase separation and vapor pressure 
problems, which will be discussed later. 

C.  OTHER ALCOHOLS AND ALCOHOL DERIVATIVES 

Many oil companies have blended alcohols such as 2-propanol (isopropyl 
alcohol) and 2-methyl-l-propanol (isobutyl alcohol) in gasolines as anti-icing 
additives, but not generally as primary fuel components. Also, neat 2-methyl- 
2-propanol (t-butyl alcohol, TBA), the corresponding methyl ether (methyl- 
t-butyl ether, MTBE) and ethyl ether (ethyl t-butyl ether, ETBE), di-isopropyl 
ether, and t-amyl methyl ether (TAME) are marketed in the United States 
as oxygenates and octane-enhancing additives for gasolines. Arco Chemical 
Company has marketed blends of methanol and TBA (Oxinol) since 1969 as 
a gasoline additive to increase octane. TBA also serves as a cosolvent for 
methanol to improve phase stability of the gasoline blends. 

The butanols and their methyl and ethyl ethers have several advantages as 
oxygenates over methanol and ethanol in gasoline blends. Their energy con- 
tents are closer to those of gasoline; the compatibility and miscibility problems 
with petroleum fuels are nil; excessive vapor pressure and volatility problems 
do not occur; and they are water tolerant and can be transported in gasoline 
blends by pipeline without danger of phase separation due to moisture absorp- 
tion. Fermentation processes (Weizmann process) have been developed for 
simultaneous production of 1-butanol, 2-propanol, acetone, and ethanol from 
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biomass and are discussed in Section IV. Product mixtures from these fermenta- 
tions have been employed as "power butanol." Power butanol refers to fuel 
blends of the same heating value as dry ethanol and is composed of approxi- 
mately 17% water and 83% combined 1-butanol, acetone, and ethanol in ratios 
of 7.8:4:1.  This mixture is created by blending 80% 1-butanol-20% water, 
88% acetone-12% water, and 95% ethanol-5% water mixtures, or the grades 
of 1-butanol, acetone, and ethanol that can be made by simple distillation. 
Some of the operating characteristics are different than those of gasolines, but 
the power output and thermal efficiency data indicate that power butanol and 
power butanol-gasoline blends function well in standard spark ignition engines 
with only minor equipment changes (Noon, 1982). 

D.  ALCOHOL RACING FUELS 

As basic knowledge of combustion and engine designs improved after World 
War I, racing teams began to use alcohol fuel blends formulated with aviation 
gasoline. Ethanol-benzene-gasoline blends generally ranged from volumetric 
ratios of about 20:20:60 to 8 0 : 1 0 : l 0  (Powell, 1975). Ethanol, because of 
its high latent heat of vaporization and low air:fuel ratio requirements compared 
to those of gasoline, can be used at higher inducted fuel energy densities than 
gasoline alone to deliver increased power outputs. In the 1930s, methanol's 
still higher latent heat of vaporization and lower air:fuel ratio requirement 
provided better performance and became the main power component of many 
racing fuel blends. Methanol-benzene-gasoline blends were used to establish 
land and water speed records, and a fuel containing ethanol and gasoline was 
used to set a world air speed mark. After World War II, engine compression 
ratios were increased, and the racing community shifted to neat methanol and 
methanol-nitroparaffin blends. Neat methanol is now the dominant fuel for 
many racing events. 

I l l .  P R O P E R T I E S  O F  O X Y G E N A T E S  

Examination of the properties of some of the oxygenates used in the United 
States is in order before discussing the processes for their manufacture. The 
efficacy of a particular oxygenate as a neat motor fuel, gasoline or diesel fuel 
extender, or motor fuel additive depends on its specific properties. The major 
automobile manufacturers and petroleum refiners and several government 
agencies and research institutions have carried out large research programs to 
evaluate oxygenates in spark~ and compression-ignition engines to assess their 
performance, environmental benefits, and compatibility with automotive parts 
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and materials (cf. National Renewable Energy Laboratory, 1993). Problems as 
well as unanticipated benefits and some conflicts between the results of differ- 
ent groups were encountered as the information has developed, despite the 
long history of alcohol fuel usage. Much of this work was focused on methanol, 
ethanol, and other oxygenates. 

A. COMPARISON OF PROPERTIES 

With Gasoline 

Table 11.1 presents selected properties of methanol, ethanol, TBA, MTBE, 
unleaded regular gasoline, typical diesel fuel, and isooctane (2,2,4-trimethyl- 
pentane). Methanol and ethanol have about 50 and 66% of the volumetric 
heating value of gasoline, whereas TBA and MTBE have about 80% of the 
volumetric heating value. All other factors being equal, one would expect that 
the distance a vehicle can travel per unit volume of these compounds as neat 
fuels would be less than for gasoline. This is not precisely the case because many 
complex factors are involved in the performance of an engine-fuel combination. 

The differences in the boiling points and latent heats of vaporization between 
the neat alcohols and gasoline are apparent, although the latent heat of the 
less polar ether MTBE is close to that of gasoline. The oxygenates listed in 
Table 11.1 are pure compounds and exhibit specific boiling points, whereas 
commercial hydrocarbon fuels are mixtures that consist of many paraffinic, 
aromatic, and naphthenic compounds, and therefore exhibit a boiling range. 
This difference, coupled with the higher latent heats of vaporization of the 
alcohols, suggests there may be significant differences in the carburetion of a 
given engine with a neat alcohol. Also, fuel volatility differences might be 
expected with oxygenate-gasoline blends compared to the vaporization charac- 
teristics of neat gasoline, especially because of the interactions that are known 
for solutions of associated liquids such as alcohols in nonassociated liquids 
such as hydrocarbons. 

Another significant difference in properties is the much lower stoichiometric 
air/fuel ratios for combustion of methanol and ethanol compared to the ratios 
for gasoline. Despite the greater flammability range of alcohols in air, this is 
the reason that alcohol-air mixtures supplied by a gasoline-set carburetor to 
an engine are too lean for combustion to occur, and the engine will not operate 
properly. This problem is eliminated in Ford Motor Company's Flexible Fuel 
Vehicles (FFVs). In addition to some models that can operate on neat methanol 
or neat ethanol, other FFVs can operate on blends of 85 vol % ethanol (model E- 
85) or 85 vol % methanol (model M-85), or any lower concentration, including 
gasoline only. Computerized sensors monitor the amount of alcohol in the 
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fuel blend and automatically adjust the engine timing and amount of fuel 
delivered to the engine to provide the best performance. The engine compres- 
sion ratio is the same as in the gasoline-fueled version because FFVs are 
designed to operate on gasoline as well. In conventional vehicles, fuel blends 
containing up to about 20 vol % ethanol generally operate satisfactorily, al- 
though there is a blend-leaning effect on delivery of the fuel mixture to the 
engine equipped with a conventionally adjusted gasoline carburetor. The lean- 
ing effect of the blend can often improve fuel mileage if the carburetor is set 
too rich for gasoline alone, even though the alcohols have a lower energy 
content. In many late model cars, the air/fuel ratio is automatically controlled 
by feedback from an oxygen sensor in the exhaust, and the blend-leaning 
effect does not occur. 

The higher octane numbers of the oxygenates compared to those of unleaded 
regular gasoline in Table 11.1 suggest greater volumetric efficiencies of neat 
oxygenates than gasoline, provided the engine's compression ratios are high 
enough to take advantage of the higher octane values. In addition to compres- 
sion ratio, volumetric efficiency depends on engine design factors such as 
timing, type of fuel induction system, and breathing capacity, and on fuel 
parameters such as latent heat of vaporization and the heat received by the 
fuel charge during its passage through the induction system (Nash and Howes, 
1935). For ethanol, and especially methanol, the latent heats of vaporization 
are sufficiently large that the fuel does not completely evaporate during the 
suction stroke and continues to evaporate during the compression stroke. For 
the same amount of fuel evaporated before the inlet valves close, air cooling and 
the quantity of air drawn into the cylinder are greater. Hence, the temperature of 
the whole system is lower, and the density of the fuel-air charge is higher, 
thereby raising the efficiency. It is important to note that the heating value of 
the fuel only determines fuel consumption for a specific amount of work, not 
efficiency or power output. Thus, the higher octan~ values of methanol and 
ethanol at higher operational compression ratios; the higher latent heats of 
vaporization and the resulting increases in fuel-air cooling, density, and mass 
flow; and as will be shown later, the more favorable molar ratio of combustion 
products to charge with methanol and ethanol, all favor greater efficiency of 
alcohols than hydrocarbon fuels in terms of distance traveled per unit of 
expended energy. Note that this is unrelated to mileage per unit volume of 

fuel consumed. The greater energy efficiency means that for the same power 
outputs as gasoline engines, smaller alcohol-fueled engines could be used. The 
use of alcohols and MTBE as octane-enhancing additives in gasoline blends 
is apparent from the data in Table 11.1. For 10 vol % blends, the lower 
volumetric energy content reduces fuel economy in properly adjusted induction 
systems, as pointed out previously, but not precisely in proportion to the 
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amount of oxygenate in the blend. Losses are usually about 2 to 5% (Gibbs 
and Gilbert, 1981; Shadis and McCallum, 1980; Stamper, 1979). 

Interestingly, several key properties of the methyl ether MTBE and structur- 
ally related TBA, both of which are commercially marketed as octane enhancers 
and oxygenates, are more similar to those of unleaded regular gasoline than 
those of methanol and ethanol. MTBE is simply the equivalent of the dehydra- 
tion product of TBA and methanol. Its latent heat of vaporization, heating 
value, mass and volumetric stoichiometric fuel-air ratios, water solubility, and 
vapor pressure are closer to the corresponding properties of gasoline. This 
might be expected for MTBE because a polar hydroxyl group is substituted 
by a less polar ether linkage, and the molecule is more hydrocarbon-like than 
the lower alcohols. TBA, although an alcohol, also contains a tertiary butyl 
group, as does MTBE, and is more hydrocarbon-like than methanol or ethanol. 
Compared to the lower alcohols, MTBE exerts less blend-leaning effect, less 
effect on evaporative emissions, and less water-induced phase separation prob- 
lems in gasoline blends (Greene, 1982). The corresponding ethyl ether of TBA, 
ETBE, the equivalent of the dehydration product of TBA and ethanol, is closer 
to gasoline in some of its properties in the same manner as MTBE. It is also 
commercially marketed as an octane enhancer and oxygenate. 

With Diesel Fuel 

As for applications of methanol and ethanol as diesel fuel extenders or substi- 
tutes, the properties listed in Table 11.1 indicate several difficulties. The cetane 
numbers, stoichiometric combustion ratios, heating values, ignition tempera~ 
tures, vaporization characteristics, and boiling points are vastly different than 
the corresponding properties of diesel. The most direct approach to the use of 
alcohols as diesel fuels would appear to be the blending of the alcohol with 
diesel fuel, but only anhydrous ethanol will form solutions. Methanol and lower- 
proof ethanol are insoluble in diesel fuel. Up to about 30 vol % anhydrous 
ethanol can be added to diesel fuel without engine modification. As the per- 
centage is increased further, power is reduced, fuel consumption and engine 
noise increase, and the delay period or the time needed for ignition after the 
fuel enters the combustion chamber is extended (Barker, Pucholski, and Tholen, 
1981; Strait, Boedicker, and Johanson, 1978). Performance with 10 vol % 
ethanol is about equal to that with diesel fuel. But no performance characteristic 
is enhanced by ethanol, and contamination by a small amount of moisture 
causes phase separation. Because of ethanol's low cetane value, severe knock 
can occur that can be quite destructive because of the high compression 
pressures involved in diesel engines. The use of additives such as vegetable 
oils and organic nitrates to improve the cetane numbers of ethanol-diesel fuel 
blends and neat ethanol, separate injection of the alcohol and diesel fuel into 
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the combustion chamber, formulation of stable alcohol-diesel fuel emulsions, 
and introduction of the alcohol via direct carburetion in the intake air stream 
(fumigation) are among the techniques that may eliminate some of the operat- 
ing problems and permit use of lower molecular weight alcohols as diesel fuels. 

B. COMBUSTION CHARACTERISTICS 

The stoichiometric equations for complete combustion of the lower molecular 
weight alcohols, ethers, isooctane, and gasoline are shown in Table 11.2. As 
pointed out previously, the stoichiometric air-fuel ratios of neat methanol and 
ethanol are quite low compared to that of gasoline. As the molecular weight 
increases, the air-fuel ratio increases, but it is still less than the ratio for gasoline 
up to Cs alcohols. The amount of air needed for stoichiometric combustion 
decreases with increasing molecular weight and achieves the level of gasoline 
(1.72 vol %) for C8 alcohols. The relatively high volume of air needed for 
ethanol and methanol to achieve stoichiometric combustion is the reason for 
the blend-leaning effect. If a spark-ignition engine equipped with a carburetor 
that is set for delivery of gasoline-air mixtures is converted to methanol- 
gasoline mixtures without adjustment, the same volume of fuel and air is 
supplied, but the methanol mixture will be deficient in oxygen. However, as 
already indicated, the lower stoichiometric air-fuel ratio of methanol and 
ethanol and their higher latent heats of vaporization than gasoline increase 
the power outputs that can be obtained from an engine of a given size. The 
stoichiometric relationships presented in Table 11.2 also show that, with the 
exception of benzyl alcohol, the molar ratios of products to charge for the 
alcohols are higher than for gasoline and isooctane. This suggests that one of 
the reasons for better thermal efficiency of the lower molecular weight alcohols 
is higher pressures in the combustion chambers and more power output. 

The calculated higher heating values of most of the fuels listed in Table 
11.2 are listed in Table 11.3. On a heating value per unit mass basis, methanol 
has the lowest heating value, ethanol is next, and then the values generally 
increase with molecular weight up to C7, but are still considerably less than 
those of gasoline and isooctane. Similarly, on a heating value per unit volume 
basis, methanol has the lowest heating value, ethanol is next, and then as the 
molecular weight increases, the volumetric heating value increases, but at a 
higher rate than the corresponding mass values. The volumetric heating values 
of the paraffinic C7 alcohols shown are about the same as those of isooctane, 
and benzyl and cyclohexyl alcohols are in the gasoline range. This is caused 
by density differences and the containment of disproportionately more mole- 
cules in a unit volume of the liquid of the C7 alcohols than in the same volume 
of the other alcohols listed in the table. 
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TABLE 11.3 Higher Heating Values and Heating Values of Stoichiometric Air-Fuel 
Mixtures of Pure Alcohols, MTBE, Isooctane, and Gasoline 

Higher heating value a Heating value of air- 
Fuel Mol. wt. (MJ/kg) (MJ/L) fuel mixtures b (MJ/m 3) 

Methanol 32.04 22.33 17.70 3.643 

Ethanol 46.07 29.77 23.50 3.724 

1-Propanol 60.10 33.48 26.93 3.722 

2-Propanol 60.10 33.08 25.98 3.678 

1-Butanol 74.12 36.07 29.21 3.746 
2-Methyl- 1-propanol 74.12 36.05 28.88 3.743 

2-Methyl- 2-propanol 74.12 35.55 28.08 3.692 

1-Pentanol 88.15 37.70 30.70 3.758 

2-Methyl-2-butanol 88.15 37.27 30.15 3.715 

Cyclohexanol 100.16 37.23 35.83 3.736 

3-Methy-3-pentanol 102.18 37.99 31.48 3.663 

Benzyl alcohol 108.14 34.62 36.07 3.751 

1-Heptanol 116.20 39.81 32.72 3.769 

3-Ethyl-3-pentanol 116.20 38.91 32.64 3.684 

MTBE 88.15 38.12 28.23 3.800 

Isooc tane 114.23 47.79 33.07 3.745 

Gasoline 112.21 47 .20  34.0-36.8 3.787 

aThe conditions for combustion are atmospheric pressure, 20~ and product water in the liquid 
state. The higher heating value per unit volume is calculated from the density (20~176 and 
the higher heating value per unit mass. 

bCalculated from the heats of combustion at 20~ and the mole percent of fuel in the stoichiometric 
air-fuel mixture by the following formula: 

(MJ/kg)(mol wt)(mol % fuel)(4.1572 • 10-4). 

To ascertain any energy-content  differences that might  exist be tween equal 
vo lumes  of fuel-air mixtures ,  the h igher  heat ing values in Table 11.1 and the 

vo lume of fuel in the s toichiometr ic  air mixtures  in Table 11.2 were conver ted  

to heat ing values per uni t  vo lume  of s toichiometr ic  air-fuel mixture ,  as shown  
in Table 11.3. Despite the m a n y  differences in density, heat ing value, and fuel- 

air r equ i rement  for complete  combust ion ,  the heat ing values of the s toichiomet-  

ric mixtures  for the alcohols, MTBE, isooctane,  and gasoline each lie in a very 

nar row range, about  3.72 MJ/m 3 + 0.08 at 20~ In theory,  a proper ly  aspirated 

and  t imed spark-igni t ion engine would  thus be expected to deliver the same 

power  outputs ,  i ndependen t  of which  fuel is used, wi th  each of the potential  

fuels listed in Table 11.3. This has been al luded to in the l i terature on methanol -  
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gasoline blends and gasoline (Goran Svahn, 1979). At suitable air-fuel ratios, 
the specific energy contents of the fuels had only marginal differences, and 
the differences in maximum power output were insignificant. But only one 
alcohol was considered in this work. Furthermore, this argument assumes that 
complete combustion occurs, and that there are no gross differences between 
fuels. As already pointed out, there are many differences that cause deviation 
from ideal behavior. 

C.  OCTANE NUMBERS 

It is apparent that the octane numbers of the neat oxygenates shown in Table 
11.1 are higher than those of unleaded gasoline. The octane value of oxygenate- 
gasoline blends might therefore be expected to increase with increasing oxygen- 
ate concentration. Substantial octane benefits can be obtained as the concentra- 
tion increases, as illustrated in Table 11.4. This table shows that the addition 
of methanol, ethanol, 1-propanol, and 2-methyl-1-propanol to the base gasoline 
at concentrations of 5, 10, and 15 wt % in the blend increases research octane 
number proportionately more than motor octane number, that the blending 
octane values are higher for the lower octane value base gasoline than the 
higher octane value base gasoline, and that the octane improvement decreases 
with increasing molecular weight of the alcohol at equivalent weight percentage 
additions. Blending value is an octane number calculated from the experimen- 
tally determined values by a simple linear equation and corresponds to a 
hypothetical rating at 100% concentration of the additive. It is a measure of 
the synergistic octane improvement capability of the additive and is often 
much higher than the octane number determined with neat additive. The 
octane-enhancing properties of methanol and ethanol appear to be about the 
same. Note that the concentration of ethanol required to reach 2.7 wt % 
dissolved oxygen in an ethanol-gasoline blend is 7.3 vol %, which is signifi- 
cantly less than the amount in U.S. gasohol, 10 vol %. The concentration of 
dissolved oxygen and ethanol in gasohol is 3.7 wt % and 10.65 wt %. 

The blending octane numbers, and a few other parameters that will be 
discussed later, of a wider range of lower molecular weight alcohols and ethers 
are listed in Table 11.5. These data show that the octane benefits are broad 
and can be obtained with a wide range of oxygenates. Many petroleum refiners 
market regular and premium grades of gasoline that contain several of these 
oxygenates as octane-improving additives. Table 11.5 also lists the volumetric 
percentages of each oxygenate required in the oxygenate-gasoline blend to 
meet the requirement of 2.7 wt % dissolved oxygen in the finished blend. 
There is about a fourfold increase in the concentration needed from C1 to C7 
oxygenate to provide this level of dissolved oxygen. It is evident that when 
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one or more of the compounds shown in Table 11.5 is used to meet the U.S. 
dissolved oxygen requirements in the gasoline blend, the compound serves 
the dual purpose of supplying oxygen and increasing octane value. They are 
more properly called blending agents at the higher concentrations indicated 
in Table 11.5 rather than additives. Depending on the specific oxygenate used, 
with the exception of methanol, the percentage contributions to blend volume 
and energy content at the dissolved oxygen limits specified by the U.S. gov- 
ernment can range from about 7 to 19% and up to about 17%. Methanol is 
an exception because it requires a cosolvent oxygenate, such as TBA, to elim- 
inate the phase separation and vapor problems described next. Alone, methanol 
is legally limited to a concentration of only 0.3 vol % in U.S. gasoline blends. 
Again with the exception of methanol alone, the octane value contributions of 
the oxygenates can range from about 2 to almost 5 octane numbers. 

D. WATER TOLERANCE AND PHASE SEPARATION 

Water contamination in an oxygenate-gasoline blend can cause separation into 
a lower water-rich layer and an upper hydrocarbon-rich layer, and result in 
engine operating difficulties. The amount of water that the blend can tolerate 
before separation occurs depends on oxygenate structure, water solubility, and 
concentration, and on gasoline composition and the effect of cosolvent, if any, 
in the blend. Early experimental data show that ethanol is much less sensitive 
to phase separation in benzene than is methanol, and that relatively small 
amounts of water cause separation in the alcohol concentration ranges permit- 
ted today in U.S. gasoline blends (Nash and Howes, 1935). Table 11.6 shows 
the water tolerance of gasoline blended with methanol and ethanol as a function 
of alcohol concentration, cosolvent, and aromatic content of the gasoline 
(Keller, 1979). Water tolerance increases with both methanol- and ethanol- 
gasoline blends as the temperature and aromatic content of the gasoline in- 
crease, and with added cosolvent. But ethanol has a much higher water toler- 
ance in gasoline blends than methanol. For example, at 20~ the data show 
that for unleaded gasoline containing 14 vol % aromatics and 10 vol % methanol 
or ethanol, the ethanol blend can tolerate 0.60 wt % water in the blend be- 
fore phase separation begins, whereas the methanol blend can only tolerate 
0.06 wt %. The low-molecular-weight alcohols have a particularly high affinity 
for water, as indicated by their water solubilities in Table 11.5, that increases 
the alcohol's susceptibility to extracting the water under wet storage conditions 
(Piel, 1993). This limits their use for direct blending at the refinery in 
gasoline. Elimination of water contamination in gasolines would of course 
solve the phase separation problem altogether, so it behooves refiners, alcohol 
blenders, and distributors to keep all equipment as free of water as possible. 
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TABLE 11.6 Water Tolerance of Alcohol-Gasoline Blends ~ 

Concentration 
Alcohol (vol %) -20~  

Methanol 10 b 

10' 0.03 
10 a 0.04 0.08 

With cosolvent 10 e 0.17 0.22 

15' 
20' 

Ethanol 5' 0.18 0.19 
l0 b 0.34 0.40 

10' 0.42 0.47 
10 a 0.47 0.52 

With cosolvent 10 / 0.74 0.82 

15' 0.50 0.80 

Weight percent at indicated temperature 

- 10oc 0~ 10~ 15~ 20~ 

0.02 0.04 0.06 
0.07 0.11 0.14 0.16 
0.12 0.17 0.19 0.23 

0.27 0.34 0.37 0.43 
0.06 0.13 0.17 0.20 

0.05 0.20 0.26 

0.22 0.26 0.28 0.30 
0.47 0.53 0.57 0.60 
0.54 0.60 0.64 0.67 
0.58 0.65 0.68 0.73 

0.90 0.98 1.30 1.70 
0.85 1.04 1.09 1.16 

aEstimated from data in Keller (1979). 
/'In unleaded gasoline containing 14 vol % aromatics. 
tin unleaded gasoline containing 26 vol % aromatics. 
dln unleaded gasoline containing 38 vol % aromatics. 
eIn unleaded gasoline containing 26 vol % aromatics and 3.2 vol % 2-methyl-l-propanol. 
fln unleaded gasoline containing 26 vol % aromatics and 3.2 vol % 1-butanol. 

Long-term storage of alcohol-gasoline blends should be avoided to preclude 
absorption of moisture from air, especially in humid climates. In the United 
States, ethanol-gasoline blends cannot be transported by pipeline because of 
the phase separation problem, so ethanol is usually added to the gasoline just 
before delivery to the service station. Blends of gasoline and the lower polarity 
ethers, however, can be shipped and distributed without handling restrictions. 
As shown in Table 11.5, the lower oxygen content of the ethers means that 
when blended as an oxygenate, they are used at higher concentrations to meet 
the dissolved oxygen requirement. Most oxygenates with low water solubilities 
should be able to be blended into gasoline at the refinery to provide dissolved 
oxygen and octane enhancement. Oxygenates with these characteristics are 
the butanols and the higher alcohols, as well as the ethers (Piel, 1996). 

Neat methanol and ethanol fuels do not present the problem of phase 
separation since water is soluble in these alcohols in all proportions except at 
very low temperatures. Interestingly, it is not necessary to use anhydrous neat 
alcohol fuels in spark-ignition engines. The neat ethanol-fueled automobiles 
in Brazil operate with 190 proof ethanol (95 vol %), which precludes the 
energy-consuming step of producing anhydrous ethanol. Indeed, the addition 
of 10 and 20 wt % water to methanol raises its octane value to about 107 and 
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112; the corresponding octane values for ethanol are 108 and 115 (Kampen, 
1980). Higher thermal efficiencies would be expected for the aqueous alcohols 
as engine fuels because water has a higher latent heat of vaporization than the 
alcohols, and the resulting performance should be analogous to the effect of 
methanol on the performance of methanol-gasoline blends. 

E. VAPOa PRESSURE 

Methanol and ethanol form azeotropes with many of the hydrocarbons in 
gasolines. The boiling points and compositions of a few of the constant-boiling 
mixtures are listed in Table 11.7 (Nash and Howes, 1935). Thus, the boiling 
points of many of the components are reduced, and at lower temperatures, 
the vapor pressure of the blend is higher than that of gasoline alone. This is 
illustrated by the distillation curves shown in Fig. 11.1. The depression of the 
initial portion of the curves is apparent; the relatively fiat portion of the curves 
for the alcohol blends is sometimes referred to as the alcohol fiat. As might 
be expected from the structures of methanol and ethanol and the data in Table 
11.7, the alcohol fiat is less depressed with ethanol. The inclusion of ethanol 
and higher alcohols in the methanol blend also provides less depression. 

TABLE 11.7 Constant-Boiling Mixtures of Methanol and Ethanol with 
Selected Hydrocarbons" 

Boiling 
Hydrocarbon point (~ 

Constant-boiling mixture 

With methanol With ethanol 

Boiling Alcohol in Boiling Alcohol in 
point (~ mixture (wt %) point (~ mixture (wt %) 

2-Methylbutane 27.95 24.5 4.0 

2-Methyl-2-butene 37.15 31.75 7.0 

1,5-Hexadiene 60.2 47.05 22.5 

n-Hexane 68.95 50.0 26.4 

Benzene 80.2 58.23 39.55 

1,3-Cyclohexadiene 80.6 56.38 38.8 

Cyclohexane 80.75 54.2 37.2 

Cyclohexene 82.75 55.9 40.0 

n-Heptane 98.45 60.5 62.0 

Methylcyclohexane 101.8 60.0 70.0 

Toluene 110.6 

68.25 32.41 

66.7 34.0 

64.9 30.5 

66.7 35.0 

73.0 53.0 

76.7 68.0 

aNash and Howes (1935). All boiling points are at 101.3 kPa. 
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FIGURE 11.1 Distillation curves of alcohol-gasoline blends containing 10 wt % (9.2 vol %) 
alcohol. ( ), base gasoline; ( . . . .  ), methanol; (____u), 70 wt % methanol-30 wt % C2-C4 
alcohols; ( ............. ), ethanol. From Cox (1979). 

The increased front-end volatility from the alcohol fiats increases evaporative 
emissions. At 10 vol % concentrations in gasoline blends, methanol and ethanol 
have been reported to increase evaporative emissions as much as 130-220% 
(Stamper, 1980) and 49-62% (Lawrence, 1978), respectively. This can have 
an adverse effect on the volatility balance of the fuel and also promote vapor 
lock. It can stop the flow of fuel to the engine and interrupt normal engine 
operation. To overcome these problems, the compositions of reformulated and 
modern unleaded gasolines are adjusted by refiners to contain lower boiling 
fractions, particularly the butanes and pentanes that are used for blending. 
For gasohol, the EPA has provided a waiver by allowing a 6.9 kPa (1 psi) 
increase in the vapor pressure over that of gasoline. The starting and driveability 
problems that occurred in the late 1970s and early 1980s with gasohol have 
been eliminated, in part by advanced vehicle technology and the use of fuel 
feedback controls. Methanol-cosolvent oxygenate blends and the other oxygen- 
ates are each approved by the EPA for use only up to certain maximum 
concentrations in the finished gasoline blends as a means of controlling vapor 
emissions and other characteristics. 
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IV. PRODUCTION OF OXYGENATES 

As will become apparent in what follows, some oxygenates are manufactured 
by established, commercial, microbial processes using biomass feedstocks. 
Others can be manufactured by microbial conversion of biomass, but are 
currently produced using thermochemical conversion methods, usually with 
fossil feedstocks because of economic or technical factors. A few other oxygen- 
ates must be manufactured by thermochemical conversion of fossil feedstocks 
because suitable microbial processes do not yet exist to produce the oxygenate 
from biomass. Still others can be produced by a combination of thermochemical 
and microbial conversion. Microbial conversion systems with biomass feed- 
stocks are emphasized here, but thermochemical methods are briefly reviewed 
to present a perspective on the options available and what advancements are 
necessary to perfect suitable processes. 

A. METHANOL 

As described in Chapter 8, pyrolytic conversion of woody biomass was used 
to manufacture methanol (wood alcohol) for many years until it was displaced 
by thermochemical processes that involved gasification to afford intermediate 
synthesis gas, which is a mixture of hydrogen and carbon oxides, followed by 
catalytic reduction of the carbon oxides to methanol. In a typical world-scale 
methanol plant, synthesis gas is produced by steam reforming of natural gas 
feedstock and shift conversion of CO to obtain the proper molar ratio of H2 to 
carbon oxides. The process is strongly endothermic. The hydrogen-producing 
process is favored by high temperatures and low pressures, and methanol 
synthesis is favored by low temperatures and high pressures. In a balanced 
process for natural gas conversion, in which the hydrogen needed is generated 
from natural gas, the approximate stoichiometries are as follows: 

Reforming-shift conversion: 16/3CH4 4- 4/3H20 4- 8/302--~4CO 4- 4/3CO2 4- 12H2 
Methanol synthesis: 4CO 4- 4/3CO2 4- 12H2-~ 16/3CH30H 4- 4/3H20 
Net: 16/3CH4 4- 8/302 -~ 16/3CH3OH. 

Preheated natural gas is fed at about 600~ to the reformer and exits at about 
880~ and 2.1 MPa. Methanol synthesis is then performed over copper-based 
catalysts at about 240-270~ and 10.3 MPa. The product gas contains about 5% 
methanol. By-products are 1-2% dimethyl ether and 0.3-0.5% higher alcohols. 
Because of equilibrium limitations, conversion of synthesis gas is only a few 
percent per pass in the catalytic reactor, and the product gas stream after 
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methanol separation at low pressure must be recompressed for recycling with 
fresh feed. 

Synthesis gas can be manufactured from any fossil or biomass feedstock. 
Biomass feedstocks are not used in industrialized countries for methanol pro- 
duction by pyrolysis or thermal gasification processes because of unfavorable 
economics. Biomass-based synthesis gas may begin to contribute to at least a 
portion of methanol demand in the next few decades as natural gas reserves 
decrease and other fossil feedstocks are unavailable or possibly not desired, 
as might occur with coal because of environmental issues. Also, combined 
biomass-natural gas feedstocks can offer substantial benefits in methanol manu- 
facture (Chapter 9). In any case, none of this technology is concerned with 
microbial conversion. Commercial fermentation processes for methanol have 
never been developed, although some ethanologenic organisms produce small 
amounts of methanol by-product. This suggests that there may be a suitable 
biochemical pathway to methanol if the other pathways can be suppressed. 

The thermodynamics of methanol and ethanol production help to explain 
why methanol is not manufactured by fermentation processes whereas ethanol 
is. The overall stoichiometries for converting glucose (C6H1206) to methanol 
and ethanol by alcoholic fermentation under physiological conditions (pH 7, 
25~ unit activity in aqueous solution) are 

C6HtzO6(aq) + 2H20(aq) ---> 4CH3OH(aq) + 2CO2(aq) 
C6H,206(aq)---> 2CH3CH2OH(aq) + 2CO2(aq). 

The standard enthalpy and Gibbs free energy changes for methanol formation 
under these conditions are about 4-166 and - 9 9  kJ/mol glucose converted, 
whereas the corresponding values for the ethanol process are about 4-18 and 
-235  kJ/mol. The larger decrease in free energy and the almost neutral enthalpy 
change favor the formation of ethanol over that of methanol. In actual practice, 
commercial fermentation ethanol forms under slightly exothermic conditions; 
about 53 kJ is released per gram-mole of ethanol produced. 

Every fermentation process must be coupled with the synthesis of adenosine 
triphosphate (ATP), the universal biochemical energy carrier, from adenosine 
diphosphate (ADP) and inorganic phosphate. The energy taken up by the 
cells is used to drive the endothermic synthesis of ATP. Under physiological 
conditions, this requires between 42 and 50 kJ/mol of ATP formed, but this 
assumes equilibrium conditions which do not occur naturally in a living cell, 
so the energy to drive the synthesis of ATP must even be larger, probably near 
63 kJ/mole of ATP formed (Thauer, 1976; Thauer, Jungermann, and Decker, 
1977). For ethanol synthesis, yeasts of the genus Saccharomyces use the Emb- 
den-Meyerhof (glycolytic) pathway; the net yield is 2 mol ATP and 2 mol 
NADH per mole of glucose fermented. Pyruvic acid is the key intermediate. 
Bacteria of the genus Zymomonas use the Entner-Doudoroff pathway; the net 
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yield is 1 mol ATP and 2 mol NADH per mole of glucose fermented. For this 
pathway, pyruvic acid is also the key intermediate. The decrease in free energy 
of -235  kJ/mol glucose fermented is more than adequate for either pathway. 
But if the same pathways were available for conversion of glucose to methanol 
(an unlikely possibility, as discussed later), the decrease in Gibbs free energy 
of - 9 9  kJ/mol glucose fermented is only slightly more than the amount re- 
quired by the Enmer-Doudoroff pathway, and is considerably less than that 
required by the Embden-Meyerhof pathway. This is one possible explanation 
of why fermentation methanol has not yet been developed. 

After biochemical conversion of glucose to pyruvic acid intermediate, the 
next step in ethanol synthesis is nonoxidative decarboxylation and acetalde- 
hyde formation catalyzed by a native decarboxylase, and then acetaldehyde 
reduction to ethanol catalyzed by a native dehydrogenase. 

C6H1206--~ 2CH3COCO2H + 4H 
2CH3COCO2H ~ 2CH3CHO + 2CO2 
2CH3CHO + 4H--~ 2CH3CH2OH. 

The net reaction is the conversion of 1 mole of glucose to 2 moles each of 
ethanol and CO2 with balanced consumption of the reducing power generated 
during the formation of pyruvic acid. The analogous biochemical conversion 
of glucose to methanol would involve formation of formaldehyde and its 
reduction to methanol: 

C6H1206--~ 2CH3COCO2H + 4H 
2CH3COCO2H + 2H20 --, 4HCHO + 2CO2 + 4H 
4HCHO + 8H ---, 4CH3OH. 

In this case, although the hypothetical balanced process yields a net 4 moles 
of methanol and 2 moles of CO2 per mole of glucose converted, twice the 
reducing power is needed compared to the ethanol case and cleavage of two 
additional carbon-carbon bonds is also required. Decarboxylation of pyruvic 
acid has not been reported to proceed in this manner. These observations, 
however, do not preclude the possibility of other biochemical pathways and 
intermediates to fermentation methanol. 

Other approaches to the use of microorganisms for methanol production 
appear to be technically feasible. Methylotrophic organisms are capable of 
growing nonautotrophically on one-carbon compounds containing a methyl 
group or on compounds containing two or more unlinked methyl groups. 
Obligate methylotrophs can grow on methane and methanol, and facultative 
methylotrophs are in addition capable of growing on other organic compounds 
such as carboxylic acids and carbohydrates. Most methylotrophs are aerobic 
organisms. The established biochemical pathway of methane oxidation involves 
catalysis by methane monooxygenase to afford methanol, followed by sequen- 
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tial reactions catalyzed by dehydrogenases to yield formaldehyde, formic acid, 
and finally CO2. These compounds have been detected as exometabolites on 
microbial conversion of natural gas with methylotrophs, so it has been sug- 
gested that leaky mutants of methane utilizers that excrete methanol into the 
media may offer a microbial route to methanol (Foo, 1978; Foo and Hed6n, 
1976). But as methanol concentration increases in the media, methane utiliza- 
tion and cell growth are inhibited. Methane utilization by Pseudomonas spp. 
was inhibited at concentrations of only 40 mg/L (Wilkenson et al., 1974). 
Some blocking agents that shut down methanol oxidation or that remove it 
from the media appear to be quite effective. The use of iodoacetate with 
Methanomonas methanooxidans allowed 75% of the methane consumed to accu- 
mulate as methanol (Brown et al., 1964). Also, it is well known that a large 
number of mixed microbial populations of acetogenic and methanogenic bacte- 
ria are capable of efficient conversion of biomass to approximately equal vol- 
umes of methane and CO2 under anaerobic conditions (see Chapter 12). The 
overall stoichiometry for the microbial gasification of glucose is 

C6H1206(aq)--~ 3CH4(g) 4- 3CO2(g). 

The standard enthalpy and Gibbs free energy changes under physiological 
conditions are about -131  kJ and -418  kJ/mol glucose converted; methane 
retains about 95% of the chemical energy contained in the glucose (Klass, 
1984a). Thus, the thermodynamic driving force is large and the exothermic 
energy loss is small. Also, methane fermentation is an established, commercial 
technology that yields product gases containing 40 to 70 mol % methane. 

This information suggests a few conceptual approaches to fermentation 
methanol that seem to be worth further consideration. One is to employ a 
staged microbial system in which suitable mixed populations of acetogens and 
methanogens use biomass under anaerobic conditions in the first stage as a 
source of carbon and energy to yield CH4 and CO2, followed by a second stage 
of suitable methane-oxidizing bacteria, in which methanol is formed as an 
exometabolite in the presence of a blocking agent to prevent further oxidation. 
So a source of oxygen, which could be inorganic chemical oxygen, is necessary 
in the second stage. The net result is 

C6H1206(aq) + 1.502(g)--~ 3CH3OH(aq) + 3CO2(g). 

This process is exothermic by about -510  kJ/mol glucose converted and the 
Gibbs free energy reduction is large, -792  kJ/mol. Since acetate is a key 
intermediate in methanogenesis, a three-stage system of acetogens, methano- 
gens, and methylotrophs can also be envisaged. There is no need to maintain 
aseptic conditions in the acetate- and methane-forming stage or stages, al- 
though there may be in the methane oxidation stage. Separation of gaseous, 
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water-insoluble methane for delivery to the methanol-forming stage is relatively 
simple, and the gas is easily sterilized if necessary. 

Another conceptual approach to fermentation methanol from biomass is to 
convert biomass to acetate with suitable acetogenic populations, followed by 
direct conversion of acetate to methanol. This type of process does not involve 
intermediate methane and might possibly improve the operational characteris- 
tics of the process. The process can be represented by 

C6H1206(aq)-, 3CH3CO2-(aq) + 3H+(aq) 
3CH3CO2-(a q) + 3H+(aq) + 1.502(g)-, 3CH3OH(aq) + 3CO2(g). 

The Gibbs free energy changes of the acetate- and methanol-forming stages 
are - 191 kJ and -601  kJ/mol glucose converted, so the thermodynamic driving 
force is large for each step. The sum of the free energy changes is - 792  kJ, 
the same as the free energy change of the process shown earlier that involves 
intermediate methane, because the net result is identical. Suitable microorgan- 
isms would have to be found that decarboxylate acetate directly to produce 
methanol. Alternatively, presuming the availability of a suitable pathway, glu- 
cose might be converted to formaldehyde, followed by reduction to methanol: 

C6H1206(aq) + 2H20(aq)--> 4HCHO(aq) + 2CO2(g) + 8H 
4HCHO(aq) + 8H --> 4CH3OH(aq) 

Net: C6H1206(aq) + 2H20(aq) --> 4CH3OH(aq) + 2CO2(g). 

The Gibbs free energy changes for the formaldehyde- and methanol-forming 
stages per mole of glucose converted are 81.9 kJ and -179.4 kJ, or a net 
reduction of-97.5 kJ, which is not very favorable. 

Finally, since methane monooxygenase (MMO) is the only enzyme known 
that catalyzes the oxidation of methane to methanol, its isolation from suitable 
methanologenic organisms and use as a catalyst could eliminate the need for 
blocking agents. Methanol would then be expected to be a final product and 
not a transitory intermediate in the absence of dehydrogenases. MMO has 
been isolated from the methanotrophic bacterium Methylosinus trichosporium 
and found to consist of three separate protein components termed hydroxylase 
(MMOH), reductase (MMOR), and component B (MMOB) (Shu et al., 1997). 
Kinetic analysis of a single-turnover reaction revealed at least five and probably 
six intermediates in the catalytic cycle of MMO, among which "Q" is the 
key methane-oxidizing species. Q has been established to be a diamond core 
structure that contains two iron atoms, each bound to two oxygen atoms, and 
a carboxylate bridge that connects the active site to the enzyme. This basic 
data could lead to development of highly selective, active MMO, possibly in 
immobilized form on solid supports, or to construction of biomimetic catalysts 
for methane oxidation. 
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B. ETHANOL 

Commercial Processes 

Ethanol is manufactured from a variety of biomass feedstocks by anaerobic 
fermentation and from ethylene by direct vapor-phase catalytic hydration and 
sulfation-hydrolysis. The stoichiometries that represent the major processes 
are as follows: 

Biomass fermentation: 

Direct ethylene hydration: 
Indirect ethylene hydration: 

(C~HloO~). + nH20-~ nC~H1206 
nC~H1206 ~ 2nCH3CH2OH + 2nCO2 
CH2-CH2 4- H20 -* CHBCH2OH 
CH2"-CH 2 4-H2SO 4 -~ CH3CH2OSO3H 
CHBCH2OSOBH + H20-~ CH3CH2OH 4- H2SO4 
CH3CH2OSO3H + CH2-CH2-~ (CH3CH20)2SO2 
2CH3CH2OSO3H-~ (CH3CH20)2SO2 4- H2SO4 
(CH3CH20)2SO2 + H20-~ CH3CH2OH 4- CH3CH2OSO3H. 

Ethanol produced from ethylene feedstocks is called synthetic ethanol. 
Today, most synthetic ethanol is manufactured by direct vapor-phase catalytic 
hydration of ethylene rather than by indirect hydration. In a typical process, 
steam and high-purity ethylene (97%) and recycle ethylene (85%) at a 0.6 
molar ratio of water to ethylene are passed over a fixed bed of diatomaceous 
earth-supported phosphoric acid catalyst at 6.9 MPa and 300~ and a space 
velocity of 1800 h -1. Conversion per pass is about 4.2%. The product stream 
is neutralized to remove any entrained acid, unreacted ethylene is separated 
for recycling, and the dilute aqueous ethanol solution is distilled. The process 
can be designed to remove impurities in the parts-per-million range to yield 
high-purity 190- and 200-proof ethanol. The overall yield is about 95% of 
theory. Co-product diethyl ether and heavy oil by-products are removed during 
rectification. The more complex ethylene sulfation process is typically carried 
out in a countercurrent absorber at 1.6-2.4 MPa and 60-70~ containing 96% 
sulfuric acid followed by hydrolysis at 70~ The yields based on ethylene 
converted are about 86-88% ethano| and 5-10% diethyl ether. High purity 
190- and 200-proof ethanol can be produced by scrubbing to remove acid, 
steam distillation to remove ether, and distillation. 

Commercial fermentation of biomass-derived sugars is performed with fac- 
ultative, anaerobic yeasts to yield equimolar amounts of ethanol and carbon 
dioxide. Yeasts are small, nonmotile, oval cells that reproduce nonsexually by 
budding. They are classified in all three groups of higher fungi: Ascomycetes, 
Basidiomycetes, and Fungi Imperfecti. The principal organism for alcoholic 
fermentation, Saccharomyces cerevisiae, is an ascomycetous yeast (bakers' 
yeast). At a certain stage in its growth, the vegetative cells are transformed into 
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asci, each containing four haploid ascopores. Pairs of germinating ascopores, or 
the first vegetative cells produced from them, fuse to form diploid vegeta- 
tive cells. 

If simple sugars are present in the biomass feedstock, they can simply be 
extracted and fermented. If the sugars exist in polymeric or complexed form, 
they must first be liberated and then extracted and fermented. Ignoring fibrous 
cellulosics and lignocellulosic biomass feedstocks such as woody biomass for 
the moment, two basic kinds of biomass are employed as feedstocks (cf. Klass, 
1984b): sugar crops, and sugar-containing by-products such as sugarcane, 
sugar beet, sorghum, molasses, and waste sulfite liquors and wood pulping 
sludges from pulp and paper mills; and starchy crops such as corn and potatoes. 
Feedstocks such as molasses contain most of the sugars as individual hexoses 
or disaccharides. The sugars can be directly converted with S. cerevisiae without 
pretreatment. For grains, the cell walls must be disrupted to expose the starch 
polymers so that they can be hydrolyzed to free, fermentable sugars because 
the yeasts do not ferment the polymers. The sugar polymers in grain starches 
contain about 10-20% hot-water-soluble amyloses and 80-90% waterqnsoluble 
amylopectins. Both substances yield glucose or maltose on hydrolysis. 

The basic steps for conversion of biomass to ethanol in a dry milling plant 
are shown in Fig. 11.2, and a more detailed conventional schematic for corn 
is shown in Fig. 11.3 (cf. Cole, 1980). Substantial deviation from this scheme 
is possible. For grains, mechanical grinding is first used to rupture the hull 
walls and expose the starch polymers. Typically, the grain is pulverized to 
about 40 mesh in hammermills or other types of grinders, optionally passed 
through cyclones to remove dust, and suspended in water with agitation. If 
the fermenters are fed by a wet corn mill instead of a dry milling facility, 
several by-products are removed in the pretreating steps. This reduces the 
amount of nonfermentable protein solids and corn oil that pass through the 
fermenters and appear in the distillers dry grains (DDGs). In wet milling, the 
crude starch, corn oil, and gluten fractions are obtained through a series of 
steeping, milling, and separation steps. The products can include gluten meal, 
gluten feed, corn germ meal, and corn oil. The starch fraction can be processed 
for sale or converted to syrups, high-fructose corn syrup (HCFS) sweeteners, 
or ethanol. 

In large-scale corn fermentation plants, degermination is often practiced. 
The floating seed or germ is separated from the surface of the water slurry; 
the hull, starch, and gluten remain in the mash. The oil-rich germ is dried 
and pressed to recover corn oil and press cake, which can be sold as cattle 
feed. Hydrolysis is then initiated with the mash to liberate the sugars. The 
water slurry is preheated; the pH is adjusted to 7; and the slurry is treated 
with a commercial enzyme preparation such as a thermophilic bacterial amy- 
lase, which is usually made from brewing malts, from controlled germination 



412 Synthetic Oxygenated Liquid Fuels 

--.CO 2 

Feed organics--.-- Shredding 
Water Blending 
Chemicals pH adjustment 

�9 Carbonyls 

Ethanol 

Optional 

, Pretreatment , Fermentation 

Fermentation 
broth 

q 

Alcohol , Yeast 
distillation Overhead separation 

Yeast 

Beer , 
, Fusel oil distillation 

Bottoms 

�9 Stillage 

FIGURE 11.2 Ethanol production by alcoholic fermentation. From Klass (1994). 

Water 
Steam 

co~ ~ 
"fl~ Prec~176 h 

l Or"~ m,,, i 

o ~  

I } -  " ~  Deserminator ~ 

~ 8 

Converter 
and cooler 

C M t ) o n  

Vacuum Water dioxide 
Ethyl 

Entrainment (95%) 
.p.,,to, "*" ~ . . . .  ~E l "  .~ E 

Yeast ~ '~ 

Water 
m 

- 

Fusel oil 

T 
I' slop 

FIGURE 11.3 Flow scheme for manufacture of ethanol from corn. From Klass (1994). 



IV. Production of Oxygenates 413 

of barley, or from enzymes derived from molds. The mixture is heated to an 
optimal temperature, usually around 93~ and "cooked" for an optimal time 
for the particular ermyme preparation used, usually 15 min to a few hours. 
This partial hydrolysis process is called liquefaction. It completes the disruption 
of the cell walls and breaks the bonds between the sugar polymers to form 
dextrins, a mixture of oligosaccharides and polysaccharides. The last step in 
the pretreatment before fermentation is saccharification, or the conversion of 
the dextrins to free glucose. The mash of dextrins is cooled to the proper 
temperature and the pH is adjusted to 3 to 5 for the final hydrolysis. This step 
is catalyzed by addition of a commercial preparation of the enzyme glucoamy- 
lase. The mash is held between 60 and 70~ and continuously agitated until 
hydrolysis is complete. Chemical nitrogen as ammonia, urea, or ammonium 
salts and other macronutrients such as phosphorus and potassium salts may 
have to be added, depending on the requirements of the particular strain 
of yeast used. Sufficient mineral micronutrients are usually supplied in the 
feed water. 

S. cerevisiae contains enzymes that hydrolyze disaccharides to simple sugars 
and that catalyze the fermentation of four hexoses: glucose, mannose, fructose, 
and galactose. In addition to the major products ethanol and CO2, small 
amounts of by-product glycerol, acetic acid, lactic acid, succinic acid, and fusel 
oil, which is a mixture of active amyl alcohol and isoamyl alcohols, are formed. 
Some of the substrate carbon consumed is also converted to small amounts 
of new yeast cells. About 900 kJ of thermal energy is released per liter of 
ethanol produced. For grain-derived mashes, the process is generally carried 
out at pH 3 to 5 and temperatures of 27 to 32~ over a period of about 48 
to 72 h, depending on the concentrations of yeast cells and sugars. Higher 
fermentation temperatures up to about 38~ can be employed to speed up the 
process, but ethanol losses due to evaporation may become excessive at higher 
temperatures without ethanol recovery equipment. The concentration of sugar 
in the mash is adjusted to 22 wt % or less to avoid inhibiting the growth and 
activity of the yeast cells, the membrane walls of which can be ruptured at 
higher sugar concentrations. The fermenter effluent, or fermentation broth or 
beer, contains about 8 to 12 vol % ethanol. 

Blackstrap molasses is the residual syrup remaining from the crystallization 
of cane and sugar beet sugars that cannot be further crystallized without special 
treatment. The syrupy mixtures contain approximately 55 wt % total free 
sugars, mainly sucrose, 35 to 45%, and 15 to 20% invert sugar (glucose and 
sucrose). High-test molasses obtained from the evaporation of raw sugarcane 
juices contains 70 to 80 wt % total sugars. Fermentation of these feedstocks 
does not require the extensive pretreatment needed for grain feedstocks, but 
nutrients such as ammonium sulfate and other salts may have to be added 
because of deficiencies in the fresh feed. Fermentation is carried out with 
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solutions of about 10 to 20 wt % sugar concentration at pH 4 to 5 and 
temperatures of 30 to 38~ for about 28 to 48 h. The resulting beer contains 
about 6 to 10 vol % ethanol. 

Potatoes contain about 15 wt % water-insoluble starches surrounded by 
pulp, so when used as feedstock for fermentation ethanol production, they 
are usually pretreated with 400-kPa steam for about 1 h to release the starches 
as a pulp, screened to remove the skins, and hydrolyzed with suitable enzyme 
preparations to yield a sugar solution ready for fermentation. Pulp and paper 
mill sludges can contain glucose in as high as 40 to 50 wt % concentrations 
and a total cellulose plus hemicellulose content of 50 to 75 wt % on a dry 
weight basis (Kerstetter, Lyford, and Lynd, 1996). They are also suitable 
feedstocks for fermentation ethanol production after pretreatment, which can 
be designed around the sugar assays and compositional data developed for 
each type of sludge. 

It is important to emphasize that for moderate- to large-scale fermentation 
plants, "bank deposits" of suitable yeast strains are necessary to guard against 
contamination. The capability of propagating active yeast strains adapted to the 
particular feedstock and conditions used in the process should be maintained to 
make sufficient inoculum available for fermenter startup after plant upsets and 
scheduled shutdowns. Also, if yeast cells are separated for recycling as inoculum 
for fresh feed, the most active cell strata should be selected. 

A modern fermentation plant for the manufacture of fuel-grade ethanol 
includes distillation units to produce anhydrous ethanol from the beer. Units 
for CO2 recovery are optional. The first distillation yields an overhead that 
contains about 55 vol % ethanol and the stillage bottoms, which can be 
processed and sold as high-protein DDG in the case of grain feedstocks (Weigel, 
Loy, and Kilmer, 1997). The second distillation yields an ethanol-water azeo- 
trope of 95-96 vol % ethanol (190-192 proof), and the last is usua|ly an 
azeotropic distillation in older plants that yields anhydrous ethanol. The azeo~ 
tropic agent is normally benzene, cyclohexane, heptane, or gasoline. These 
agents remove the remaining water in a ternary azeotrope containing some 
alcohol, the agent, and water. Diethyl ether is also used as an azeotropic agent 
to remove the water in a binary azeotrope. These energy-intensive distillations 
must be carefully performed to maximize plant efficiencies and minimize 
process steam needs. Many of the modern plants use adsorbents such as 
molecular sieves and other drying agents to remove small amounts of water. 

In the late 1970s and early 1980s, when fermentation ethanol was distributed 
as a fuel component in the United States after being out of the market for 
many years, energy consumption in commercial fermentation plants was high. 
As much as 1.6 times more energy was needed to produce fermentation ethanol 
than its energy content, 23.6 MJ/L (higher heating value). Since one of the 
prime objectives of manufacturing fuel ethanol is to conserve and displace 
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petroleum and natural gas, it did not make any sense to use more fossil energy 
for plant operations than the amount of energy residing in the product ethanol. 
New, more efficient fermentation methods and techniques for separating etha- 
nol from water solutions were developed. Highly efficient alcohol distillation 
systems are now used to recover various grades of ethanol with minimum 
energy consumption (cf. Katzen et al., 1981). Energy consumption has been 
improved to the point where modern fuel ethanol plants operate on much 
lower energy inputs than the older plants. Some plants are reported to use as 
little as 5.6 MJ of steam per liter of ethanol produced and a total energy 
consumption of 11.1 to 12.5 MJ/L of product ethanol. 

The overall efficiency of microbial conversion of the fermentable sugars to 
ethanol is quite high; over 90% of the fermentable sugars are normally con- 
verted to ethanol. Ignoring the small amount of sugars used for cellular growth 
and maintenance, the theoretical yield of ethanol per mole of hexose fermented 
is 51.14 wt % of the hexose. Fermentation ethanol and DDG yields per bushel 
of corn processed in dry milling plants are about 355 L/t of corn (2.5 gal/bu, 
85 gal/ton) and 7.5-7.9 kg, respectively. The potential ethanol yields of various 
biomass feedstocks in conventional fermentation plants are listed in Table 
11.8. Interestingly, commercial ethanol yields from sugarcane range from 160 
to 187 L/t; this is only about 50% that from corn. The probable cause of this 
yield difference is the fact that a typical sweet variety of sugarcane, managed 
for sugar production, consists of approximately 30% soluble fermentable solids 
and 70% insoluble lignocellulosics (Alexander, 1983). At a typical whole cane 
yield of 67 t/ha-year in a tropical cane-growing area, the maximum yield of 
fermentation ethanol is then about 194 L/t of cane. Fermentation ethanol 
yields for corn wet milling plants are usually about the same or slightly less 
than those for dry milling plants. The by-product yields per bushel of corn 
are about 0.45 kg of corn off, 1.36 kg of gluten meal (60 wt % protein), and 
5.90 kg of gluten feed (21 wt % protein). Carbon dioxide is often recovered from 
the fermenter off-gas for market. 

Fermentation of Lignocellulosics 

The use of corn and other grain foodstuffs and animal feeds as fermentation 
plant feedstocks increases fuel ethanol costs by a substantial amount. The 
alternative is to use lignocellulosic biomass, the main components of which 
are crystalline and amorphous cellulose, amorphous hemicellulose, and lignin 
binder. However, major problems are associated with the production of fermen- 
tation ethanol from these materials, such as the difficulty of hydrolyzing cellu- 
losics to maximize glucose yields and the inability of ethanologenic yeasts to 
ferment the pentose sugars that make up a large portion of the hemicellulose 
polymers in biomass. Over the last several decades, much effort has been 
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TABLE 11.8 Potential Fermentation Ethanol Yields from 
Various Biomass Feedstocks ~ 

Feedstock Yield (L/t) 

Apples 61 

Babassu 80 

Barley 330 

Buckwheat 348 

Carrots 41 

Cassava 180 

Cellulose 259 

Cheese whey 23 

Corn 355-370 

Dates (dry) 330 

Figs (dry) 250 

Grapes 63 

Jerusalem artichoke 83 

Molasses 280-288 

Oats 265 

Peaches 48 

Pears 48 

Pineapples 65 

Plums 45 

Potatoes 96 

Prunes (dry) 300 

Raisins 340 

Rice (rough) 332 

Rye 329 

Sorghum (grain) 332 

Sorghum (sweet) 44-86 

Sugar beets 88 

Sugarcane 160-187 

Sweet potatoes 125-143 

Wheat 355 

Yams 114 

~The World Bank (1980); Klass (1983); U.S. Department of 
Treasury. 
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directed to perfecting the hydrolysis process for cellulosics and to discovering 
or genetically engineering other types of microorganisms that can ferment 
both the C5 and C6 sugars. These technologies would make it possible to 
increase ethanol yields significantly by converting a larger fraction of biomass 
to ethanol, and to use lower cost biomass feedstocks such as fibrous agricultural 
crops and residues, woody biomass, bagasse, municipal solid wastes, waste 
paper, and forest products and lumber industry wastes. 

Interest in wood hydrolysis dates back to the early nineteenth century, 
when it was discovered that cellulose could be dissolved in concentrated 
sulfuric acid and converted to sugars (Braconnet, 1819). Glucose, the principal 
sugar produced, could then be readily fermented to ethanol. Wood cellulose 
and cellulose in most fibrous biomass always occurs together with hemicellu- 
loses and lignins. The association of these materials has been claimed by some 
to make it difficult to obtain fermentable sugars in high yields by practical 
processes. The problem persisted for many years. The major factors that affect 
the accessibility and susceptibility of native cellulose to hydrolysis include its 
insolubility in water, particle size, extent of lignification, and crystallinity. 
Cellulose is usually embedded in lignocellulose, an amorphous matrix of hemi- 
cellulose and lignin in the cell walls of fibers found in hardwoods and soft- 
woods, cotton, and many other fibrous biomass species. The geometry of the 
arrangement of the microfibrils in the fiber walls and the strong and weak 
bonding that has been theorized to exist between the various macromolecules 
have pronounced effects on the physical properties of the fibers and the accessi- 
bility of the sugar polymers. Cellulose itself exists as macromolecules in crystal- 
line and amorphous regions of the fibers. The relative stability of woody 
biomass to the action of microorganisms has been considered to be due to the 
fact that cellulose is not in the free state. There is bonding between lignins 
and cellulose. Many studies have attempted to relate the variability of the 
properties of cellulosic materials on hydrolysis and the low sugar yields to the 
complex structures of the lignocellulosics and the relative stability of woody 
biomass to attack by enzymes and microorganisms. As the lignin content 
decreases, it was found that cellulose is more accessible and more readily 
decomposed. Detailed investigations of the hydrolysis of sugar polymers in 
concentrated and dilute acids at different temperatures and pressures under a 
variety of batch, stared, and continuous hydrolysis conditions, of the kinetics 
of hydrolysis, and of the application of enzyme catalysis have led to greatly 
improved processes that afford near-theoretical sugar yields. The lignocellulosic 
structures and any bonding that may exist between the polymeric components 
do not present a barrier to development of these improved hydrolytic methods. 

The first plant for producing ethanol from cellulose was constructed in 
South Carolina in 1910; the yield was approximately 83 L/t (20 gal/ton) of 
sawdust (Fieser and Fieser, 1950). Hydrolysis of sawdust was accomplished 
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with sulfuric acid under pressure. The German Stettin process used in 1918- 
1919 was based on the same technology. Many process improvements have 
been made since then. The overall stoichiometry for the hydrolysis and fermen- 
tation of pure cellulose, 

(C6H10Os)n + nH20--> n2CH3CH2OH + n2CO2, 

corresponds to a theoretical ethanol yield of 56.82 wt % of the cellulose. 
Presuming the sawdust is dry and contains 50 wt % cellulose, an ethanol yield 
of 100% from yeast fermentation is about 224 L/t of sawdust. 

l_uers and Saeman concluded from kinetic studies of the dilute acid 
hydrolysis of cellulose that the general model representing this process 
consists of two consecutive first-order reactions: A ---> B --> C (Luers, 1930, 
1932; Saeman, 1945, 1981). The first reaction is hydrolysis to yield glucose 
intermediate and the second reaction involves decomposition of glucose. 
Saeman found that the hydrolysis reaction is accelerated more than the 
decomposition reaction by both increased temperature and acid concentra- 
tion. The predicted general improvement in yield was maintained up to 
260~ and the time to maximum yield at 260~ was 0.45 min. The curves 
in Fig. 11.4 illustrate the maximum yield of sugar from cellulose at two 
acid concentrations as a function of temperature. One of the most interesting 
confirmations of Saeman's kinetic model was reported for pure cellulose 
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of temperature. From Saeman (198 I). 
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(Grethlein, 1978). A yield of over 50% sugar was obtained using 1% sulfuric 
acid and a continuous-flow reactor at a residence time of 0.22 min and a 
temperature of 237~ It is apparent that the low yields of sugars on acid 
hydrolysis are attributable to their destruction during hydrolysis. Early at- 
tempts at dilute acid hydrolysis by single-stage processing were limited to 
yields of about 20% fermentable sugars because of the unfavorable ratio of rate 
constants, k~ to k2, of the consecutive reactions. Scholler's pulsed percolation 
process for hydrolyzing wood chips with dilute acid, which removes sugar as 
it is formed in the reaction zone, exploits the observation that the first incre- 
ment of glucose produced is obtained in high yield based on the cellulose 
consumed. The ethanol yields are 190-200 L/t of oven-dried wood (Faith, 
1945; Nikitin, 1962). The yield of glucose is more than twice that obtainable 
by batch hydrolysis, but is obtained at a concentration of only 4%. The Madison 
modification of the Scholler process uses a higher temperature, a shorter 
reaction time, and continuous rather than periodic elution of sugar (Harris 
and Beglinzer, 1946). The key feature of this process is that wood chips form 
a rigid porous packed bed which facilitates fast percolation of the acid through 
the bed. During World War II, 20 plants using the Scholler process were built 
in Germany. Similar plants were built in China, Korea, Russia, Switzerland, 
and other countries, and one plant of the Madison type was built in the United 
States and operated for a short time. The largest application of the percolation 
process is in Russia, where some 40 plants were built. A few plants that used 
the Bergius process, which employs hydrochloric acid instead of sulfuric acid, 
were built in Germany and operated during the war. With the exception of 
the Russian plants, most of the facilities were shut down after the war because 
ethanol from lignocellulosics was not economically competitive with synthetic 
ethanol from ethylene. 

The hemicelluloses that occur in association with cellulose are pentosans; 
they yield pentoses on hydrolysis and are characterized by hemiacetal linkages 
(Chapter 3). Because of these structural groupings, hemicellulose hydrolyzes 
at conditions much less severe than those required for cellulose hydrolysis. 
The repeating units in the polysaccharides are mostly (C5H804), but some 
(C6H1005) units occur. Hydrolysis yields mostly C5 pentoses. Xylan, which is 
made up of xylose units, is the most common polysaccharide in hemicelluloses. 
Xylose is therefore the dominant pentose in the hydrolysate; arabinose is 
usually next in abundance, and lyxose and ribose are normally minor pentoses. 
Minor amounts of mannose, galactose, and the uronic acids also occur in some 
hemicellulose hydrolysates. Some hemicelluloses contain substantial amounts 
of glucose residues as well. Basically, the natural, ethanologenic yeasts will 
not ferment pentoses. So it seems logical to carry out a two-stage hydrolysis 
in which the hemicellulose is prehydrolyzed and extracted prior to cellulose 
hydrolysis. The staged use of different concentrations of sulfuric acid and 
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conditions for hemicellulose and cellulose are quite effective (cf. Rugg, Arm- 
strong, and Stanton, 1981). For example, cornstalks on prehydrolysis with 
4.4% sulfuric acid at 100~ for 50 min afforded 90% of the theoretical maxi- 
mum yield of xylose. Subsequent impregnation of the residue with 85% sulfuric 
acid, dilution to 896, and hydrolysis at 110~ for 10 min gave an 89% glucose 
yield (Sitton et al., 1979). Concentrated hydrochloric acid and mild tempera- 

tures (Ackerson, Clausen, and Gaddy, 1991) and even hydrofluoric acid (Os- 
trovski, Aitken, and Hayes, 1985) afford near theoretical yields of pentoses 
and hexoses. Hydrolysis with weak acid seems to be superior for hardwoods, 
which contain larger amounts of the hemicelluloses than softwoods (Harris, 
Baker, and Zerbe, 1984). 

Advanced Hydrolysis 

Hundreds of innovative biomass hydrolysis developments have occurred since 
World War II. Acid hydrolysis processes for biomass have evolved to the point 
where it is a relatively simple procedure to obtain the monomeric building 
blocks of the polysaccharides in high yields. The pentoses, hexoses, and lignins 
can each be isolated by sequential, selective hydrolysis of hemicellulose and 
cellulose; the residual insolubles are the lignins. The ACOS process, or Acid 
Catalyzed Organosolv Saccharification process, is an example of an advanced, 
high-yield process (Paszner and Cho, 1989; Paszner et al., 1993). This process 
is reported to allow almost quantitative recovery of both sugars and lignin 
from any wood species in less than 5 min. The ACOS process uses a mixture 
of 80% or more acetone in water and a catalytic amount of mineral acid at 
temperatures from 165-230~ preferably in the continuous single- or two- 
stage reaction mode to allow control of residence time in the reactor. In a 
two-stage system, temperature can be controlled in each stage to yield the 
pentose, hexose, and lignin fractions. The probable reason the sugars survive 
the process without destruction seems to be the transformation of the free 

\cn--on /cn3 \cn--o\ /cn3 
[ + Z [ / c  + n2o 

/ C H  OH ~ C H  3 / C H ~ O  ~ C H  3 

sugars into transitory intermediate ketals at short reaction times, thereby pro- 
tecting the sugars from further reaction. Ketals are known to be reversibly 
formed from vicinal diols and acetone under acid catalysis and to be rapidly 
hydrolyzed under acid conditions at lower temperatures. So if the protected 
sugars containing one or more ketal groups are rapidly removed from the 
hydrolysis reactor before they revert to the free sugars, hydrolysis would be 
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expected to occur downstream to liberate the free sugars and regenerate ace- 
tone. The experimental data indicate the potential total sugar, ethanol, and 
lignin yields from the ACOS process shown in Table 11.9. The projected 
ethanol yield increases are evident for the grain and sugar crop feedstocks 
because all of the polysaccharides in the nonfermentable fibrous portion of the 
biomass (straws, stover, rinds, etc.) and the lignocellulosics can be processed to 
yield near-theoretical amounts of sugars. The sugar yields in the case of grain 
and sugar crops are doubled or tripled, depending on the type of biomass 
harvested. Note that the projected ethanol yields in Table 11.9 are high in the 
ACOS process because they approach the theoretical maximum and include 
both the pentoses and hexoses. As will be shown later, the pentoses can also 
be converted to ethanol. 

In addition to acid-catalyzed hydrolysis, an intensive effort to develop 
enzyme-catalyzed hydrolysis of cellulose and hemicellulose in lignocellulosic 
biomass has been in progress for many years. The required enzymes can be 
prepared from selected organisms, and modern recombinant DNA methods 
have also made it possible to prepare cellulases and hemicellulases and other 
enzyme systems for industrial applications (cf. Brennan, 1996). A number of 
advantages have been attributed to enzyme-catalyzed hydrolysis of lignocellu- 
losics. Corrosion-resistant equipment is not needed. The energy requirements 
are less because mild hydrolysis conditions are used, whereas high temperatures 
cause operational and equipment problems and the formation of undesirable 
degradation products. The sugar yields obtained by enzyme catalysis were 
believed in the early work to be higher than those obtained by acid catalysis. 
This is not a significant factor now because of the improvements that have 
been made for acid catalysis. But there are other advantages in combining 
enzyme-catalyzed depolymerization and fermentation. 

Some of the early work on enzyme-catalyzed hydrolysis of cellulosics used 
cellulase derived from mutant strains of the fungus Trichoderma viride grown 
on cellulose (Spano, 1976). The filtrate of the enzyme solution was used 
to treat various types of milled bagasse, corrugated fiberboard, MSW pulps, 
newspaper, cotton, cellulose pulp, bagasse, and fibrous cotton at pH 4.8 over 
several hours. Periodic measurements showed that the percent of cellulose 
saccharification after 48 h ranged up to a high of 78% for fiberboard to a low 
of 6% for unmilled bagasse. Various pretreatments for newspaper showed 
that 70% of the sugars were released with pot-milled newspaper on enzyme- 
catalyzed hydrolysis after 48 h, while all other pretreatments afforded less 
saccharification. Another enzyme treatment utilized a mutant strain of T. reesei 
grown continuously on specific biomass feedstocks to be hydrolyzed to produce 
a complete cellulase system (Emert and Katzen, 1981). Enzyme production 
began on a spore plate with subsequent scale-up to the enzyme production 
vessel. The interesting feature of this work is that the whole broth from the 
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enzyme preparation, which has an optimum hydrolysis temperature of 45 to 
50~ is combined with the yeast and media in the fermenter so that simultane- 
ous saccharification and fermentation (SSF) occurs. The optimum temperature 
for the combined cellulase and yeast systems is 40~ The enzyme preparations 
used converted 90% of the cellulose to glucose in 48 h, and SSF was found 
to enhance ethanol yields by 25 to 40% because of the removal of products 
formed during saccharification that inhibit the cellulase system. Glucose and 
cellobiose are feedback inhibitors of enzymes in the cellulase system, so when 
glucose is removed as fast as it is formed, there is no product inhibition. A 
wide variety of potential feedstocks was tested at the pilot plant scalemcotton 
gin trash, sludges, digester fines and rejects, straw, bagasse, and MSW. 

SSF systems have now been widely studied. Optimization of the process 
and other unit operations such as biomass pretreatment, cellulase produc- 
tion, and xylose fermentation are expected to reduce the cost of ethanol to 
$0.18/L (cf. Philippidis, 1993). Several biomass pretreatment processes 
have been developed, including steam explosion, acid-catalyzed steam explo- 
sion, organosolv treatment, and ammonia fiber explosion to improve accessibil- 
ity of the polysaccharides to the enzymes (cf. Wyman, 1993). Studies of a 
number of substrates have shown that after all of the hemicellulose is converted 
to sugars, virtually all of the cellulose can be enzymatically hydrolyzed to yield 
glucose. Highly active enzyme systems have also been developed that function 
well with alcohol-forming organisms (cf. Wright, 1989). Biological pretreat- 
ment of the feedstock with certain enzyme-producing fungi to reduce the need 
for commercial enzyme preparations is effective in some cases (cf. Akhtar, 
Kirk, and Blanchette, 1996). Enzymatic cellulose degradation has been modeled 
from the fungal cellulase system which exhibits endogluconase, exogluconase, 
and /3-glucosidase activity (cf. Recombinant BioCatalysis, Inc., 1996). The 
endogluconases attack the internal structure, the exoglucanases attack the 
polymer's terminal groups to generate glucose or cellobiose, and the /3- 
glucosidases catalyze conversion of cellobiose to glucose. The hemicelluloses 
are composed primarily of xylan, mannan, and glucuronic acid polymers, so 
balanced hemicellulases contain enzymes (e.g, xylanases and mannanases) that 
catalyze the hydrolysis of each of these components. 

The technical difficulties involved in obtaining sugars and lignins in the 
free state from lignocellulosic biomass have been addressed by researchers 
throughout the world and appear to have been solved. The advanced acid- 
and enzyme-catalyzed hydrolysis methods developed in this effort are efficient 
and produce high sugar yields under practical conditions from a wide range 
of virgin and waste biomass feedstocks. 

Immobilization 

In addition to SSF systems, several other advanced technologies have been 
incorporated in yeast fermentations. Continuous fermentation with immobi- 
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lized organisms is one of them. Recycling of yeast in batch operations has 
many advantages, but the capability of operating in the continuous mode at 
shorter hydraulic retention times presents opportunities for smaller equipment 
and lower capital, energy, and labor costs. For example, whole yeast cells of 
5. cerevisiae have been immobilized in calcium alginate beads and used in a large 
fluid-bed system to ferment molasses and other carbohydrates (Nagashima et 
al., 1984). Ethanol was continuously produced at a yield, concentration, and 
productivity over 6 months of stable operation of 95%, 8-10 vol % in the beer, 
and 20 g/L-h, respectively. The productivity was estimated to be 20 times 
higher than that of a conventional batch fermentation. Another innovative 
approach uses ethanologenic organisms immobilized on fiber discs (Clyde, 
1982, 1996). The discs are rotated while the sugar solution is passed through 
the fermenter. With S. cerevisiae, cane molasses and saccharified starch were 
fermented in less than 4 h at conversion efficiencies above 90% and ethanol 
yields of 49 wt % of the sugar consumed compared to a theoretical yield of 
51.14 wt % (Wayman, 1991). With the bacterium Z. mobilis, saccharified wheat 
starch was fermented in 0.9 h at a productivity of 65 g ethanol/L-h, while 
enzyme-saccharified aspen cellulose was fermented in 20 min. With the yeast 
Pichia stipitis R, coniferous spent sulfite liquor, steam-stripped to remove 
acetic acid, was fermented in 7 h, compared to 24 h in batch fermentations. 
Conversion of wood sugars was 96% at yields of 45 to 47 wt % of the sugar 
consumed, yielding 0.45 to 0.47 g ethanol/g sugar consumed. It is evident that 
fermentation technology for the production of ethanol can be greatly improved 
with conventional feedstocks as well as lignocellulosics. 

Metabolic Engineering 

The next phase in the development of advanced fermentation ethanol processes 
concerns the conversion to ethanol of all the pentose and hexose sugars released 
on hydrolysis of lignocellulosics. Traditional bakers' yeast strains promote 
fermentation of hexoses at high yields, but over long periods of time, and they 
do not ferment the pentoses. Although some yeasts use both hexose and 
pentose sugars as sources of carbon and energy and ferment hexoses and 
xylose, they do not ferment arabinose and the other pentoses. The overall 
stoichiometry of hemicellulose hydrolysis and pentose fermentation is 

(C5H804), + nH20--> nCsH1005 
nCsH1005 + nADP + nP,--> 1.667nCH3CHzOH + 1.667nCO2 + nATP. 

Ignoring the small amount of sugars used by the organisms for growth and 
maintenance, the theoretical maximum yield of fermentation ethanol from the 
pentose sugars is 51.14 wt % of the sugars fermented, the same as the theoretical 
maximum yield from the hexose sugars. 
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If organisms could be found or metabolically engineered that efficiently 
ferment both the pentoses and hexoses under practical conditions at high 
yields and short residence times, fermentation ethanol technology would then 
have reached another plateau with low-cost lignocellulosic feedstocks. Simulta- 
neous saccharification and fermentation or separate saccharification and fer- 
mentation of essentially all the sugars that make up the polysaccharides would 
each be able to approach the theoretical limit of fermentation ethanol produc- 
tion from the polysaccharides in low-cost lignocellulosic biomass. 

As previously mentioned and in the earlier discussion of fermentation meth- 
anol, bacteria of the genus Zymomonas such as Z. mobilis are known to convert 
hexoses to ethanol at high yields and short residence times. These bacteria 
are facultative anaerobes that have fermentative capacity and convert only 
glucose, fructose, and sucrose to equimolar quantities of ethanol and CO2; the 
pentoses are not converted. The Entner-Doudoroff pathway is utilized instead 
of the Embden-Meyerhof pathway, and a net yield of i mol of ATP is generated, 
not 2 mol as in bakers' yeast. But pyruvate is the same key intermediate. In 
Z. mobilis, it is decarboxylated by pyruvate decarboxylase to yield acetaldehyde 
which is then reduced to ethanol by alcohol dehydrogenase. 

Recombinant DNA techniques have provided the methodology needed to 
combine metabolic pathways from different organisms to effectively "tailor- 
make" strains that contain the desired traits (cf. Lawford and Rousseau, 1993). 
Thus, if genes encoding the pyruvate-to-ethanol pathway were transferred by 
recombinant methods into organisms that afford pyruvate from pentoses and 
hexoses but not ethanol, then essentially all the sugars in lignocellulosics 
should be fermented. One of the first successful attempts to achieve this goal 
involved transfer of pyruvate decarboxylase and alcohol dehydrogenase (pdc 
and adhB) from ethanologenic Z. mobilis to enteric bacteria (Ingram, Conway, 
and Alterthum, 1991; Ingrain, Ohta, and Beall, 1991; Ingram et al., 1997). 
Escherichia coli has the ability to convert all of the C5 and C6 sugars in biomass 
to pyruvate, but in contrast to Z. mobilis, pyruvate is converted by E. coli to 
organic acids. Recombinant plasmids were constructed which expressed both 
the pdc and adhB genes encoding the ethanol pathway. The recombinant strain 
has the capability of fermenting all of the sugars in biomass to ethanol and 
CO2. In the initial constructs, both the native transcriptional promoter and 
terminator were removed from the pdc gene. The remaining pdc coding region 
was ligated upstream from a promoterless adhB gene, including the adhB 
transcriptional terminator. Integration of the Z. mobilis genes behind the pfl 
promoter, which is a strong promoter that is always active in E. coli, led to 
E. coli K011. In this recombinant strain of E. coli and other variations, the 
natural biochemical pathway is diverted to ethanol. Final concentrations of 
ethanol with these strains ranged from 40 to 58 g/L at over 90% of the 
theoretical yield limit. Of more importance, however, is the fact that the ethanol 
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pathway derived from Z. mobilis is portable and can be moved to other 
organisms by the addition of appropriate replicons and promoters. This was 
done with Klebsiella oxytoca, a common organism in pulp and paper waste, 
and Erwina, which causes soft-rot of plant tissue. A large-scale plant for the 
production of ethanol from lignocellulosic feedstocks using these genetically 
engineered organisms is planned for operation in Louisiana. This is expected 
to be the first commercial facility to demonstrate the advantages of recombinant 
techniques for the production of fermentation ethanol. 

A somewhat complementary approach has also been taken in which Z. 
mobilis was metabolically engineered to broaden its range of fermentable sub- 
strates to include the C5 sugar xylose (Zhang et al., 1995). Two operons 
encoding xylose assimilation and pentose phosphate pathway enzymes were 
constructed and transferred from E. coli into Z. mobilis to generate a recombi- 
nant strain that efficiently fermented both glucose and xylose. The introduction 
and expression of the genes encoding xylose isomerase, xylulokinase, transal- 
dolase, and transketolase were necessary for the completion of a functional 
metabolic pathway that would convert xylose to central intermediates of the 
Entner-Doudoroff pathway and enable Z. mobilis to ferment xylose. The re- 
combinant strain fermented a mixture of glucose and xylose to ethanol at 
95% of the theoretical yield within 30 h. The overall stoichiometry of xylose 
fermentation was illustrated previously and the theoretical ethanol yield is 
51.14 wt %. But the net ATP yield from 3 mol xylose is postulated to be 
2 mol less than that for conventional xylose fermentation. Because less substrate 
is used in this pathway for cellular biomass formation with Z. mobilis, xylose 
fermentation is believed by the researchers to be more efficient than in any 
other microorganism. 

A similar genetic manipulation was carried out, except that the genes encod- 
ing for the pentose arabinose were isolated from E. coli and introduced into Z. 
mobilis (Deanda et al., 1996). The engineered strain grows on arabinose as a 
sole carbon source and produces ethanol at 98% of the maximum yield, which 
indicates that arabinose is metabolized almost exclusively to ethanol as the sole 
fermentation product. Although no diauxic growth pattern was evident, the mi- 
croorganism preferentially utilizes glucose before arabinose with mixed sub- 
strates. The researchers believe that in mixed culture, this strain may be useful 
with the engineered xylose-fermenting strain for efficient fermentation of the 
predominant hexose and pentose sugars in lignocellulosic feedstocks. However, 
since E. coli is reportedly capable of generating pyruvic acid intermediate from 
all the C5 and C6 sugars in biomass, recombinant E. coli incorporating pyruvate 
decarboxylase and alcohol dehydrogenase might be expected to ferment pen- 
toses and hexoses at higher yields than mixed cultures of the two recombinant 
Z. mobilis strains, one of whose substrate ranges has been expanded to include 
xylose, and the other to include arabinose. Xylose and arabinose are normally 
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the dominant pentoses in natural hemicellulose, but the other pentoses present 
would not be fermented unless further genetic manipulations are carried out. It 
would also seem to be beneficial to avoid the necessity of using mixed cultures 
by sequentially engineering the xylose-consuming strain of Z. mobilis so that it 
also metabolizes arabinose and the other pentoses. 

Thermochemical Ethanol 

It is important to briefly review the various routes to ethanol from synthesis gas, 

2CO + 4H2--, CH3CH20H + H20 

because it has a potentially large adverse impact on fermentation ethanol, 
which is discussed in Section V. The early work targeted the development of 
heterogeneous catalysts that can be used for direct, gas-phase synthesis of 
ethanol in the same manner that copper-based catalysts are used for methanol 
synthesis. The direct hydrogenation of CO to methanol, 

CO + 2H2---* CH3OH 

is established commercial technology. Conversion of synthesis gas to methanol 
is necessarily low per pass over methanol synthesis catalysts at optimum 
operating conditions because of equilibrium limitations, but selectivities are 
high. The Gibbs' free energy changes indicate the thermodynamic driving 
force below 500 K for CO reduction to ethanol is at least as favorable as 
the corresponding values for methanol and possibly slightly less favorable at 
higher temperatures. 

During World War II, a very intensive effort was devoted to the development 
of Fischer-Tropsch chemistry in Germany for converting synthesis gases to 
motor fuels. Several large-scale experiments that used fused iron catalysts at 
elevated pressures and temperatures afforded appreciable quantities of water- 
soluble alcohols, especially ethanol (cf. Zorn and Faragher, 1949). The catalysts 
are obtained by melting mixtures of iron powder and small amounts of TiO2, 
MnO, and copper and silicon powders, and then pulverizing and reducing the 
fused cakes with hydrogen at 650~ The alcohols comprised about 45% to a 
high of 60% of the liquid products, about 60-70% of which was ethanol. French 
investigators later developed catalysts that contain a mixture of Cu and Co 
oxides, alkali-metal salts, and oxides of Cr, Fe, V, or Mn and that are effective 
promoters for conversion of synthesis gas to mixed alcohols (The World Bank, 
1980). At 250~ and 6.08 MPa, conversion is 35% per pass; selectivity 
to alcohols is over 95%; and selectivity to two-carbon or normal higher alco- 
hols is greater than 71%. A typical product distribution is 20 wt % meth- 
anol, 35 wt % ethanol, 21 wt % 1-propanol, 3 wt % 2-propanol, and 17 wt % 
1-butanol. Research done in Japan shows that ethanol is catalytically pro- 
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duced from synthesis gas in reasonable high selectivities at 0.1-5.1 MPa and 
150-290~ over RH, Pt, and Ir carbonyl clusters. For example, Rh4(CO)12, 
Pt[Pt3(CO)6]2_5 �9 2N(C2Hs)4, and Ir4(CO)12 impregnated on basic oxides such 
as MgO, CaO, La203, Zr203, and TiO2 (Kampen, 1980). Rh4(CO)~2 on La203 
at 220~ and atmospheric pressure gave a product slate containing 49% ethanol, 
19% methanol, 14% methane, 8% carbon dioxide, and 8% other compounds 
at 23% conversion per pass. These types of catalysts appear to have merit for 
production of mixed alcohols from synthesis gas. 

Research has also been done on the coproduction of fuel-grade methanol, 
ethanol, and higher alcohols. The C2-C4 alcohols are coproduced by catalytic 
conversion of synthesis gas with modified zinc chromite catalysts in yields up to 
30 wt % of the methanol (Brandon et al., 1982; Duhl and Thakker, 1983; Laux, 
1977). An increase in temperature, a decrease in space velocity, or a decrease in 
pressure resulted in an increase in higher alcohol concentration. The presence 
of CO2 adversely affected the yields of higher alcohols with increasing space 
velocity and pressure. Typical gas compositions of 70 mol % H2, 17 mol % CO, 
and 13 mol % N2 at 13.2-28.4 MPa and 300-425~ and gaseous hourly space 
velocities of 7000-20,000 h -1 gave products containing 70-80 wt % methanol, 
3-7 wt % ethanol, 2.5-5.5 wt % 1-propanol, 7-23 wt % 2-methyl-l-propanol, 
trace quantities of 1-butanol and 2-methyl-2-propanol, and small amounts of Cs 
alcohols and ethers. This type of product has been termed methyl fuel. The pro- 
cess has been tested at the pilot scale (Paggini and Fattone, 1982). Dow Chemical 
Company has developed similar one-step processes using molybdenum sulfide 
catalysts and synthesis gas to manufacture straight-chain terminal alcohols in 
the C2-C4 range; the proportion of methanol can be adjusted from zero to over 
90% or to make butanols in significant quantities (Chem. Week, 1984). 

Many other research reports could be cited on the direct catalytic conversion 
of synthesis gases to ethanol-containing mixtures. Virtually all of these reports 
are similar in that mixed alcohols are formed and ethanol selectivities are 
not high. However, it is possible to improve ethanol selectivity by direct 
carbonylation of methanol with synthesis gas (Juran and Porcelli, 1985). 
Typically, a strong reducing catalyst such as a Co-Ru halide is used in the 
liquid phase at 27.4-34.5 MPa. Ethanol selectivities are in the 60-80% range; 
the by-products are acetates and other esters and alcohols. If the reaction is 
conducted in the liquid phase using a less strongly reducing catalyst, such as 
a Group VIII metal halide, acetaldehyde can be produced at 80-90% selectivity. 
Acetaldehyde can then be reduced to ethanol with relatively high overall 
selectivity. Still another variation on this route to ethanol from synthesis gas 
is to carbonylate methanol in the liquid phase to form acetic acid instead of 
acetaldehyde (Winter, 1982, 1986; Juran and Porcelli, 1985). This reaction is 
reported to proceed in high yield. The acid can either be esterified prior to 
hydrogenolysis or can be directly reduced. Ethanol is also formed in one step 
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by direct homologation of methanol or by its reaction with synthesis gas in 
the presence of cobalt octacarbonyl catalysts and iron pentacarbonyl in the 
presence of a tertiary amine (Chem. Eng. News, 1982). Ethanol is produced in 
high yield in the latter case without formation of water: 

CH3OH + 2CO + H2--* CH3CH2OH + CO2. 

A methanol conversion rate of 14%/h at 220 ~ with ethanol accounting for 
72 wt % and methane 28 wt % of the product, was obtained with iron carbonyl- 
manganese carbonyl catalysts. The ability to synthesize ethanol without co- 
product water could lead to lower-cost processes that do not require extensive 
energy-consuming distillations. 

Table 11.10 is a summary of the different conversion schemes and conditions 
for thermochemical ethanol formation discussed here. The primary routes to 
ethanol and ethanol precursors from synthesis gas are evident. It remains to 
be determined whether any of these technologies can be developed to produce 
low-cost thermochemical ethanol. 

Thermochemical-Microbial Ethanol 

An innovative approach to ethanol production combines thermochemical gas- 
ification to generate synthesis gas and its subsequent conversion to ethanol 
and acetate by the anaerobic spore-former Clostridium ljungdahlii (Edgar 
and Gaddy, 1992). This organism is capable of producing ethanol and acetate 
from CO and water and/or CO2 and H2 in synthesis gas. Under optimal growth 
conditions, the microorganism produces acetate in preference to ethanol. Con- 
versely, under nongrowth conditions, ethanol is favored. 

C.  ACETONE-BUTANOL FERMENTATION 

Butyric acid-producing bacteria that belong to the genus Clostridium, a few 
members of which are pathogenic such as C. botulinum, have been known 
since the initial work of Pasteur on the microbial conversion of C6 sugars to 
simple acids and alcohols (Fieser and Fieser, 1950). Most Clostridia are widely 
distributed in soil; some fix nitrogen, and many ferment soluble carbohydrates, 
starch, or pectin with the formation of acetic and butyric acids, CO2, and H2. 
A few also produce acetone, 1-butanol, or both compounds. Two of the most 
common butyric acid bacteria are C. butylicum, which affords mainly acetic 
acid, butyric acid, 1-butanol, 2-propanol (but no acetone), H2, and CO2 from 
glucose, and C. acetobutylicum, which produces mainly acetic acid, butyric 
acid, 1-butanol, acetone (but no 2-propanol), H2, CO2, and small amounts of 
ethanol from glucose. The product yields from the fermentation of glucose by 
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various species of Clostridia are shown in Table 11.11. It is evident that there 
are large differences in metabolic products and yields among different species, 
often with complete exclusion of certain products. Acetic acid, butyric acid, 
CO2, and H2 are consistently formed by the five species listed; acetone is 
formed in only one, C. acetobutylicum, and 1-butanol is formed in only two, 
C. acetobutylicum and C. butylicum. The yields of each of the products also 
exhibit considerable variation. It is evident that high yields of 1-butanol occur 
at the expense of butyric acid. 

C. acetobutylicum is a rod-shaped, motile obligate anaerobe that was used 
to develop commercial acetone-butanol fermentation processes during World 
War I when there was a great need for acetone solvent in airplane dopes. The 
process is called the Weizmann process; processes using other organisms were 
also commercialized. In the Weizmann process, C. acetobutylicum was cultured 
from organisms originally found on corn surfaces and other grains. Other 
Clostridia species are also used. Sterilized, degermed corn-starch mashes con- 
taining about 8.5 wt % corn starch are anaerobically fermented at 37~ over 
about 36-48 h after addition of the inoculum. The inoculum is grown on 
sterile corn starch so that it is already adapted to the feedstock. The beer is 
distilled to remove nonfermented residuals, and the overhead is fractionated 
to recover the individual liquids. Protein nutrients and buffers to control pH 
are often added to improve yields. Operation under aseptic conditions is 
desirable because acetone-butanol fermentations are often upset by contamina- 

TABLE 11.11 Moles of Product per 100 Mol of Glucose Fermented by Various Species 
of Clostridia a 

C. C. C. C. C. 
Product acetobutylicum butylicum butyricum perfringens tyrobutyricum 

Acetic acid 14 17 42 60 28 

Acetone 22 

Acetoin 6 

1-Butanol 56 58 

Butyric acid 4 17 76 34 73 

Ethanol 7 26 

Lactic acid 33 

2-Propanol 12 

CO2 221 203 102 176 190 

H2 135 77 235 214 182 

C recovered, % 99 96 96 97 91 

~Adapted from Wood (1961). 
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tion, especially by bacteriophage. The volumetric yields per bushel of corn 
(25.5 kg) are approximately 1-butanol, 4.9 L; acetone, 2.4 L; ethanol, 0.7 L; 
and small amounts of other organic liquids. The corresponding yield ratios 
by weight are about 70, 25, and 5%. About 30-34 wt % of the hexoses 
are converted to these liquids. The product gas is about 60 tool % CO2 and 
40 tool % H2. Other feedstocks such as molasses and beet sugar afford similar 
results, but other species of Clostridia are often used. For example, molasses 
feedstock fermented by C. saccharobutyl acetonicum liquefaciens affords liquid 
product yields of approximately 30 wt % of the sugar charged; the weight 
ratios are 70% 1-butanol, 25% acetone, and 5% ethanol. 

Pyruvate is the initial key intermediate in butyric acid fermentations and 
is formed via the Embden-Meyerhoff pathway. Pyruvate is cleaved to form 
CO2, H2. and acetyl-Coenzyme A (acetyl-CoA), which dimerizes to form acet~ 
oacetyl-CoA: 

CH3COCO2H + CoA-~ CH3COCoA + CO2 + H2 
2CH3COCoA --~ CH3COCH2COCoA. 

This intermediate is subsequently reduced to butyryl-CoA, and the C4 acid is 
finally formed by reaction with acetate: 

CH3CH2CH2COCoA 4- CH3CO2H--~ CH3CH2CH2CO2H 4- CH3COCoA. 

Acetyl-CoA is regenerated in this process. The overall product yields in moles 
per mole of glucose converted are approximately 0.5 acetate, 0.75 butyrate, 
2 CO2, and 2 H2; 2.5 mol ATP are formed. The nonacidic compounds, ace- 
tone, 1-butanol, and 2-propanol, are formed by transformation of some of the 
acetoacetyl-CoA into acetoacetic acid, which is the precursor of acetone 
and 2~ Some of the butyryl-CoA is the precursor of 1-butanol via 
intermediate butyraldehyde. Ethanol is formed by reduction of small amounts 
of acetyl~ The end result of the production of the neutral products by 
these additional pathways is that the yields of the other products are reduced. 
The neutral products are in a lower oxidation state than the acidic products 
and require additional reducing power as NADH to be formed. Some of the 
product H2 serves to sustain and provide NADH because higher partial pres- 
sures of H2 during the fermentation promote higher yields of the neutral 
products, whereas removal of the product H2 as it is formed has the oppo- 
site effect. 

Most acetone is manufactured today in the United States by thermochemical 
cumene oxidation. It is a co-product with phenol. Acetone is also manufactured 
by dehydrogenation of 2-propanol, which is made by hydration of propylene. 
Most 1-butanol is manufactured today by hydrogenation of n-butyraldehyde, 
which is obtained by the hydroformylation of propylene (oxo reaction). It is also 
manufactured by hydrogenation of crotonaldehyde, which is obtained by the 
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successive aldol condensation of acetaldehyde and dehydration of aldol. TBA 
is manufactured by hydration of isobutylene. This alcohol has not been reported 
as a fermentation product. 

D.  AMYL ALCOHOLS 

Amyl alcohols occur in eight isomeric forms and have the empirical formula 
CsHllOH. All are liquids at ambient conditions except 2,2-dimethylpropanol 
(neopentyl alcohol), which is a solid. Almost all amyl alcohols are manufac- 
tured in the United States by the hydroformylation ofbutylenes. Yeast fermenta- 
tion processes for ethanol yield small amounts of 4-methyl-1-butanol (isoamyl 
alcohol) and 2-methyl-l-butanol (active amyl alcohol, sec-butyl-carbinol) as 
fusel oil. However, when the amino acids leucine and isoleucine are added to 
sugar fermentations by yeast, 87% and 80% yields of 4-methyl-l-butanol and 
2-methyl-l-butanol, respectively, are obtained (Fieser and Fieser, 1950). These 
reactions are not suitable for commercial applications because of cost, but they 
do indicate the close structural relationship between these Cs amino acids and 
the Cs alcohols. The reactions occur under nitrogen-deficient conditions. If a 
nitrogen source is readily available, the production of the alcohols is low- 
ered considerably. 

V. E C O N O M I C  F A C T O R S  

Alcohols and ethers comprise the two groups of oxygenates that have been 
approved by the U.S. government for use in blends with gasolines. Ethanol 
received the most attention during its development as an additive and fuel 
extender for gasolines in the 1970s and 1980s, during which there were a 
number of opposing views regarding economics (cf. U.S. Dept. of Agriculture, 
1987, 1988). And the net-energy-production potential of modern fermentation 
ethanol processes is still under discussion (see Chapter 14). Some of the major 
economic factors that affect production costs of ethanol, the other oxygenates, 
and the new technologies that appear to have the potential to influence oxygen- 
ate markets are examined here. Most of the approved ethers are manufactured 
by addition of an alcohol to the double bond of an olefin, 

C = C + ROH ~ CH~COR, 

and not by a microbial process, although fermentation ethanol usage is increas- 
ing for ETBE manufacture. The oxygenates MTBE, thermochemical methanol, 
and fermentation ethanol are the three largest in terms of annual production, 
which was about 10.8 billion, 6.5 billion, and 5.7 billion liters, respectively, 
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in the mid-1990s. MTBE is one of the fastest growing oxygenates, averaging 
about 25% per year in incremental production increases from 1985 to 1995, 
because of its demand as a gasoline component. Methanol production increased 
an average of about 7% per year over the same time period because it is used 
(with isobutylene) to manufacture MTBE and is also used as an oxygenate in 
RFG with cosolvent. Fermentation ethanol more than doubled in production 
over the same decade because of its demand as a motor fuel component and 
for the manufacture of ETBE. Interestingly, synthetic ethanol production from 
1985 to 1995 averaged only about 344 million L/year. Note, however, that 
the consumption of motor gasoline in the United States was about 450 billion 
L/year in the mid-1990s. This is a good news-bad news market for oxygenates. 
The good news is that the gasoline market is huge relative to oxygenate 
production, which ensures continued and growing demand for oxygenates, 
particularly if the EPA expands oxygenate usage geographically or increases 
the dissolved oxygen requirement in gasolines. The bad news is that relatively 
small amounts of motor gasolines were displaced by biomass-derived liquids 
in the mid- 1990s. 

A. EMBEDDED FEEDSTOCK COSTS 

AND LIGNOCELLULOSICS 

The processes for manufacturing methanol by synthesis gas reduction and 
ethanol by ethylene hydration and fermentation are very dissimilar and contrib- 
ute to their cost differentials. The embedded raw-material cost per unit volume 
of alcohol has been a major cost factor. For example, assuming feedstock costs 
for the manufacture of methanol, synthetic ethanol, and fermentation ethanol 
are natural gas at $3.32/GJ ($3.50/106 Btu), ethylene at $0.485/kg ($0.22/lb), 
and corn at $0.098/kg ($2.50/bu), respectively, the corresponding cost of the 
feedstock at an overall yield of 60% or 100% of the theoretical alcohol yields 
can be estimated as shown in Table 11.12. In nominal dollars, these feedstock 
costs are realistic for the mid-1990s and, with the exception of corn, have 
held up reasonably well for several years. The selling prices of the alcohols 
correlate with the embedded feedstock costs. This simple analysis ignores the 
value of by-products, processing differences, and the economies of scale, but 
it emphasizes one of the major reasons why the cost of methanol is low relative 
to the cost of synthetic and fermentation ethanol. The embedded feedstock 
cost has always been low for methanol because of the low cost of natural 
gas. The data in Table 11.12 also indicate that fermentation ethanol for fuel 
applications was quite competitive with synthetic ethanol when the data in 
this table were tabulated in contrast to the market years ago when synthetic 
ethanol had lower market prices than fermentation ethanol. Other factors also 
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contribute to the cost differentials. Fuel-grade ethanol is not purified to the 
degree that synthetic ethanol is, and the cost of corn assumed for this analysis, 
$2.50/bu, is a low average market price that was as high as $5.00/bu in the 
mid 1990s when shortages were caused by bad weather. Some of the fermenta- 
tion plants closed until corn prices returned to levels which permitted profitable 
operations. Fuel-grade ethanol should be able to compete with synthetic etha- 
nol as long as corn prices remain in the range of $2.50/bu, and the tax 
incentives available for ethanol from biomass are maintained. 

The use of lower cost lignocellulosic feedstocks is expected to permit large 
reductions in the cost of fermentation ethanol. It is essential, however, that 
the delivered price of the feedstock be low enough and that it be supplied at 
sufficient rates to sustain medium-to-large plant operations at a profit. The 
goal of the U.S. Department of Energy is to achieve fermentation ethanol costs 
in nominal dollars of about $0.16/L ($0.60/gal) by 2020 with these feedstocks 
and advanced fermentation processes. Assume that lignocellulosic feedstock 
contains 65 wt % recoverable, fermentable sugars, which are converted to the 
maximum yield of fermentation ethanol, 421 L/t (332 kg/t) of dry equivalent 
feedstock. If the feedstock is delivered to the fermentation plant gate at a cost 
of $30/t (about $1.62/GJ) on a dry equivalent basis, and the embedded feed- 
stock cost is 50% in the product ethanol, the cost of ethanol, ignoring by- 
product credits, is $0.14/L and is within the longoterm goal of $0.16/L. If this 
cost goal is to be achieved, it is essential that the delivered price of feedstock 
in nominal dollars be near $30/dry t or less, presuming the assumptions are 
correct. Waste biomass, such as municipal solid waste and certain industrial 
wastes, for which credits can be taken for disposal may offer significant oppor- 
tunity to use feedstocks at a much lower cost. 

A detailed analysis of 22 published investigations of the projected economics 
of fermentation ethanol production from lignocellulosic feedstocks focused 
on the influence of plant capacity, capital cost, and overall product yield on 
ethanol production cost (yon Sivers and Zacchi, 1996). Wood was the feedstock 
and ranged in cost from $22 to $61/dry t. Plant size ranged in capacity from 
about 40,000 to 700,000 dry t/year of hardwood or softwood. Enzyme-, dilute- 
acid-, and concentrated-acid-catalyzed hydrolysis methods were employed. 
The ethanol yields ranged from 48 to 85% of the theory from hexose sugars; 
the pentoses were ignored. Capital and feedstock costs ranged from 11 to 48% 
and 14 to 48%, respectively, of ethanol production cost. Both of these percent- 
age ranges represent wide variations. Sensitivity analyses showed that an in- 
crease in ethanol yield, a decrease in feedstock cost, or an increase in plant 
capacity resulted in a decrease in ethanol production cost, as expected. The 
analysis indicated that the overall ethanol yield is the most important factor, 
but the variations in ethanol costs estimated from conceptual process designs 
were large. One of the lowest cost processes in this analysis uses dilute acid 
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hydrolysis of oak wood supplied at $22.00/dry t to a plant having a feedstock 
capacity of 209,000 t/year (Clausen and Gaddy, 1986). The ethanol yield was 
78% of theory, and its production cost was projected to be $0.27/L, 11% and 
25% of which were capital and feedstock costs. 

B. TAX INCENTIVES 

Several federal tax incentives are available in the United States to promote the 
use of oxygenates from biomass in motor fuels. Some states also provide tax 
incentives. The incentives encourage production of renewable liquid fuels and 
have provided a major stimulus to develop the market. In addition, the federal 
mandates to use oxygenates to reduce emissions of motor gasolines and im- 
prove air quality have supplied additional support to develop renewable fuels 
markets. Table 11.13 lists selected U.S. Internal Revenue Code tax incentives for 
motor fuels and fuel components from biomass available in the mid-1990s. One 
of the largest incentives is the partial excise tax exemption for fuel alcohol. It is 
$0.143/L ($0.54/gal) of alcohol in alcohol-motor fuel blends where at least 190- 
proof alcohol in the blend is from biomass. This exemption effectively applies 
only to fermentation ethanol. Methanol is excluded because essentially all of it is 
manufactured from fossil feedstocks. Fermentation processes have not been de- 
veloped to manufacture methanol from biomass as discussed in Section IV, 
and thermochemical methanol via synthesis gas from biomass cannot compete with 
methanol from natural gas. Note that if the other alcohols and ethers were man- 
ufactured from biomass by either microbial or thermochemical processes, they 
would quality for the tax incentives; it is not necessary that microbial processes 
be used. If biomass-derived ethanol is used in the manufacture of ETBE from 
isobutylene, the amount used is eligible for the excise tax exemption. Unless 
extended by federal legislation, however, the excise tax exemption for alcohols 
from biomass is scheduled to terminate at the end of 2000. 

C .  SYNTHESIS GAS TECHNOLOGY VS 

FERMENTATION ETHANOL 

When perfected, synthesis-gas-to-ethanol technology can be expected to have 
a large impact on fermentation ethanol markets. It is likely that thermochemical 
ethanol would then be manufactured at production costs in the same range 
as methanol from synthesis gas, which can be produced by gasification of 
virtually any fossil or biomass feedstock. Applying the advances that have been 
made for conversion of lignocellulosic feedstocks via enzymatically catalyzed 
options, it has been estimated that the production cost of fermentation ethanol 
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had been reduced to $0.32/L by the mid-1990s from $1.20/L in 1980 (Wyman, 
1995). Other advancements from continuing research are predicted to reduce 
the production cost to less than $0.18/L so it can compete with gasoline from 
petroleum crudes at $25/bbl. However, even if lignocellulosic feedstocks 
and advanced hydrolysis and fermentation technologies make it possible to 
lower the production cost of fermentation ethanol to the long-term goal of 
$0.16/L, it is probable that it would not be able to compete with ethanol from 
synthesis gas in a free market. The production cost of ethanol from synthesis 
gas is estimated to be in the range of $0.08 to $0.12/L in mid-1990 dollars 
with biomass feedstocks. With natural gas and similar feedstocks, the cost of 
methanol from synthesis gas has historically been a small fraction, as low as 
15%, of the cost of fermentation ethanol from corn on a volumetric basis. 

Another potentially adverse impact on fermentation ethanol markets is 
presented by the options available for the manufacture of mixed alcohols from 
synthesis gas. Sufficient experimental data have been accumulated to show 
how the alcohol yields and distributions can be manipulated and what catalysts 
and conditions are effective. Some of these data have established the utility of 
mixed alcohols as motor fuels and motor fuel components. 
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