
C H A P T E R  1 3  

Organic Commodity 
Chemicals from Biomass 

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

Biomass is utilized worldwide as a source of many naturally occurring and 
some synthetic specialty chemicals and cellulosic and starchy polymers. High- 
value, low-volume products, including many flavorings, drugs, fragrances, 
dyes, oils, waxes, tannins, resins, gums, rubbers, pesticides, and specialty 
polymers, are commercially extracted from or produced by conversion of 
biomass feedstocks. However, biomass conversion to commodity chemicals, 
which includes the vast majority of commercial organic chemicals, polymers, 
and plastics, is used to only a limited extent. This was not the case up to the 
early 1900s. Chars, methanol, acetic acid, acetone, and several pyroligneous 
chemicals were manufactured by pyrolysis of hardwoods (Chapter 8). The 
naval stores industry relied upon softwoods as sources of turpentines, terpenes, 
rosins, pitches, and tars (Chapter 10). The fermentation of sugars and starches 
supplied large amounts of ethanol, acetone, butanol, and other organic chemi- 
cals (Chapter 11). 

Biomass was the primary source of organic chemicals up to the mid- to late 
1800s when the fossil fuel era began, and was then gradually displaced by 
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fossil raw materials as the preferred feedstock for most organic commodities. 
Aromatic chemicals began to be manufactured in commercial quantities as a 
by-product of coal coking and pyrolysis processes in the late 1800s. The 
production of liquid hydrocarbon fuels and organic chemicals by the destruc- 
tive hydrogenation of coal (Bergius process) began in Germany during World 
War I. The petrochemical industry started in 1917 when propylene in cracked 
refinery streams was used to manufacture isopropyl alcohol by direct hydration. 
In the 1920s, aliphatic chemicals in the form of alcohols, glycols, aldehydes, 
ketones, chlorinated hydrocarbons, esters, and ethers were beginning to be 
produced in quantity by synthesis from hydrocarbon feedstocks supplied by 
the petroleum and natural gas industries. Methanol from synthesis gas replaced 
wood alcohol from wood pyrolysis in the 1920s and early 1930s. And commer- 
cial use of Fischer-Tropsh chemistry for the catalytic conversion of synthesis 
gas to aliphatic hydrocarbon fuels and chemicals began in 1936, also in Ger- 
many. The petroleum industry then entered the field of aromatics production 
on a large scale because of the unprecedented demand for toluene needed for 
the manufacture of trinitrotoluene at the outbreak of World War II in 1939. 
In the 1940s and 1950s, the BTX fraction of catalytic reformate--benzene, 
toluene, and xylenes--derived from naphthas in refineries became the largest 
commercial source of aromatic chemicals. 

The accompanying development of a wide variety of thermal conversion 
processes for the manufacture of commodity-type organic chemicals resulted 
in the displacement of processes that used biomass feedstocks for the manufac- 
ture of the same chemicals. The reasons why this occurred are complex. An 
obvious one is that the petroleum and chemical industries had invested heavily 
in research to develop highly efficient thermal conversion processes for hydro- 
carbon feedstocks. These processes afforded the desired products in high yields 
and selectivities at low costs. This effort resulted in the need for only a few 
building blocksmsynthesis gas, the light olefins ethylene, propylene, and buta- 
diene, and BTXmto manufacture about 90% of the synthetic organic chemicals 
that are marketed today. The building blocks are readily obtained at low cost 
from petroleum, natural gas, and in some cases coal. Construction of world- 
scale plants in large petrochemical and chemical facilities became a reality 
with the widespread installation of long-distance pipelines for transmission of 
petroleum and natural gas. 

It was not possible to justify the manufacture of most commodity-type 
organic chemicals from biomass after World War II, even though technically, 
all of them can be manufactured from biomass feedstocks. But the chemical 
industry is expected to slowly revert to biomass as petroleum and natural gas 
costs increase. Biomass is also expected to continue to be the preferred feed- 
stock where its structural characteristics either facilitate certain processes or 
are desired in the end product. Examples include some chemicals in which 
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oxygenated carbon atoms or functional groups that are present in biomass are 
retained. Biomass is also preferred and is sometimes required as feedstock for 
the manufacture of synthetic chemicals that are used in foodstuffs. 

Environmental issues and regulations are beginning to adversely affect the 
manufacture of chemicals from fossil feedstocks. On an annual basis, the U.S. 
chemical industry produces almost 2 billion tonnes of waste, most of which 
is wastewater, and generates about 90% of all U.S. industrial hazardous wastes 
and more than 40% of all U.S. industrial toxic wastes. The 1990 Clean Air 
Act Amendments set standards for industrial sources of 148 chemical pollutants 
that are required to be met by 2003 in the United States. Additional regulations 
are expected that will expand the existing requirements and include more of 
the smaller companies. The federal environmental regulations will continue 
to add significantly to chemical production costs well beyond 2003, particularly 
to the costs of organic chemicals from fossil feedstocks. Environmentally be- 
nign "green feedstocks" have started to attract investors. Advanced biomass 
conversion processes, both thermal and microbial, that provide an opportunity 
to supply commodity chemicals at costs that are potentially competitive with 
the costs of the same chemicals from fossil feedstocks are being developed or 
already exist. It appears that it will be only a matter of time before petroleum 
and natural gas prices start to increase because of localized shortages. The 
effort to develop energy-efficient, high-yielding biomass conversion processes 
indicates that the technology will be perfected and available when needed. In 
some countries, an organic chemicals industry based on renewable biomass 
feedstocks has already been established. 

In this chapter, organic chemicals in the commodity category and the 
potential of biomass to replace fossil feedstocks for the manufacture of these 
chemicals are discussed. Some of the low-volume specialty chemicals and new 
products that are or can be manufactured from biomass are also examined. 

II. C O M M E R C I A L  O R G A N I C  C H E M I C A L S  

A N D  P R O D U C T S  

A. INDUSTRY CHARACTERISTICS 

The U. S. chemical industry is the world's largest producer of chemicals (Ameri- 
can Chemical Society et al., 1996). In 1995, total shipments were valued at 
$367 billion, or about 24% of the worldwide market, which was valued at 
$1.3 trillion. Japan, Germany, and France ranked next in total production. At 
that time, the United States was second in chemical exports, about $60.5 
billion, or 14% of the total export market. The U.S. chemical industry had the 
largest trade surplus ($20.4 billion) of all U.S. industry sectors and was the 
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largest manufacturing sector in terms of value added. Overall, the chemical 
industry is the third largest manufacturing sector in the United States. It 
represents approximately 10% of all U.S. manufacturing. In the mid-1990s, 
the industry employed about 850,000 people. 

The U.S. chemical industry is a large user of energy in the form of feedstock 
and process energy. It used about 5.1 quad of energy in 1991, approximately 
one-half of which was attributed to feedstock consumption; the remainder 
was attributed to fuel and power needs (U.S. Dept. of Energy, 1995). The 
overall efficiency of energy use by the chemical industry has improved by 51% 
since 1974. This is due to development of improved technology and energy 
management and a general shift toward the production of less energy-intensive 
products. Simultaneously, the proportion of energy used for feedstocks in the 
chemical industry has grown from 39% in 1970 to about 50%. Much of 
this increase is attributed to the growth in the use of polymeric materials. 
Organic chemicals; plastics, resins, and rubbers; fertilizers; and inorganic chem- 
icals consume about 50, 15, 12, and 10% of the total energy used, respec- 
tively. According to the Synthetic Organic Chemical Manufacturers Association 
(SOCMA), which represents the U.S. batch and custom chemical industry, the 
synthetic organic chemicals industry produces 95% of the 50,000 chemicals 
manufactured in the United States. 

It is obvious that the chemical industry is a major economic force in the 
United States, and that the organic chemical and organic product sectors are 
dominant components. 

B. U .S .  PRODUCTION OF ORGANIC CHEMICALS 

One hundred major organic commodity chemicals that are manufactured in 
the United States are listed in Table 13.1. This listing includes 32 of the organic 
chemicals in the American Chemical Society's top-50 tabulation (the remaining 
18 chemicals in the ACS listing are inorganic chemicals) and fermentation 
ethanol, excluding alcoholic beverage production. Many of the remaining 
organic chemicals in Table 13.1 are in the top 100 when ranked by production, 
but note that several others are manufactured for which production data are 
not available. The percent annual change in production and the estimated 
process energy and feedstock energy consumed for many of the chemicals, 
and the estimated market value for all 100 chemicals are included in this table. 
The feedstock usually employed in the manufacture of each chemical is also 
listed. Before these data are discussed, a few general comments are in order. 

Traditional synthesis processes are used to manufacture almost all the chem- 
icals listed in Table 13.1. And although it is not apparent from the tabulated 
data, most of these processes utilize homogeneous or heterogeneous catalysis 
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to convert a relatively limited number of feedstocks from petroleum or natural 
gas, or primary derivatives of these feedstocks. It is perhaps unexpected that 
most of the organic chemicals listed in Table 13.1 are produced by thermochem- 
ical processes that were discovered and perfected many years ago, from about 
1915 to 1965. The advances incorporated into each process since then have 
resulted primarily from improved process controls, reactor designs, and unit 
operations such as distillation, extraction, evaporation, filtration, pumping, 
and heat transfer management through the application of modern chemical 
engineering principles. Although catalysts have been greatly improved for 
many of these processes, the chemistry of the basic process has not changed 
much for most individual organic commodities. 

It is evident that microbial processes play a minor role in the manufacture 
of these chemicals. This is because the large-scale thermochemical conversion 
of hydrocarbon feedstocks to organic chemicals can be carried out rapidly in 
an energy-efficient manner at low cost. Microbial conversion of the same 
feedstocks to the same products is not technically feasible in most cases. Many 
thermochemical conversion plants are so-called world-scale facilities, such as 
several of the methanol plants that can produce from 1500 to 3000 t/day of 
product. The economies of scale are often significant. On an annual basis, 
microbial processes currently account for commercial production of about 
13.6 billion kilograms of mostly specialty chemicals, including carboxylic and 
amino acids, antibiotics, industrial and food enzymes, pharmaceuticals, and 
agricultural chemicals (American Chemical Society et al., 1996). On a mass 
basis, this is a small fraction of total organic chemical production. Fermentation 
ethanol is one of the exceptions. Because of its large-volume use as an oxygenate 
and octane enhancer in unleaded gasolines, it ranks number 12 in U.S. produc- 
tion as shown in Table 13.1. The largest fermentation plant in the United 
States has the capacity to manufacture about 600 t/day of ethanol. Microbial 
products, including fermentation ethanol for gasolines, account for about $10 
billion in annual sales at the bulk level. Synthetic ethanol produced by ethylene 
hydration ranked number 50 in production even though it is a direct replace- 
ment for fermentation ethanol in gasolines. U.S. federal regulations, however, 
favor fermentation ethanol usage in unleaded gasolines by providing an excise 
tax exemption for blenders of ethanol and gasolines (Chapter 11). Synthetic 
ethanol is not eligible for this exemption because it is not manufactured from 
renewable feedstocks. Ethylene is obtained from petroleum and natural gas. 

It is apparent from the data in Table 13.1 that most organic chemical 
commodities are extracted from hydrocarbon mixtures, are derived from hydro- 
carbons, or are the basic raw materials for the manufacture of other products. 
As the ranking decreases, many of the high-volume chemicals are used as 
feedstocks for lower ranked organic chemicals. Ethylene and propylene are 
the top two organic chemicals. They are used as feedstocks for many of the 
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lower ranked chemicals and as monomers for the manufacture of large quanti- 
ties of polymers. Methyl t-butyl ether (MTBE) ranks third in production, is 
the highest ranking oxygenated organic chemical, and has exhibited dispropor- 
tionately large increases in annual production compared to the other commodi- 
ties in this table. MTBE is used as an oxygenate and octane enhancer in 
unleaded gasolines in the same manner as fermentation ethanol (Chapter 11). 
Urea is the second highest ranking oxygenated compound, but has shown 
little growth over the last several years. It competes with ammonia as a nitrogen 
source in agriculture and is also used as a monomer in thermosetting urea- 
formaldehyde resins. Methanol from synthesis gas is the third ranking oxygen- 
ate, one of the largest uses of which is in the manufacture of MTBE. So it is 
unexpected that the percentage change in annual consumption of methanol 
is substantially less than that of MTBE. Annual production of about 8 billion 
kilograms of MTBE requires about 2.9 billion kilograms of methanol at theoreti- 
cal MTBE yields. Approximately 32%, or for the data in Table 13.1, 1.6 billion 
kilograms of methanol production, is used for MTBE (Hunt, 1993). The differ- 
ence is accounted for by large methanol imports (Miller, 1993; Peaff, 1994). 

The energy consumption data tabulated for several of the top-ranked organic 
chemicals illustrate how process and feedstock energy consumption vary per 
mass unit of product. The quantities of feedstocks required at 100% yield were 
generally calculated from the stoichiometric equations, the heats of combustion 
of the reactants, and sometimes the energy invested in obtaining the reactants 
(Lipinsky and Ingham, 1994). For example, the feedstock energy value used 
for p-xylene in terephthalic acid production includes the heat of combustion 
of p-xylene and the energy invested in obtaining it from mixed xylenes. This 
approach is somewhat misleading because a significant portion of the energy 
content of the reactants resides in the organic product, so the feedstock energy 
is not literally consumed. A somewhat more detailed analysis of the energy 
consumption data of the type shown in Table 13.1 can help pinpoint whether 
process improvements are feasible and where improvements might be made. 
For example, a modern wet-milling plant for fermentation ethanol that uses 
cogeneration on-site to supply power and steam consumes about 18.8 MJ of 
process energy per kilogram of ethanol from corn, as shown in Table 13.1. 
This is made up of 8.96 MJ of thermal energy and 6.19 MJ (0.564 kWh) of 
electrical energy equivalent per liter of product ethanol, assuming molecular 
sieve distillation (Shapouri, Duffield, and Graboski, 1996). The process energy 
consumption is considerably less than that of the older fermentation ethanol 
processes, but it is still slightly more than 60% of the energy content of the 
ethanol, which has a higher heat of combustion of 29.8 MJ/kg. On the other 
hand, the actual yield of ethanol is about 7.5 kg/bu (0.294 kg/kg, 9.46 L/bu) 
of corn. At an ethanol yield of 100% of the theoretical amount from glucose 
equivalent, assuming glucose is the key reactant and ignoring the incorporation 
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of water into the key reactant during hydrolysis of the polysaccharides, 
the stoichiometry requires that one bushel of corn (25.5 kg) yields, in 
addition to 7.5 kg (29.4 wt %) of ethanol, 7.2 kg (28.2 wt %) of COL 
and 10.8 kg (42.4 wt %) of other material as by-product. Feedstock energy 
consumption then corresponds to 31.2 MJ/kg of ethanol produced (at an 
HHV for glucose of 15.6 MJ/kg). This means that the total process and 
feedstock energy consumption in a modern wet-milling plant is about 50 MJ/ 
kg of ethanol produced. Any effort made to improve the energy conservation 
characteristics of the process should therefore be directed to reducing 
process energy consumption rather than to increasing the yield of ethanol 
via conversion of by-product, presuming the theoretical yield of ethanol is 
consistently obtained from sugar fermentation, or to development of high- 
value by-product markets. This of course is what is done in a modern, 
multiproduct fermentation ethanol plant (Chapter 11). 

The estimated annual value for each of the organic chemicals shown in 
Table 13.1 was calculated as the product of annual production and average 
market price. Generally, the higher ranked chemicals have higher annual 
values; most of them are more than $1 billion annually. Based on average plant 
capacities, the capital investment needed per kilogram of annual production 
capacity for the higher ranked chemicals is generally in the range $0.25 to $0.60 
(Lipinsky and Ingham, 1994). Chemical syntheses performed in refineries or 
large petrochemical facilities tend to have lower capital intensities, as expected. 

C.  U .S .  PRODUCTION OF POLYMERS 

AND COPOLYMERS 

A tabulation similar to Table 13.1, but listing the major polymers and copoly- 
mers manufactured in the United States, is shown in Table 13.2. Many of the 
polymers and copolymers in this table and their applications were developed 
during and after World War II, and most are manufactured from the higher 
ranked organic commodities listed in Table 13.1 by traditional thermochemical 
polymerization. Petroleum and natural gas are the primary raw materials. With 
few exceptions, the polymeric products from these feedstocks have annual 
values of more than $1 billion. It is evident that consumer demand for plastics 
and rubbers is very large and that the market for polymers and copolymers 
has exhibited good growth. 

In contrast to the polymeric products derived from fossil fuels, the produc- 
tion of synthetic polymers from biomass---the rayons and cellulose acetates--is 
quite small despite the fact that cellulose is one of the world's most abundant 
raw materials. The rayons are any of a variety of regenerated celluloses manufac- 
tured via intermediates such as alkali salts and cellulose xanthates. The process 
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via xanthate intermediates was introduced in 1892 and is still used for the 
production of fabrics and films (cellophane). Wood pulps containing 80-90% 
cellulose are suitable feedstocks, since the hemicelluloses are soluble in alkali 
and are removed during production of alkali cellulose. The cellulose acetate 
derivatives were known before 1914 when they were used to manufacture 
small quantities of synthetic fibers and plastics. During World War I, large 
quantities were manufactured to replace cellulose nitrate coatings, and then 
partially acetylated derivatives were made in large quantities in the 1940s for 
the manufacture of acetate rayons. Today, several types of esters and ethers 
are synthesized from cellulose for use in the manufacture of fibers, fabrics, 
coatings, films, and magnetic tapes. As illustrated by the differences in produc- 
tion, the polymers made from fossil feedstocks apparently have characteristics 
that far outweigh the advantages of the polymers that can be synthesized from 
cellulosic feedstocks. 

Presuming market prices are competitive, one route to development of larger 
markets for biomass in polymeric products is to convert biomass feedstocks to 
the same monomers that are used for synthesis of the large-volume polymers 
and copolymers from fossil-derived monomers. An alternative is to discover 
and develop natural and synthetic "biopolymers" that have superior or unique 
properties. Each of these approaches is discussed in the next section. 

III. BIOMASS AS FEEDSTOCK FOR SYNTHETIC 
ORGANIC CHEMICALS 

A. INTRODUCTION 

Biomass can serve as a source of large-volume organic chemicals that retain the 
basic structural characteristics of biomass and either are or have the potential of 
becoming commodity chemicals. Dextrose (D-glucose) from the hydrolysis of 
starch or cellulose, high-fructose corn syrup from the enzymatic isomerization 
of dextrose hydrolysate, and D-xylose from the hydrolysis of the hemicelluloses 
are commodity products. Biomass feedstocks present several opportunities for 
varying product distributions as a function of market demand and other factors, 
or in which an optimum mix of products is chosen based on feedstock charac- 
teristics. The system depicted in Fig. 13.1 illustrates how such a plant might 
be configured (cf. Goldstein, 1976). Mild acid hydrolysis of hemicellulose in 
wood, for example, affords a solution that is predominantly either xylose or 
mannose, depending on the type of wood, and a cellulose-lignin residue. Acid 
treatment of this residue yields a glucose solution, which can be combined 
with mannose for alcoholic fermentation, and a lignin residue. Phenols can 
be made from this residue by hydrogenation, and 2-furancarboxyaldehyde 
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TABLE 13.2 Major Polymers and Copolymers Manufactured in the United States ~ 

Annual Percent annual Energy consumed 

production change Process 

Category and name (109 kg) 1994-95 1985-95 (MJ/kg) Feed 

Thermosetting resins 
Phenol, other tar- 1.45 - 1  2 16.3 82.0 

acid 

Urea 0.82 - 5  4 9.3 56.8 
Unsaturated 0.72 7 3 18.6 83.7 

polyester 
Epoxy 0.29 5 5 
Melamine 0.13 - 3  4 9.3 56.8 

Thermoplastic resins 
Polyethylene 5.84 2 4 9.3 83.0 
Polypropylene b 5.08 1 5 10.5 74.6 
Styrene polymers 

Polystyrene 2.58 - 3  3 9.3 
Styrene-butadiene 1.38 - 10 4 
ABS 0.68 13.9 

PVC and 5.58 5 6 11.6 
copolymers' 

Polyesters 1.72 18 15 27.9 
Polyurethanes a 1.71 7.0 
Polyamides, nylon 0.46 8 10 18.6 

type 

Synthetic rubber 
Styrene-butadiene 0.88 4 2 
Polybutadiene 0.53 5 3 
Others' 0.43 5 4 
Ethylene- 0.27 2 4 

propylene 
Nitrile 0.08 0 4 
Polychloroprene 0.07 - 8 - 2 

Synthetic fibers 
Polyester 1.76 1 2 27.9 78.1 
Nylon 1.23 - 1 1 18.6 96.0 
Olefin / 1.10 0 7 
Acrylicg 0.20 - 2 - 4 

Average market 

Annual 
Price value 
($/kg) ($109 ) 

1.68 2.44 

0.99 0.81 
1.35 0.97 

1.35 0.18 

0.99 5.78 
0.97 4.93 

87.9 1.19 3.07 

93.9 2.03 1.38 
73.9 1.04 5.80 

78.1 1.54 2.65 
74.4 2.20 3.76 
73.0 2.82 1.30 

1.41 
1.71 

3.37 

2.80 
4.17 

1.54 
2.93 
1.17 
2.23 

1.24 
0.91 

0.91 

0.22 
0.29 

2.65 
3.60 
1.30 
0.45 
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TABLE 13.2 (Continued) 

Category and name 

Cellulosics 
Rayon 
Acetate h 

Annual 
production 

(10 9 kg) 

Percent annual Energy consumed 

change Process Feed 

1994-95 1985-95 (MJ/kg) (MJ/kg) 

Average market 

Annual 
Price value 
($/kg) ($10 9 ) 

0.13 6 - 2  
0.10 - 8  0.1 4.67 0.47 

aAdapted from Kirschner (1996), Chem. Mkt. Reporter (1997), Plastics Tech. (1997). With one 
exception, the production data figures are for 1995. Polyurethane production is for 1994. The 
energy consumption data are from Lipinsky and Wesson (1995). The unit cost data for the 
synthetic rubbers are from the Chem. Mkt. Reporter staff and are for mid-1997. 

/'1995 figure includes Canadian production. 
CBeginning with 1994, includes Canadian production. 
aIncludes only foams, the largest-volume category. Does not include thermosetting polyurethane 
resins made from triisocyanates. 

eIncludes neoprene; butyl, polyisoprene; chlorosulfonated polyethylene; polyisobutylene; and 
acrylo, fluoro, and silicone elastomers. 

fIncludes olefin film, olefin fiber, and spun-bonded polypropylene. 
gIncludes modacrylic. 
hIncludes diacetate and triacetate. 

(furfural) can be made from xylose by strong acid treatment. The commodity 
chemicals obtained from the primary biomass feedstocks, the C5 and C6 sugars 
and the lignins, in this system design are ethanol, furfural, and phenols. 

Other compounds that can be produced directly from biomass in good yields, 
but which do not retain the basic structural characteristics of biomass, are also 
classified as commodity chemicals. Examples are acetic acid, methane, and syn- 
thesis gas. They are not manufactured in large volumes from biomass because 
fossil fuels are the preferred feedstocks in commercial production systems. Tech- 
nically, biomass can serve as a feedstock for production of the entire range of 
commodity organic chemicals presently manufactured from fossil fuels. The var- 
ious routes to large-volume chemicals from biomass will be examined later. Con- 
sider first some of the existing biomass-based chemicals, most of which are spe- 
cialty chemicals that are manufactured for commercial markets. 

Naturally occurring organic chemicals have long been extracted from a 
variety of biomass species. Alkaloids, steroids, vitamins, amino acids, proteins, 
enzymes, oils, gums, resins, waxes, and other complex organic chemicals are 
isolated and marketed as specialty products or used for conversion to other 
specialty products. Thousands of examples exist--the glycoside digitonin used 
in heart medicines from the purple foxglove plant, the narcotic morphine from 
the opium poppy plant, the antimalarial quinine from tropical trees of the 
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Cinchona species, the chemotherapeutic agent taxol from Pacific yew tree 
members in the genus Taxus, the algins and alginic acids from the ocean 
kelp Macrocystis pyrifera, the high-erucic-acid canola oils from rapeseed, the 
lesquerella oils that are high in hydroxy-unsaturated fatty acids from crucifer- 
ous Lesquerella species, the B vitamins from various biomass species, the 
alkaloid scopolamine from the belladona plant, the enzyme cellulase in certain 
bacteria that catalyzes the hydrolysis of cellulose to glucose, etc. For all practical 
purposes, the list is endless. All of these specialty products are organic or 
organometallic compounds and most are normally marketed as high-value, 
specialty products. Their structures are complex; only a few are semisynthetic 
or synthetic products. The retention of chirality by natural organic chemicals 
used as pharmaceuticals, dietary supplements, and biological agents is benefim 
cial because physiological activity depends on it. The majority of complex 
organic chemicals that occur naturally in biomass will therefore continue to 
be obtained by extraction from suitable species except when the cost of synthem 
sis from biomass feedstocks is acceptable and competitive. Some examples of 
complex synthetic organic chemicals from biomass feedstocks will be cited 
later. 

Chemicals from wood, or silvichemicals, are in a class by themselves. Many 
silvichemicals are commercially available. Natural polyisoprene rubbers from 
trees that are members of the genus Hevea continue to be harvested and 
marketed. Turpentines supply fragrances, perfume ingredients, aroma chemi- 
cals, flavorings, and a large number of terpene intermediates for the synthesis 
of high-value chemicals such as vitamins. Synthetic terpene resins prepared 
by cationic polymerization of terpene hydrocarbons are used in hot-melt and 
pressure-sensitive adhesives. Wood pulps are sources of specialty sugars used in 
drugs, sweeteners, plasticizers, and surfactants. In addition to the commercial 
regenerated celluloses described previously, wood pulps are used for produc- 
tion of cellulose esters such as the acetates and butyrates for fibers, films, and 
moldings, and for production of ethers such as ethylcellulose, carboxymethy~ 
cellulose, and hydroxyethylcellulose for use as gums and thickening agents. 
The alkaline pulping liquors are usually combusted to recover the pulping 
chemicals (and energy) for recycle, but the alkali lignins are also separated for 
use in formulating resins, rubbers, and emulsions. Dimethyl sulfide, dimethyl 
sulfoxide, and dimethyl sulfone are recovered from the volatile fraction of 
kraft black liquors from sulfate pulping. The sulfonated lignins in sulfite 
pulping liquors are a source of semisynthetic vanillin and are separated for 
use in formulating adhesives, binders, dispersants, tanning agents, and similar 
products. The alkaline pulping liquors yield fatty and resin acid salts that, on 
acidification, afford tall-oil fatty acids for conversion to dimer acids, polyamide 
resins, and other products that are used in inks, resins, adhesives, and surface 
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coatings. Phenolic acids and waxes extracted from various barks are used in 
a variety of resin applications. 

The primary building blocks and the main processing methods for produc- 
tion of the more important biomass-derived chemicals are tabulated in Fig. 
13.2. All of the chemicals are either commercially manufactured by the indi- 
cated routes now or were manufactured in the past. Secondary processing of 
the derived chemicals in this figure would make it possible to manufacture a 
large percentage of the chemicals presently manufactured from fossil raw 
materials. Obviously, many different routes to organic chemicals from biomass 
feedstocks exist because of the chemistry of the polysaccharides and the substi- 
tuted aromatic compounds in biomass. In a sense, biomass refining is analogous 
to petroleum refining. Petroleum is a mixture of aliphatic, alicyclic, and aro- 
matic hydrocarbons that are rearranged and converted to higher value products 
on refining. The compounds present in biomass are subjected to other re- 
arrangement processes, and sometimes processes that are the same as those 
used for petroleum, on conversion to higher value chemicals. 

In the United States and most industrialized countries, the practical value 
of the commercial production of an organic chemical from biomass depends 
strongly on the availability and price of the same chemical produced from 
petroleum or natural gas, and occasionally coal. As will be shown shortly, 
there is no technical barrier that precludes production of commodity chemicals 
from biomass feedstocks. And it will become evident that many of the more 
complex organic chemicals are best synthesized from biomass feedstocks or 
can be extracted from appropriate biomass species. These chemicals can also 
be synthesized from hydrocarbon feedstocks, but the costs are often prohibitive. 
In the midst of the fossil fuel era, the less complex, commodity organic chemi- 
cals are preferentially manufactured from petroleum or natural gas, whereas 
complex specialty chemicals are derived from biomass. But commodity organic 
chemicals are open to entry by biomass feedstocks if they can provide economic 
advantages. Note that many of the routes described here to commodity chemi- 
cals from biomass were in commercial use in the past, are still in commercial 
use, have recently been commercialized, or have been developed and are 
available for commercial use. 

B. THERMOCHEMICAL SYNTHESIS OF 

BUILDING BLOCKS 

Much of the technology discussed in previous chapters can be applied to the 
synthesis of organic chemicals from biomass. The pyrolysis of wood described 
in Chapter 8 illustrates how several commodity chemicals were manufactured 
in the 1920s and 1930s by the Ford Motor Company. The yields and selectivities 
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FIGURE 13.2 Primary building blocks and processing methods for production of biomass- 
derived chemicals. 
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were generally poor for most of the products. Consideration of the building 
blocks for most organic chemical commodities---synthesis gas, the light olefins 
ethylene, propylene, and butadiene, and BTX--and the chemical structures 
of the principal biomass components suggest some of the routes that might 
be developed to provide improved thermochemical processes for biomass feed- 
stocks. With the exception of synthesis gas, each of these building blocks is 
a hydrocarbon, whereas the principal components in biomass, the polysaccha- 
rides, are polymers in which each carbon atom is bound to an oxygen atom. 
Depolymerization and carbon-oxygen bond scission are therefore necessary 
on a large molecular scale to synthesize the same building blocks. Such "brute 
force" degradation can be achieved at elevated temperatures. But there are 
opportunities to employ thermally balanced processes and energy conservation 
and to transfer the carbon and chemical energy in the feedstock to the desired 
products at near-theoretical yields. Low-moisture-content feedstocks are 
clearly preferred for thermochemical processes. Also, the costs of producing 
the basic building blocks from biomass feedstocks by thermochemical methods 
are usually more than the costs from petroleum and natural gas. This situation 
is expected to change as the fossil fuel era approaches its end. 

Thermochemical gasification of biomass to high yields of synthesis gas (H2 
and carbon oxides), or syngas, can be carried out with most biomass feedstocks 
without regard to the structures of the biomass components (Chapter 9). 
Biomass is simply a source of carbon and energy. All of the organic components 
are thermochemically gasified under conditions that yield the desired syngas 
composition. Syngas can in turn be converted to a large number of chemicals 
and synthetic fuels by established processes (Fig. 13.3). The gasification tech- 
nology for conversion of biomass to syngas has been developed and scaled 
up from the laboratory to the pilot plant to full-scale systems. It has been 
commercialized for fuel gas production, but not for the manufacture of syngas- 
derived chemicals. But there is no technical reason why commercial syngas 

02 
BIOMASS I GASIFIER 

STEAM 

Btu's 

/ / H Y D R O G E N  (H 2) 

SYNTHESIS///t ~" METHANOL (CHsOH) 
GAS I ~ i SNG(CH 4) 

(co, co2, ~ ~  

~' OXOALCOHOLS (ROH) 

~ HYDROCARBONS CnH2n 
(~nM2n+2) 

FIGURE 13.3 Chemicals from syngas by established processes. 
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processes cannot employ biomass feedstocks. The competitors for biomass 
feedstocks are natural gas and petroleum feedstocks, which are currently pre- 
ferred in most countries for syngas production and conversion to methanol 
or high-hydrogen streams for other applications. Coal is used as a large-scale 
source of syngas for both chemical synthesis and synthetic liquid fuels by 
Sasol Limited in South Africa (Fourie, 1992; Ainsworth, 1996). Sasol's Synthol 
technology utilizes fluid-bed and slurry-bed reactors for conversion of syngas 
by Fischer-Tropsch chemistry to a broad product slate consisting of more 
than 100 fuels, solvents, and chemicals. The roster of commercial chemicals 
from syngas at Sasol includes aromatics, alcohols, ketones, oxidized and crystal- 
lized waxes, ammonia and a full spectrum of fertilizers, creosotes, cresylic 
acids, ethers, ethylene, cz-olefins, phenol, propylene, and polyolefins. Sasol's 
program to convert coal to higher value products via syngas began in 1950. 
Experience showed that synthetic fuels from coal are unable to compete eco- 
nomically with petroleum-based fuels in isolation, so a limited coal-to-synfuels 
activity supported by oil refining and chemical production was undertaken by 
Sasol. The same rationale is applicable to the commercial production and 
conversion of syngas from biomass to chemicals. In addition, biomass can be 
utilized as a feedstock alone in gasifiers specifically designed for biomass 
feedstocks, or with coal in several types of coal gasifiers (Chapter 9). 

The direct thermochemical production of the intermediate light olefin build- 
ing blocks from biomass can be achieved by rapid pyrolysis at temperatures 
above those normally used to maximize liquid yields. Maximum liquid yields 
occur near temperatures of 500~ (Chapter 8). The volatile matter formed by 
biomass pyrolysis begins to participate in secondary, gas-phase reactions at 
temperatures exceeding about 600~ This characteristic is similar to the crack- 
ing reactions employed by the petroleum industry in the manufacture of 
ethylene and propylene. Using gas-phase residence times of 0.5 to 1 s at 
temperatures above 500~ the apparent rates of gas production from cellulose 
were measured for seven gas species: CO2, H2, CO, CH4, C2H4, C2H6, and C3H6 
(Antal, 1981). Figures 13.4 and 13.5 are graphs of log (k/mi) vs the reciprocal 
of the temperature, where kj is the experimentally determined rate of produc- 
tion of each gas species j. The slope of the lines connecting the values of log 
(k/mi) provides the apparent activation energy Ej associated with the rate or 
production of each gas as shown in Table 13.3. The rate of conversion of 
volatile matter to ethylene is second only to those of CO and CH4. In contrast 
to ethylene, the rate of production of propylene peaks at 675~ and declines 
at higher temperatures. These data suggest that short residence times at the 
appropriate pyrolysis temperature should afford good light olefin yields. Fast 
pyrolysis of biomass by the RTP | process, for example, provides reasonably 
good yields of light olefins at reactor temperatures and residence times of 
700 to 900~ and 0.03 to 1.5 s (Graham, 1991). The gas yield can exceed 
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FIGURE 13.4 Arrhenius plot of gas-phase production rate for various gas species: (• COz; 
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90 wt % of the biomass. Optimum yields of ethylene, total gaseous unsaturates, 
and total gaseous hydrocarbons from woody feedstocks were 8, 15, and 25% 
by weight of the feedstock, respectively. BTX and syngas are by-products. 

Another method for production of ethylene and propylene from biomass 
feedstocks is via syngas and the synthesis of Fischer-Tropsch hydrocarbons. 
If this technology is commercialized on a large scale at some future time, the 
resulting hydrocarbons can be readily converted to these olefins. Almost any 
paraffinic or naphthenic hydrocarbon heavier than methane can be steam 
cracked to ethylene and propylene in good yields. The lower molecular weight 
paraffins normally afford higher yields of ethylene, whereas the higher molecu- 
lar weight paraffins yield products that have higher propylene-to-ethylene 
ratios. 

An approach to the production of ethylene from biomass that does not 
involve pyrolysis is ethanol dehydration. The catalytic conversion of syngas 
to ethanol from low-grade biomass (or fossil) feedstocks, and fermentation 
ethanol via advanced cellulose hydrolysis and fermentation methods, which 
make it possible to obtain high yields of ethanol from low-grade biomass 
feedstocks as well, are both expected to be commercialized in the United States 
(Chapter 11). Which technology becomes dominant in the market place has 
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not yet been established. What is important is that these processes are expected 
to make large quantities of low-cost ethanol available for chemical uses that 
include ethanol conversion to ethylene as well as acetaldehyde and acetic acid. 
Once this technology is operational for the production of these chemicals, an 

TABLE 13.3 Apparent Activation Energies of Product 
Gases from Short-Residence-Time Cellulose Pyrolysis at 
500 to 6 7 5 ~  

Gas species Activation energy (kJ/mol) 

Carbon dioxide 88 

Hydrogen 146 

Ethane 159 

Ethylene 230 

Propylene 230 

Carbon monoxide 251 

Methane 280 

aAntal (1981). 
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entire commodity chemicals industry founded on low-cost ethanol can follow 
(Fig. 13.6). Market forces will determine which low-cost ethanol technology 
is superior. Each is anticipated to be capable of providing ethanol at market 
prices in the same price range as methanol derived from natural gas. 

It is noteworthy that the commodity organic chemicals acetic acid, acetalde- 
hyde, ethyl chloride, and ethyl ether were manufactured directly from fermenta- 
tion ethanol in Brazil in the early 1920s (Cunningham, 1993). Most of the 
fermentation ethanol produced in Brazil is derived from sugarcane. In 1958 
and 1959, two fermentation ethanol-based ethylene units, as well as plants for 
converting the ethylene to acetaldehyde, butyl acetate, chloral, ethyl acetate, 
and vinyl acetate, began operations. When Brazil's fuel ethanol program, which 
is called PROALCOOL, was initiated in 1975, the production of commodity 
chemicals from fermentation ethanol increased rapidly. Table 13.4 lists the 
total capacities in 1993 of several Brazilian plants for conversion of ethanol 
and ethanol-based intermediates to commodity chemicals. Argentina has also 
established a commodity chemicals industry based on fermentation ethanol, 
although the production volumes are much less than those of Brazil. 

Butadiene (1,3-butadiene) is manufactured in the petroleum industry by 
the catalytic dehydrogenation of the butanes and butenes, and by the direct 
cracking of naphthas and light oils. The overall butadiene yield by catalytic 
dehydrogenation, the most common industrial process, is as high as about 
80% at selectivities of about 90%. The yields and selectivities of butadiene by 

CH3C~H2OH 

CH 2 -, CH 2 �9 CH3CHO 
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FIGURE 13.6 Routes to commodity organic chemicals from ethanol. 
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TABLE 13.4 Some Commodity Organic Chemicals from Fermentation Ethanol in Brazil a 

Production Production 
capacity capacity 

Product (109 kg/year) Product (109 kg/year) 

Ethylene dichloride 1.011 Acrylonitrile 0.078 

LD polyethylene 0.663 Ethyl acetate 0.060 

Ethylbenzene 0.497 Ethylene glycol 0.030 

Vinyl chloride 0.461 Acetic anhydride 0.026 

HD polyethylene 0 . 3 9 7  Monochloroacetic acid 0.024 

Acetic acid 0 . 1 8 2  Diethanolamine 0.012 

Ethylene oxide 0 . 1 6 3  Triethanolamine 0.012 

Diethylene glycol 0 . 1 4 7  Chloromethane 0.007 

Monoethylene glycol 0 . 1 4 7  Pentaerithritol 0.007 

Triethylene glycol 0.147 Chloral 0.004 

Acetaldehyde 0 . 1 4 6  Acetylsalicyclic acid 0.003 

Polyvinylacetate 0 . 1 4 3  Acetophenone 0.002 

Ethylene 0.132 Ethyl ether 0.002 

Monoethanolamine 0.122 Ethyl chloride 0.001 

Vinyl acetate 0.080 

aAdapted from Cunningham (1993). 

direct thermochemica l  convers ion  of b iomass  are nil, and the various routes 

to C4 hydrocarbons  from biomass are not  yet practical. A few opt ions exist for 

butadiene  synthesis  by alternative methods .  Processes based on each of these 

routes to butadiene  have been developed and commercial ized.  Butadiene is 

obta ined by the following chemical  reactions. 

2CH3CH20H , CH2=CHCH=CH 2+2H20+ H 2 (I) 

CH3CH20H + CH3CHO , CH2=CHCH=CH 2+2H20 (2) 

CH31CH?HCH 3 , CH2=CHCH=CH2+ 2H20 (3) 
OHOH 

H2~?H2 
, CH2=CHCH--CH 2+ H20 (4) 
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Ethanol is the key reactant in Eq. (1), and also in Eq. (2) because it is readily 
converted to acetaldehyde. The process based on Eq. I was developed in Russia 
and the process based on Eq. 2 was developed in the United States. The yield 
of butadiene for the Russian process is about 30-35%. It is about 70% if 
mixtures of ethanol and acetaldehyde are employed as in the U.S. process. 
Equation (3) represents a process that involves 2,3-butylene glycol, a product 
from the microbial conversion of biomass. The process is carried out in two 
sequential steps via the glycol diacetate in overall yields to butadiene of about 
80%. The process of Eq. (4) starts with a biomass derivative, the cyclic ether 
tetrahydrofuran, and can be carried out at high yields. When this process was 
first operated on a large scale in Germany, acetylene and formaldehyde were 
the raw materials for the synthesis of intermediate tetrahydrofuran. It is manu- 
factured today from biomass feedstocks by thermochemical conversion, as will 
be discussed later. 

In commercial practice, the aromatic building blocks for the synthesis of 
commodity organic chemicals, particularly benzene and p-xylene, are extracted 
from BTX. BTX is a mixture of the monocyclic aromatic hydrocarbons benzene, 
toluene, ethylbenzene, and the xylenes produced in the petroleum industry 
by dehydrogenation of naphthas using catalytic reforming and by the thermal 
reforming and catalytic and thermal cracking of middle distillates. Coal tars 
and coke oven gases also yield BTX. In modern coal coking processes, more 
that 90% of the benzene and toluene obtainable from coal is collected by 
scrubbing coke-oven gas. The direct thermochemical conversion of biomass 
to an equivalent BTX product, however, is not feasible under conventional 
conditions. Only small amounts of monocyclic aromatic hydrocarbons are 
formed on pyrolysis or the thermal cracking of biomass feedstocks. The pyroly- 
sis of pure cellulose yields many different liquid products, including a few 
substituted phenolic compounds and phenol; only trace to small amounts of 
BTX are formed. The pyrolysis products of the carbohydrates in wood can be 
classified into three main groups: anhydrosugars and their dehydration prod- 
ucts, low-molecular-weight oxygenates and other acetyl compounds, and ali- 
cyclic compounds and phenols (cf. Rejai et al., 1991). Thermolysis of the 
hemicelluloses and pentosans affords similar results. Pyrolysis at atmospheric 
or reduced pressures of the lignins, which are highly aromatic structures 
because of the abundance of substituted phenyl propane units, yields phenols 
instead of BTX-type products. The hardwoods generally yield phenols in the 
pyrocatechol and pyrogallol series, whereas softwoods yield phenols in the 
pyrocatechol series. A few of the aromatic compounds that have been identified 
in lignin pyrolysis products are phenol, eugenol, pyrocatechol, pyrogallol 1,3- 
dimethyl ether, o-cresol, guaiacol, vinylguaiacol, and propyl guaiacol. Most of 
the methanol formed on pyrolysis of woody biomass might be expected to be 
derived from the large number of methoxyl groups in the lignin fraction. But 
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a substantial portion is also believed to be formed from the methoxyl groups 
present in the hemicelluloses. 

Many research studies have been carried out to examine the possibilities for 
conversion of biomass feedstocks to liquid products by direct thermochemical 
treatment. These studies include the treatment of aqueous and nonaqueous 
slurries of wood particles with different reactants and catalysts at elevated 
temperatures and pressures, and the pyrolysis of wood under conditions that 
maximize liquid yields (Chapter 8). The prime objective was to develop pro- 
cesses for production of liquid fuels and not chemicals. The resulting products 
are generally acidic and contain high concentrations of carboxylic acids, pheno- 
lic compounds, and heterocyclic oxygen and alicyclic oxygenated compounds. 
With only a few exceptions, the products contain low concentrations of BTX. 

Two basically different methods were found in this work, however, to 
maximize BTX formation during direct thermochemical conversion of biomass 
feedstocks. One is the hydrogenolysis of the substituted phenolic compounds 
that are formed from woody feedstocks, and the other is the aromatization of 
intermediates. An example of the results of the hydrogenolysis of wood is 
presented in Table 13.5. The noncatalytic hydropyrolysis of hardwood maple 
chips at 670~ and 1.02 MPa shows that aromatic compounds are formed in 
substantial yields on fast pyrolysis in hydrogen atmospheres. The liquid prod- 
uct yield is about 17 wt % of the feed, one-ring aromatic compounds make 
up about 39 wt % of the liquid product, and the yield of phenol is about 
26 wt %. It is evident that to increase the yields of BTX, hydropyrolysis at 
greater severity or hydrocracking and hydrodealkylation should be used to 
aromatize more of the phenolic compounds. The organic vapors formed on 
fast pyrolysis of either woody biomass or RDF can be upgraded with shape- 
selective zeolite catalysts to selectively yield either BTX or C2-C5 olefins (Rejai 
et al., 1991). High yields of these products can be maintained at relatively 
high weight-hourly-space velocities (WHSVs) and low steam-to-biomass (S/ 
B) ratios. The BTX and C2-C5 olefin yields at 550~ WHSVs of 10, and an S/ 
B ratio of 0.6 for RDF feedstocks ranged from about 10 to 19 wt % and 12 to 
18 wt % of the feed, depending on the catalyst used. Assuming that 60% of 
the feed is converted to pyrolysis oil and that the empirical formulas of BTX 
and the olefins are CH1.25 and CH2, the yield limits of BTX and C2-C5 olefins 
based on the experimental stoichiometries for RDF were 25.6 wt % and 23.7 
wt % of the feed. Using the same assumptions, the corresponding yield limits 
for wood were 25.5 and 23.6 wt % of the feed. It has also been found that 
biomass pyrolysis oils can be catalytically upgraded to high-BTX liquids after 
formation and collection (Bakhshi, Kaitikaneni, and Adjaye, 1995). Products 
containing 23 to 38 wt % BTX and 19 to 35 wt % aliphatic, gasoline-range 
hydrocarbons are obtained by thermal treatment at atmospheric pressure, 
330-410~ and a WHSV of 3.6. The selectivity for benzene is about 90% of 
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TABLE 13.5 The Non-catalytic Hydrogenolysis of 
Hardwood Maple Chips a 

Parameter 

Feedstock 
Size 
Moisture 
Volatile matter 
Ash 
Fixed carbon 
Carbon 
Hydrogen 
Nitrogen 
Higher heating value 

Conversion conditions 
Environment 
Pressure 
Temperature 
Free-fall reaction time 

Product yields 
Char 
Gases (C1 to C3) 
Liquids 

Composition of liquid products 
One-ring compounds 

Benzenes 
Styrenes 
Indans 
Indenes 

Two-ring compounds 
Naphthalenes 
Biphenyl 
Acenaphathene 
Acenaphthalene 

Three-ring compounds 
Fluorene 
Phenanthrene and anthracene 
Phenyl naphthalenes 
Others 

Four-ring compounds 
Five-ring compounds 
N-containing compounds 
O-containing compounds 

Phenol 
Benzofuran 
Others 

Unidentified 

Condition or result 

1.19 mm max. 
5.5 wt % 
81.2 

0.21 
13.1 
49.8 

6.05 
0.15 

19.52 MJ/kg 

H2 
1.03 MPa 
670 ~ 
0.3 s (approx.) 

12.25 wt % of feed 
54.OO 
17.24 

34.0 wt % 
0.2 
1.4 
3.0 

20.8 
0.7 
1.3 
0.5 

2.1 
2.5 
0.2 
0.5 
2.2 
0.4 
0.4 

26.3 
1.3 
0.7 
1.5 

aRose et al. (1981). 
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the BTX with aluminosilicate catalysts. Molecular sieve (HZSM-5) and similar 
shape-selective catalysts exhibited high selectivities for toluene, the xylenes, 
and other alkylated benzenes. An alternative approach to BTX from biomass 
discovered in the 1980s employs fast pyrolysis of woody biomass in methane 
atmospheres (methanolysis) rather than hydrogen (Steinberg, Fallon, and 
Sundaram, 1983). Preliminary studies of the methanolysis of dry fir wood 
particles in the presence of silica flour at I to 3-s residence times, temperatures 
of 1000~ and pressures of 0.34 MPa converted 12% of the available carbon 
to BTX, 21% to ethylene, and 48% to CO without net methane consumption 
(Chapter 8). No products were formed in the absence of wood. 

Thus, the building blocks for synthesis of commodity organic chemicals-- 
synthesis gas, the light olefins ethylene, propylene, and butadiene, and BTX-- 
can be obtained from biomass feedstocks by thermochemical conversion. 

C.  OTHER THERMOCHEMICAL SYNTHESES 

Cursory examination of Table 13.1 shows that oxygenated compounds account 
for a large number of the commodity chemicals manufactured in the United 
States. Biomass might therefore be expected to be used as feedstock for many 
of the chemicals in this listing. Only a few are. If the list were extended, say, 
to include the top 500 or 1000 commercial organic chemicals, more biomass 
derivatives would begin to appear. But they would tend to be low-volume 
specialty and fine chemicals of complex structure that are more readily pro- 
duced from biomass than from hydrocarbon feedstocks. Biomass often provides 
technical advantages in these cases. Sorbitol is manufactured by hydrogenation 
of dextrose, and although a thermochemical route to the same chemical can be 
devised for hydrocarbon feedstocks, it would be technically and economically 
impractical. When either a biomass or a hydrocarbon feedstock can be em- 
ployed, economic factors usually, but not always, determine which is used. 
Methanol is a commodity chemical that can be manufactured from syngas 
by thermochemical methods using either biomass or fossil feedstocks, yet 
essentially all of it is made from natural gas because of the lower production 
cost in world-scale plants. In unleaded gasoline blends, synthetic ethanol is 
unable to compete with fermentation ethanol from biomass in the United 
States because of the motor fuel excise tax exemption. The exemption is also 
available for methanol made from biomass, but only small amounts of neat 
methanol can be used in unleaded gasolines compared to neat ethanol because 
of federal blending regulations. Unleaded gasoline-methanol blends are limited 
to 0.3 vol % methanol without cosolvent oxygenates, whereas up to 10 vol % 
anhydrous ethanol can be used. It is apparent that manufacturing costs alone 
may not determine whether a commodity chemical will be manufactured from 
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biomass or a hydrocarbon feedstock. U.S. federal regulations can have a large 
impact, at least for oxygenated fuels. 

Selected thermochemical syntheses are discussed here to show how the 
structural characteristics of biomass components can affect the methods chosen 
to manufacture a few specific commodity chemicals. The main components 
of biomass, the pentoses and hexoses from the polysaccharides and the lignins, 
lipids, and proteins, are examined as potential feedstocks. 

Some Pentose-Derived Chemicals 

Xylose-based chemicals analogous to some of the glucose derivatives discussed 
in the next section are commercially available. An example is xylitol, the 
pentahydric alcohol that is manufactured by hydrogenation of the aldehyde 
group in xylose. One of the unique reactions of the pentoses known since the 
nineteenth century is cyclodehydration to yield furfural. Xylose, for example, 
is dehydrated by acid treatment through one or two intermediates to form the 
furan-substituted aldehyde in quantitative yield, or 64.0 wt % of the xylose 

CHO OHO CHO 
I I I 

CHOH OOH C 
I II II 
CHOH ,, OH , OH 
I I I 
CHOH CHOH CHOH 

I I I 
CH2OH CH2OH CH 2 

' ! I + 3H20 (5) 

0 ~ o ~ C H O  

(cf. Wiley, 1953). Kinetic studies show that the rate of the reaction is directly 
proportional to both acid and xylose concentrations, and thus is at least a 
second-order process. The reaction is industrially significant because it made 
the furans available on a large scale from biomass feedstocks such as corn 
cobs, oat hulls, and rice hulls. The reactivity of the furan ring as a diene and 
in acid to form carbonium ions introduces a wide range of synthesis options. 
The two principal furans from which many derivatives are available are tetrahy- 
drofuran and tetrahydrofurfuryl alcohol, both of which are manufactured from 
furfural. Furfural is converted by catalytic decarbonylation to furan (a), by 
catalytic hydrogenation of the aldehyde group to furfuryl alcohol (b), on 
further hydrogenation of the furan ring to tetrahydrofurfuryl alcohol (c), and 
by oxidation of the aldehyde group to furoic acid (d). Furan is converted to 
tetrahydrofuran (e) by catalytic hydrogenation, and undergoes a large number 
of substitution and addition reactions. Tetrahydrofurfuryl alcohol undergoes 
catalytic dehydration and rearrangement to dihydropyran (f), which can be 
hydrogenated to tetrahydropyran (g). Derivatives are formed from these cyclic 
ethers by standard reactions. Tetrahydrofurfuryl alcohol is also converted to 
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levulinic acid (~y-ketovaleric acid) (h) on treatment with dilute acid. It is 
evident that the molecular structure of the pentoses facilitates the formation 
of many derivatives. 

I I I I I I 
~.0 , , /  ~O.//~'CH2OH "~.o~CH2OH ~ o ~ C O 2 H  

(c) (a) (b) (d) 

"~0. , /  
(e) 

I 
H02C COCH 3 

(f) (g) (h) 

A large group of the furans and their derivatives have specialty and industrial 
uses. QO Chemicals, Inc., formerly the Chemicals Division of the Quaker Oats 
Company, has been the world's largest producer of furfural and its derivatives 
for many years. In addition to furfural, their commercial products include 
furfuryl alcohol, tetrahydrofuryl alcohol, tetrahydrofuran, furoic acid and its 
alkyl furoates, furfural amines, levulinic acid, methylfuran, acetyl furan, meth- 
yltetrahydrofuran, and various polyetherpolyols and resins. 

The ring-cleavage chemistry of the furans has led to many suggestions for 
the manufacture of other established chemicals and polymers. Some of the 
commodity chemicals suggested for manufacture from the furans include n- 
butanol, 1,3-butadiene, styrene, adipic acid, maleic anhydride, 1,4-butanediol, 
and ),-butyrolactone (cf. Parker et al., 1983). Tetrahydrofuran has been con- 
verted to adiponitrile, and adipic acid\precursor, in a commercial two-step 
process via dichlorobutane (Cass, 1947). DuPont used this process in their 
nylon operations in the 1950s. A single-step carbonylation method with nickel 
carbonyl catalysts to tbrm adipic acid from tetrahydrofuran in high yield 
appears to offer advantages in similar applications. Tetrahydrofuran has also 
been converted to n-butanol in high selectivity, which simplifies and reduces 
the cost of purification (Smith and Fuzek, 1949), and to 1,3-butadiene via 
dehydration and dehydrogenation (Hasche, 1945). Both furan and furfural 
have been converted to maleic anhydride, with the former producing better 
yields and fewer by-products (Milas and Walsh, 1935). 

Presuming the market for furfural and its derivatives ultimately grows to 
the point where commodity uses require the availability of large amounts of 
furfural, woody and waste biomass feedstocks can serve as a much more 
abundant and distributed source of supply than corn cobs, oat hulls, and rice 
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hulls. For a plant supplied with woody feedstocks in which the hexoses are 
converted to fermentation ethanol, the net by-product credit for furfural made 
from the pentose fraction by cyclodehydration is projected to be able to reduce 
or subsidize the selling price of ethanol by about 50% (Parker et al., 1983). 
The net by-product credit in this case is the difference between the cost of 
producing furfural and its selling price. 

Four major carboxylic acids, acetic, formic, glyceric, and lactic, are formed 
under mild alkaline oxidation conditions from xylose (Rahardja et al., 1994). At 
40-60~ lactic acid is formed from dilute aqueous solutions of xylose in the 
largest mass yield, about 50%, under continuous oxidation conditions. This is 
about 83% of the maximum theoretical yield of 60%. Under batch conditions, 
the yield of lactic acid from xylose is about 23%, while the yield from glucose is 
about 41%. These data indicate a commercial alkaline oxidation process for lactic 
acid from pentoses and hexoses is feasible, but it should be realized that the 
recovery of carboxylic acids having high water solubilities from dilute aqueous 
solutions can add significantly to production cost (Busche, 1984). 

Some Hexose-Derived Chemicals 

Several hexose sugars, sugar syrups, and starches are marketed as commodity 
chemicals, but only a few derivatives such as the disaccharide cellobiose, a 
glucose-/3-glucoside, which is synthesized not from glucose but by careful 
hydrolysis of cellulose, are marketed. Despite the fact that the chemistry of the 
monosaccharides, oligosaccharides, and polysaccharides that contain repeating 
hexose units has been developed over several hundred years (cf. Raymond, 
1943; Wolfrom, 1943; Nikitin, 1962), and the fact that these materials are 
very abundant, relatively few commodity chemicals are manufactured by thero 
mochemical conversion of the hexoses. A federal U.S. survey of the synthetic 
organic chemicals manufactured in the United States includes only a few 
hexose derivatives out of thousands of commercial commodity compounds 
(U.S. International Trade Commission, 1995). 

The hexoses yield a wide range of esters, ethers, and anhydro derivatives, 
and they undergo numerous rearrangement, substitution, isomerization, cyclo- 
dehydration, and reduction-oxidation reactions. So there are just as many 
options available for producing derivatives, if not more, from the hexoses 
as from the pentoses. Glucose is converted to gluconic acid (i) by oxida- 
tion of the aldehyde group to a carboxyl group, to the hexahydric alcohol 
sorbitol (j) by hydrogenation of the aldehyde group (or to sorbitol and man- 
nitol when invert sugar is used in place of glucose), and to a large num- 
ber of ethers by elimination of water such as 1,6-anhydroglucose (k), 2,4- 
anhydroglucose (1), and 2-hydroxymethylofurfural (m). 
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C02H CH20H OH CHO 
I I I I 
CHOH CHOH CHOH CH-, 
I I I I 

HOCH HOCH HOCH 0 HOCH 0 
I I 0 I I 
CHOH CHOH CHOH CH / 
I I I I 
CHOH CHOH CH CHOH 
I I I I 
CH20H CH20H CH 2 CH20H 

I I 
HOH2 C ~ o ~ C H O  

(i) (j) (k)  (I) ( m )  

The last compound is formed by abstraction of three molecules of water 
from the hexose and is transformed into levulinic acid and formic acid on 
acid treatment: 

CliO 
I 
CHOH 
I 

HOCH 
I 
CHOH 
! 
CHOH 
I 
CH20H 

H + 

HOH2 C ~ o ~ C H O  
' + H C O  2 H (6) 

HO 2 C COCH 3 

The hexoses can also be converted directly to levulinic acid and formic acid 
on acid treatment without isolation of 2-hydroxymethylfurfural. Note that 
levulinic acid can be synthesized from both pentoses and hexoses, but is 
usually manufactured from cane sugar or starch by boiling with hydrochloric 
acid. A process for the manufacture of levulinic acid has also been developed 
for paper-mill sludge feedstocks (Fitzpatrick and Jarnefeld, 1996). 

Levulinic acid is a versatile chemical intermediate that can be converted 
through proven routes to higher value chemicals such as diphenolic acid, 
succinic acid, pyrrolidines, pyrrolidones, and the agricultural chemical 3- 
amino levulinic acid. When the price of levulinic acid drops to levels of $0.09 
to $0.11/kg that are expected from large-scale production from sludge, it is 
believed that the acid will be used to manufacture 2-methyl-tetrahydrofuran, 
which contains 18.6 wt % oxygen, for use as an oxygenate in unleaded gaso- 
lines: 

+ 3H2 ' + 2H20 (7) 
HO 2 C COCH 3 ~ , , o ~ C H 3  

However, a more direct synthesis of this ether is the catalytic hydrogenation 
of furfural at moderate temperatures. Angelica lactone, which is formed on 
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distillation of levulinic acid has also been suggested as an oxygenated fuel ex- 

tender  (Thomas and Barile, 1984); it contains 32.6 wt % oxygen. 

HO2C COCH 3 
I 

O ~ " - , . , o / ~ C H  3 
+ H 2 ~ (8) 

These are just a few of the many chemical reactions of the hexoses. Gluconic 
acid, glucono-&lactone from this acid, sorbitol, sorbitol esters, sorbitans (tetra- 
hydric anhydrosorbitol), mannitol, mannitol esters, copolymers of fatty acid 
sorbitol esters and alkylene oxides, and a few other derivatives are currently 
marketed as commodity chemicals derived from the hexoses. Vitamin C (L- 
ascorbic acid) is perhaps one of the best examples of a commercial derivative 
of D-glucose that is manufactured primarily by chemical synthesis: 

0 
CHO II 
I C 

(0#2) CHOH I 
I HOC 

HOCH II 
I HOC 
CHOH I 
I CH 

CHOH I 
I ( C # 2 )  HOCH 
CH2OH I 

CH2OH 

0 (9) 
I 

Although Vitamin C is not a commodity chemical and is manufactured by a 
sequential process that involves hydrogenation, oxidation, acetonide forma- 
tion, oxidation, hydrolysis, and formation of the vitamin, this example illus- 
trates that complex multistep processes are not excluded from commercial use 
and can yield products competitive with the natural product. Natural vitamin 
C for the commercial market is also extracted from certain plants. 

The chemicals that are produced from polysaccharides by direct pyrolysis 
were discussed in Chapter 8. A few of them are expected to be marketed in 
the future, particularly some of the oxygenates from fast pyrolysis processes 
(Scott, Piskorz, and Radlein, 1993; Piskorz et al., 1995). 

Since an extremely large number of synthetic carbohydrate derivatives are 
known and have been studied for decades, it is doubtful that many new 
additions to commodity status will be made from this group in the near 
future. It is more likely that some of the new derivatives such as synthetic 
oligosaccharides that are found to have unique properties in certain applica- 
tions will become commodity chemicals. Sucrose was not synthesized until 
1953, and general methods for the synthesis of oligosaccharides have not been 
perfected yet because of the difficulty encountered in replicating the repeating 
glycosidic bond between monosaccharide units and in controlling the bonding 
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positions in molecules that offer several sites. Recent advances appear to 
provide solutions to the problem of synthesizing oligosaccharides (cf. Rouhi, 
1996). New oligomers and biopolymers are expected to result from this effort. 

Some Lignin-Derived Chemicals 

Commodity lignin chemicals and their salts and derivatives are complex mix- 
tures of compounds obtained from the spent liquors of the wood pulping 
industry. As previously described, the three basic pulping processes are the 
sulfite, sulfate (kraft), and caustic soda processes. The by-product sulfonate 
salts are made from the sulfite liquors, usually from the pulping of softwoods. 
The so-called black liquors from the other two processes yield by-product 
alkali lignins, which are also called kraft and sulfate lignins. Lignins can be 
obtained by direct wood hydrolysis, but the process is not used as a lignin 
resource in the United States. The lignins are complex natural polymers of 
condensed methoxypropylphenols. There is evidence of unsaturation and hy- 
droxyl, carboxyl, and carbonyl groups in some of the lignins. The lignins are 
sold for a variety of industrial and specialty applications, including adhesives, 
binders, dispersing agents, emulsifiers, cement and gypsum board manufacture, 
oil well drilling, and road stabilization formulations. 

Few pure commodity chemicals are synthesized from the lignins. Synthetic 
vanillin (3-methoxy-4-hydroxybenzaldehyde), a member of the catechol (1,2- 
dihydroxybenzene) series, is one example. This compound, a pharmaceutical 
intermediate and flavoring and perfume agent, is commercially produced by 
extraction of natural resources such as the vanilla bean, and by several synthetic 
methods using lignin or lignin-based chemicals. Among the synthetic methods 
are the alkaline air oxidation of spent sulfite liquor from pulping operations, the 
oxidation of coniferyl alcohol (3-(4-hydroxy-3-methoxy-phenyl)-2-propene-1- 
ol) from pine trees, and the conversion of guaiacol (o-methoxyphenol) from 
catechol or wood pyrolysis oils. Vanillin is obtained from guaiacol by several 
different synthetic methods, the simplest of which is probably the introduction 
of the aldehyde group by direct one-step reaction with alkaline chloroform 
(Reimer-Tiemann reaction). 

The structures of the lignins are amenable to conversion to several classes 
of substituted phenols by thermochemical and thermal degradation methods. 
The displacement of pyroligneous tars by coal tars eliminated much of the 
demand that existed for the lignin-based products. Creosote oil or cresylic 
acid, a mixture of o-, m-, and p-cresols, is now manufactured mainly from coal 
tars, while only small amounts of cresols are made from wood tars. The use 
of wood tars and other biomass-derived tars as substitutes for a major portion 
of the phenol and formaldehyde in phenol-formaldehyde resins could reverse 
this trend (Himmelblau, 1995). The key to this process seems to be that the 
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optimum phenolic character of the tar is not obtained at maximum tar yield, 
but at yields of about 25-30 wt % at reactor temperatures of about 600~ and 
short gas-phase residence times. A wide range of phenols, aldehydes, and other 
compounds capable of polymerization are formed under these conditions. If 
this effort and some of the others in progress to develop new applications for 
lignins are commercially successful, they will provide a great impetus to de- 
velop carbohydrate-based chemicals as commodity chemicals because the lig- 
nins are such a large fraction of woody biomass. The lignin fraction cannot 
be ignored. Indeed, the simultaneous occurrence of lignins and polysaccharides 
made up of C5 and C6 units in potential woody biomass feedstocks requires 
that the silvichemical facility of the future produce multiple products from 
the total feedstock, much like a petroleum refinery. A plant in which only one 
salable chemical is manufactured will not be competitive. 

Some Lipid-Derived Chemicals 

kipids (fats) are found in seed and vegetable oils and fruit pulps (and animal 
tallows and greases) (Chapters 3 and 10). The vast majority are triglycerides, 
or C6-C2~ fatty acid esters of the trihydric alcohol glycerol (1,2,3-trihydroxypro- 
pane). Smaller amounts of mono- and diacylglycerides and unesterified fatty 
acids are present. The only exception to the glyceride structure is oil from the 
jojoba plant. Jojoba oil contains almost entirely a mixture of wax esters with 
40-44 carbon atoms composed of long-chain alcohols esterified with long- 
chain fatty acids (,~ppelqvist, 1989). There are about 50 fatty acids that occur 
as natural glycerides, a surprising characteristic of which is that they are almost 
invariably all composed of straight-chain acids containing an even number of 
carbon atoms and that they are all mixed glycerides containing two or three 
fatty acids. The odd-numbered, five-carbon isovaleric acid, which contains the 
same carbon skeleton as isoprene, is the exception; it has been found in 
glycerides from dolphin and porpoise blubber in relatively large amounts 
(Fieser and Fieser, 1950). The majority of the acids are C~6 or greater. Alkaline 
hydrolysis of the glycerides provides large amounts of glycerol and the fatty 
acids as commodity chemicals. Other synthetic methods based on propylene 
feedstocks are also used commercially for glycerol production. But the largest 
source in the United States is the hydrolysis of fatty feedstocks. The fatty acids 
of most industrial significance as commodity chemicals from fat hydrolysis or 
as derivatives, usually esters, include the saturated lauric (C~2), myristic (C14), 
palmitic (C16), stearic (Cla), arachidic (C20) and behenic (C24) acids, the Cla 
monounsaturated oleic and ricinoleic acids, and the polyunsaturated C~a lin- 
oleic, linolenic, and eleostearic acids. Glycerol forms acetals, aldehydes, amines, 
ethers, esters, and halides and can also be converted to acrolein and other 
derivatives. Glycerol is thus a versatile chemical that is useful in hundreds of 



III. Biomass as Feedstock for Synthetic Organic Chemicals 531 

applications, the most important of which are in alkyd resins and for the 
manufacture of the explosive nitroglycerin (glyceroltrinitrate). 

A new use for fatty acids in the United States is in the manufacture of 
synthetic sucrose esters for use as fat replacements in foods (Kirschner, 1997). 
This market is projected to be more than 200 million kilograms per annum 
in the United States because of the growing demand for diet foods. The ester 
is synthesized from oils such as cottonseed or soybean oil by transesterifying 
the glycerides in the oil with methanol to yield the methyl esters of the fatty 
acids, in the same manner that methyl biodiesel fuel is manufactured (Chapter 
10). The methyl esters are isolated and then transesterified with sucrose to 
yield a sucrose polyester in which six to eight fatty acid molecules are bonded 
through ester linkages to the hydroxyl groups in the sucrose molecule. The 
liberated methanol is removed. The synthetic ester has many of the characteris- 
tics of and is a low-calorie replacement for natural fats. Unlike the glycerides 
in natural fats, digestive enzymes are unable to metabolize the synthetic ester; 
it passes through the body unchanged. 

Some Protein-Derived Chemicals 

Proteins are widely distributed in plants (and animals) and consist of one or 
more polymeric chains of amino acids that are bound in peptide linkages. 
Usually more that 100 amino acids are linked in the natural polypeptide. In 
dry biomass, the approximate protein content is the product of the percentage 
of Kjeldahl nitrogen in the biomass and the factor 6.25 (Chapter 3). Woody 
biomass normally contains very small amounts of protein, nil to a few percent, 
whereas herbaceous, aquatic, and marine biomass can contain up to 15 to 
20 wt %. The polypeptide chains are converted to the amino acids by acid, 
alkali, and enzyme-catalyzed hydrolysis. More than 30 amino acids have been 
isolated from protein hydrolysates. The most common amino acids are the 
neutral acids glycine, alanine, serine, cysteine, cystine, threonine, valine, methi- 
onine, leucine, isoleucine, phenylalanine, tyrosine, proline, hydroxyproline, 
tryptophane, and asparagine; the basic acids are arginine, lysine, hydroxylysine, 
glutamine, histidine, and ornithine; and the acidic acids are aspartic and glu- 
tamic acids. All natural amino acids belong to the L-series, and in theory, each 
can be obtained by hydrolysis of separated protein and extraction from the 
hydrolysate. Amino acids are a class of organic chemicals that have wide use 
as foods and feed supplements. In the past, most were obtained by extraction 
from protein hydrolysates. But the technical difficulties of isolating and purify- 
ing the amino acids led to the development of other methods. Most are commer- 
cially produced by fermentation or enzymatic treatment of biomass-based 
substrates (next section). Glycine, alanine, and methionine are chemically 
synthesized; proline, hydroxyproline, cysteine, and cystine are obtained from 
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protein hydrolysates--proline and hydroxyproline from gelatin normally of 
animal origin (collagen), and cysteine and cystine from keratin protein of 
animal origin. 

It is evident that natural proteins are not a primary source of large amounts 
of amino acids, despite the fact that many of the acids are commercially 
significant chemicals and a few are commodity chemicals. The technical diffi- 
culties just alluded to include undesirable distributions of the amino acids in 
natural proteins, the sensitivity of proteins and amino acids to chemical hydro- 
lysis conditions, racemization, the multiplicity of the product acids and the 
often low concentration of the desired acid or acids in the hydrolysate, and 
the consequent separation problems. Microbial synthesis of specific amino 
acids from biomass substrates or biomass-derived intermediates often has sub- 
stantial advantages over thermochemical processing methods and is used for 
the commercial production of several of the amino acids. This is discussed in 
more detail in the next section. 

Biopolymers 

Excluding the polyisoprenes (i.e., natural rubbers) found in several biomass 
species, the main biomass constituents, the natural celluloses, hemicelluloses, 
and lignins, as well as the proteins and nucleic acids, are biopolymers. Some 
are chemically modified and marketed; some are marketed as natural products. 
The major classes of biopolymers include the cellulose esters and ethers, chitin 
and chitosan, hyaluronic acid, polyhydroxyalkanoates, silk and other natural 
polypeptides, starch esters, xanthan, dextran and other polysaccharides, syn- 
thetic polypeptides, and polymers synthesized from primary biomass deriva- 
tives such as glycerol, other polyols, and fatty acids. Several of these polymers 
are biodegradable plastics useful in packaging, molding, and extrusion applica- 
tions, yield biodegradable detergents, furnish films and coatings that are selec- 
tively permeable to specific gases, are highly water-absorbing materials useful 
for moisture removal, or lend themselves to medical uses. New applications 
of many of these polymers are under development and should result in several 
additions to the roster of commodity chemicals from biomass. 

D. MICROBIAL SYNTHESES 

Microbial processing by direct fermentation of primary biomass derivatives 
such as glucose can be used to synthesize a large number of organic chemicals. 
The cellular components that facilitate these processes are enzymes, the protein 
catalysts produced by the microorganisms. Some examples of direct fermenta- 
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tion with primary biomass derivatives as substrates are shown in Table 13.6. 
It is evident that most of the common chemicals listed are commercially 
available from nonbiomass sources. The molecular structures of the products 
range from simple compounds, such as ethanol, to complex compounds, such 
as the penicillins, to polymeric products, such as the polyhydroxybutyrates. 
Suitable substrates are generally monosaccharides and disaccharides and their 
original sources such as molasses and starch and cellulose hydrolysates. A wide 
range of biomass feedstocks is used for commercial fermentation systems. 
Examples are glucose for many different chemicals and products; beet sugar 
molasses for citric acid; hydrolyzed starch for citric acid, itaconic acid, and 
xanthan gum; thinned starch for ionophores and alkaline proteases; vegetable 
oil for terramycin; corn steep liquor for penicillin; and soybean meal for vitamin 
B12. The microorganism is grown in a culture medium that contains the carbon 
source (substrate), a nitrogen source (usually ammonia, urea, or ammonium 
salts), and minor and trace nutrients and growth factors such as vitamins and 
amino acids, if necessary. The majority of the excreted chemicals are oxygen- 
ated compounds that contain carbonyl, carboxyl, or hydroxyl groups. During 
the fermentation process, part of the substrate is converted to cellular biomass, 
usually a small amount for anaerobic processes and a larger amount for aerobic 
processes. By-products such as CO2 from aerobic processes and oligosaccha- 
rides and other water-soluble products are also formed. However, it appears 
from the broad range of compounds listed in Table 13.6 that the possibilities 
are almost unlimited as long as the appropriate organism and substrate are 
allowed to interact under suitable environmental conditions. 

Many common organic chemicals can be manufactured by employing live 
microorganisms; fermentation ethanol is the best example. Certain microorgan- 
isms are also capable of performing syntheses that are very difficult to carry 
out by conventional thermochemical synthetic methods. The compounds pro- 
duced in these cases are usually characterized by complex, chiral structures 
such as those of the antibiotics. Combinations of microbial and conventional 
thermochemical methods are sometimes employed for multistep syntheses 
when neither method alone is satisfactory. Recombinant DNA techniques are 
expected to open new routes for the efficient microbial production of complex 
compounds in high yields and make them available in large volumes at lower 
costs. Two examples of the application of recombinant DNA methods to chemi- 
cal synthesis are cited in Table 13.6, indigo (Berry et al., 1995) and polyhy- 
droxyalkanoates (PHAs) (Williams, Gerngross, and Peoples, 1995). One PHA, 
poly-fl-hydroxybutyric acid, a natural, biodegradable microbial polymer that 
has several desirable properties (cf. Kulprecha, Phonprapai, and Chanchaichao- 
vivat, 1995), is expected to be manufactured with recombinant Escherichia 
coli. Projected prices of PHAs using genetically engineered E. coli are in the 
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TABLE 13.6 Examples of Organic Chemicals Produced by Direct Fermentation of a 
Primary Biomass Derivative ~ 

Acetic acid 

Chemical 

Acetic acid (Ca/Mg salt) b 

Acetoin 

Acetone 

Aureomycin 
(chlortetracycline 
hydrochloride)' 

L-Alloisocitric acid 

2,3-Butanediol 

n-Butanol 

Butyraldehyde 

Butyric acid 

Citraconic acid 

Cellulose 

Chitosan 

Citramalic acid 

Citric acid 

Comenic acid 

Curdlans 

Dextrans 

Ethane 

Ethanol 

C~2-C20 fatty acids 

Fumaric acid 

Gallic acid 

Substrate(s) 

Various sugars 

Cheese whey, 
hemicelluloses, others 

Various sugars 

Various sugars 

Sugars 

Microorganism (s) 

Acetobacter aceti 
Clostridium thermoaceticum 
Pachysolen tannophilus 

Halophilic anaerobes 
Homolactic/homoacetic bacteria 

Many species 

Clostridium sp. 

Streptomyces aureofaciens 

Glucose Penicillium purpurogenum 

Various sugars and acids Aerabacter aerogenes 
Bacillus polymyxa 
Klebsiella oxytoca 
K. pneuminiae 

Various sugars and organics Clostridium sp. 

Glucose Clostridium acetobutylicum 

Various sugars Clostridium sp. 

Glucose See itaconic acid 

Glucose Acetobacter sp. 

Fungi, some algae Literature cited 

Glucose See itaconic acid 

Various sugars Aspergillus niger 
Saccharomycopsis lipolytica 

Not known Not known, literature cited 

Various biomass Agrobacterium sp. 
Alcaligenes faecalis 

Glucose Lactobacillus brevis 
Lactobacteriacaeace dextranicum 
Leuconostoc mesenteroides 

Various biomass Literature cited 

Various sugars Kluyveromyces sp. 
Candida utilis 
Saccharomyces cerevisiae 
Zymamonas mabilis 

Sucrose Bacteria, mold, yeast 

Glucose Rhizopus sp. 

Gallotannins Aspergillus wentii 
Rhus coriaria 
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TABLE 13.6 (Continued) 

Chemical Substrate(s) 

Gibberellic acid Glucose, starch, sucrose 

Gluconic acid Glucose 

Gluconolactone Glucose 

L-Glutamic acid ~ Acetic acid, sugars, 
molasses 

Glycerol Glucose, lactose 

Hyaluronic acid Glucose 

Hydrobutyric acid Fructose, glucose, acids 

Indigo e Glucose 

Isocitric acid Glucose 

Isopropyl alcohol Various sugars 

Itaconic acid Glucose, sucrose 

Itatartaric acid Glucose 

2- and 5-ketogluconic acids Glucose 

~-Ketoglutaric acid Glucose (?) 

Kojic acid Glucose 

Lactic acid Various sugars 

L-Leucine a Glucose 

Levan Sucrose 

Linoleic acid Glucose, lactose 

Linolenic acid Various sugars 

Microorganism(s) 

Gibberella fujikuroi 

Aspergillus niger 
Gluconobacter suboxydans 

Acetobacter suboxydans 
Gluconobacter suboxydans 

Glutamic acid bacteria 
Brevibacterium flavum 
B. Lactofermentum 
Corynebacterium glutamicum 

Kluyveromyces fragilis 
Pichia farinosa 
Saccharomyces cerevisiae 

Literature cited 

Alcaligenes eutrophus 
Aspergillus griseus 

Recombinant Escherichia coli 

Clostridium brumptii 

Clostridium sp. 

Aspergillus itaconicus 
A. terreus 
Ustilago zeae 

Aspergillus terreus 

Gluconobacter suboxydans 
Pseudomonas fluorescans 

Pseudomonas sp. 

Aspergillus oryzae 

Bacillus dextrolacticus 
Lactobacillus delbrueckii 

Brevibacterium lactofermentum 
Serratia marcescens 

Bacillus sp. 
Pseudomonas sp. 
Erwinia herbicola 
Leuconostoc mesenteroides 
Microbacterium laevaniformans 
Serratia marcescens 
Zymonas mobilis 

C. curvata 

Mortierella ramammiana 

(continues) 
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TABLE 13.6 (Continued) 

Chemical 

L-Lysine ',~ 

Malic acid 

Oleic acid 

Oxalic acid' 

Palmitic acid 

Penicillins (4-thia- 1-aza- 
bicyclo [3.2.0] heptanes)' 

Phosphomannans 

Phosphoenolpyruvic acid 

Polyhydroxyalkanoates 
(polyhydroxybutyrates) 

Poly-~8-hydroxybutyric acid / 

Propanediol 

n-Propanol 

Propionic acid 

Pullulans 

Pyruvic acid 

Scleroglucans 

Sorbitol 

Stearic acid 

Streptomycin' 

Succinic acid' 

Tartaric acid 

L-Tryptophan ~ 

Organic Commodity Chemicals from Biomass 

Substrate(s) 

Glucose 

Acetate, ethanol, fumarate, 
glucose, propionate 

Glucose, lactose 

Various sugars 

Glucose, lactose 

Corn steep liquor, lactose 

Glucose, sucrose 

Glucose 

Glucose, sucrose, xylose, 
others 

Fructose 

Algal biomass, glucose 

Glucose 

Various sugars 

Sucrose, other sugars 

Glucose 

Glucose, sucrose 

Sucrose 

Glucose, lactose 

Sugars 

Various sugars 

Glucose 

Glucose 

Microorganism(s) 

Brevibacterium flavum 
Corynebacterium glutamicum 
Micrococcus glutamicus 
Serratia marcesens 

Aspergillus flavus 
Brevibacterium flavum 
Lactobacillus brevis 
Paecilomyces varioti 
Pichia membranaefaciens 

C. curvata 

Penicillium and Aspergillus sp. 

C. curvata 

Penicillium chrysogenum 
Penicillium notatum 

Hansenula capsulata 

Debaryomyces coudertii 

Recombinant Escherichia coli h 
Alcaligenes eutrophus 
Azotobacter 
Met h y lobacteri um 
Methylocystis 
Pseudomonas cepacia 
Pseudomonas oleovorans 
Rhodospirillum rubrum 

Alcaligenes sp. A-04 

Clostridium pasteurianum 
C. thermosaccharolyticum 

Clostridium fallax 

Clostridium sp. 
Propionibacterium shermanii 

Aureobasidium pullulans 

Pseudomonas aeruginosa 

Sclerotium sp. 

Zymomonas sp. 

C. curvata 

Streptomyces sp. 

Many species 

Gluc. suboxydans 

Corynebacterium glutamicum 
Brevibacterium flavum 
Brevibacterium subtilis 
Serratia marcescens 
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TABLE 13.6 (Continued) 

Chemical Substrate(s) 

Glucose 

Sugars, whey 

L-Valine d 

Vitamin B2 (riboflavin)' 

Vitamin B~2 Sugars, whey 
(cyanocobalamin)' 

Xanthan gum Glucose, sucrose, others 

Xylitolg Hemicelluloses 

Xylonic acid Xylose 

Zanflo gums Lactose, others 

Microorganism(s) 

Corynebacterium glutamicum 
Escherichia coli 

Ashbya gossypii 
Eremothecium ashbyi 

Pseudomonas sp. 

Xanthomonas sp. 

Candida guilliermondii 

Pseudomonas fragi 

Mutated soil bacterium 

aUnless noted otherwise, the information is adapted from Leeper, Ward, and Andrews (1991), 
which contains specific references for each chemical listed. 

/'Hudson (1988); Yang et al. (1993). 
CFieser and Fieser (1950). 
aAraki and Ozeki (1992). 
eBerry et al. (1995). 
fKulprecha, Phonaprapai, and Chanchaichaovovat (1994). 
gSugai et al. (1994). 
hWilliams, Gerngross, and Peoples (1995). 

range of $4.40-$5.50/kg, depending on grade, at an initial production capacity 
of only about 1000 t/year. 

A few of the amino acids that are produced by microorganisms are listed 
in Table 13.6. Under normal growth conditions, the regulatory mechanisms 
in a given microorganism will ordinarily control the biosynthesis of amino 
acids in quantities that are only sufficient to meet growth requirements. How- 
ever, some naturally occurring and mutant strains of Arthrobacter, Corynebac- 
terium, Brevibacterium, and Nocardia species have been known to excrete 
large amounts of certain amino acids into the medium. The three groups of 
microorganisms that excrete amino acids in sufficient amounts to facilitate 
their manufacture are the glutamic acid bacteria, such as Brevibacteriumflavum, 
B. lactofermentum, and Corynebacterium glutamicum; the enteric bacteria, such 
as Escherichia coli and Serratia marcescens; and certain Bacillus species, such 
as Bacillus subtilis (cf. Araki and Ozeki, 1992). The acids are accumulated by 
auxotrophic mutant strains, which are modified to require the addition to the 
medium of certain growth factors such as vitamins and amino acids. In these 
mutants, the formation of regulator effector(s) on amino acid biosynthesis is 
genetically blocked and the concentration of the effector(s) is kept low enough 
to release the regulator, /mechanism and induce the overproduction of the 
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corresponding amino acid and its accumulation outside the cells. The result 
is that the microbial process is more economical than natural protein hydrolysis 
or chemical synthesis. Glutamic acid, lysine, ornithine, tryptophan, and valine 
are manufactured by means of this technology. 

Simple chemicals can often be converted to other chemicals with live micro- 
organisms or cell-free enzyme catalysts. All processes that use microorganisms 
to produce chemicals involve the catalysis of chemical reactions by enzymes 
generated by the microorganisms. Enzymes have the unique capability of 
catalyzing specific chemical reactions at very high selectivities, particularly for 
the synthesis of stereospecific products. Enzymes are generally classified as 
hydrolases, which catalyze hydrolysis reactions; isomerases, which catalyze 
isomerization reactions; transferases, which catalyze the transfer of groups; 
oxidoreductases, which promote oxidation-reduction reactions; lyases, which 
catalyze the removal or addition of groups to double bonds; and ligases, which 
join molecules at the expense of high-energy bonds. An intensive research 
effort has been carried out over the past several decades to isolate and character- 
ize enzymes generated by microorganisms, and to produce and market cell- 
free enzymes for use as catalysts in the synthesis of commodity and specialty 
chemicals. Recombinant DNA methods have made it possible to greatly expand 
the number of available cell-free enzymes. Among the commercial preparations 
are amylases, proteases, cellulases, glucose isomerases and oxidases, pectinases, 
invertases, and cofactors. The synthesis of nutritionally important amino acids 
and medically important pharmaceuticals and chemotherapeutic agents are 
examples of the commercial applications of enzyme catalysts. 

Some examples of organic chemicals that are produced from simple organic 
intermediates or secondary biomass derivatives by live microorganisms and 
cell-free enzymes are listed in Table 13.7. Here, unlike the tabulation of micro- 
bial conversions listed in Table 13.6 with live organisms, the majority of the 
examples cited use as reactants simple chemicals that are not derived from 
biomass. The cell-free enzymes cited function more like traditional heteroge- 
neous catalysts in thermochemical conversion processes for fossil-based feed- 
stocks. Note that several of the transformations listed cannot be carried out 
as single-step processes by thermochemical conversion. Two or more steps 
may be necessary. This suggests that certain combinations of conventional 
catalysts, microorganisms, and cell-free enzyme catalysts might offer chemical 
synthesis possibilities that are not otherwise feasible. One of the attractive 
features of enzyme catalysis alone is that it is possible to design reactors in 
which immobilized layers of several enzymes in the proper sequence perform 
the equivalent of a complex, multistep, thermochemical reaction sequence in 
a single, small-volume reactor. A few techniques have been developed in which 
immobilized live microorganisms can function in the same manner. 
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Despite the great versatility and capabilities of microorganisms and cell- 
free enzymes, few microbial processes have been commercialized because of 
their inherent characteristics. Fermentation processes are carried out with live 
organisms in liquid water at low rates. Microorganisms are sensitive to inhibi- 
tors and operating conditions, especially temperature and pH. The process 
must often be performed under aseptic conditions to avoid contamination of 
the culture. Steady-state operations can be difficult to sustain because of the 
sensitivity of the microorganisms and the tendency for mutations to occur, 
especially under continuous processing conditions. Inocula of viable microor- 
ganisms must be available and on standby for a number of commercial processes 
in case of plant upsets. The recovery of the desired end product can be costly 
when it is water soluble and is formed at low concentration. Product recovery 
costs are often related to feedstock purity and can exceed the conversion costs, 
particularly for low end-product concentrations in aqueous media. Useful by- 
products can sometimes be extracted or separated from fermenter broths, but 
the effluents are in most cases still high-BOD (biological oxygen demand) 
waste streams that must be treated by other microbial processes, which create 
additional biosolids for disposal, before the water is discharged. Cell-free en- 
zyme systems have some of the same characteristics as fermentation systems, 
among them being the maintenance of catalytic activity and the sensitivity to 
operating conditions. 

These are the main reasons why relatively few microbial processes have 
been commercialized for the synthesis of commodity organic chemicals from 
biomass feedstocks. Numerically, only about 200 chemicals are commercially 
manufactured by microbial conversion of biomass, compared to the many 
thousands that are in commercial use. And well over half of the chemicals 
manufactured by microbial processes are high-value, low-volume antibiotics, 
enzymes, and amino acids. Many of these compounds have complex structures 
and multiple functional groups that make microbial synthesis technically and 
economically preferable to thermochemical synthesis. A few chemicals manu- 
factured by fermentation ofbiomass feedstocks have clearly reached commodity 
status. They are ethanol, monosodium L-glutamate, citric acid (2-hydroxy- 
1,2,3-propanetricarboxylic acid), L-lysine (c~,~-diaminocaproic acid), and glu- 
conic acid, as indicated by the data shown in Table 13.8 (Hinman, 1993). 
Together, these chemicals had annual worldwide production of about 17 mil- 
lion tonnes and annual sales of about $17 billion in the late 1980s and early 
1990s. The usual feedstocks for manufacture of the five commodity chemicals 
in Table 13.8 are the common carbohydrates. Note that the annual U.S. produc- 
tion of fermentation ethanol, citric acid, and especially lysine is a relatively 
large percentage of worldwide production, but the production of monosodium 
glutamate is a small fraction of the world's total annual production (cf. Table 
13.1 and Table 13.8). This is due to the large market for lysine as an animal 
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TABLE 13.7 Examples of Organic Chemicals Produced by Fermentation or 
Enzyme-Catalyzed Conversion of a Biomass Component, Primary or Secondary 
Biomass Derivative, or Other Organic Chemical ~ 

Chemical 

Acetaldehyde 

Acetone 

Acrolein 

Organism, enzyme, or 
Reactant(s) enzyme source 

Ethanol Alcohol dehydrogenase 
Ethanol Candida utilis 
Glucose + 02 Alcohol oxidase 

Isopropyl alcohol Methylotrophic bacteria 

Glycerol Glycerol dehydrogenase 
Bacillus amaracrylus 
Bacillus welchii 
Candida boidinii 

Brevibacterium sp. 

Megasphaera elsdenii 
Clostridium propionicum 
Literature cited 

Mutated organisms 
A five-enzyme sequence 

Pseudomonas dacunhae 

Aspartic-fl-decarboxylase 

Aspartase 

Literature cited 
Methylotrophic bacteria 
Xanthine oxidase 

Xanthomonas oryzae 

m-Chlorotoluene, toluene Methylotrophic bacteria 

Acrylamide Acrylonitrile 

Acrylic acid fl-Alanine 
Propionate 
Lactic acid 

Adipic acid Alkanes 
Cyclohexane 

L-Alanine b L-Aspartic acid 

D-Aspartic acid b DL-Aspartic acid 

L-Aspartic acid b Fumaric acid 

Benzoic acid Phenylacetic acid 
Toluene 
Xanthine 

Benzoin Benzil 

Benzyl alcohol 

Catechol 

p-Cresol 

Diacetyl 

1,4-Diaminobutane 

1,5- Diami nopen tane 

Dihydroxyacetone 

Dihydroxybiphenyl 

1,2-Epoxybutane 

Ethylene 

Ethylene oxide 

Formaldehyde + H202 
D-Fructose 

Gluconic acid 

Glucoconolactone 

Benzene Pseudomonas sp. 

Toluene Methylotrophic bacteria 

Acetoin Literature cited 

Ornithine Ornithine decarboxylase 

Lysine Lysine decarboxylase 

Glycerol Acetabacter sp. 

Biphenyl Fungal laccase 

2,3-Butadiene Methane monooxygenase 

Ethanol Penicillium cyclopium 

Ethylene Literature cited 

Methanol + 02 Alcohol oxidase 

D-Glucose Glucose isomerase 

Glucose Glucose oxidase 

Glucose Glucose oxidase 
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TABLE 13.7 (Continued) 

Chemical Reactant(s) 

Glucosone + H202 Glucose 

Glycerol Fats 

2-Heptanone Octanoic acid 

Hydrolyzed lactose syrup Lactose 

Hydroquinone Benzene 
Benzoquinone 

m-, p-Hydroxybenzaldehydes m-Cresol 

o-, p-Hydroxyethylbenzenes Ethylbenzene 

p-Hydroxymethylstyrene ot-Methylstyrene 

p-Hydroxypropylbenzene Propylbenzene 

p-Hydroxystyrene Styrene 

Isobutylene Isovaleric acid 

2-Ketogluconic acid + HzOz Glucosone 

L-Lysine b DL-c~-Aminocaprolactam 
c~,~-Diaminopimelic acid 

Malic acid Fumaric acid 

Maltose Starch 

Mandelic acid Benzoylformic acid 

Methanol Methane 

Methacrylate Isobutyric acid 

5-Methyl- 1,3-butanediol o-Cresol 

a-Naphthol Naphthalene 

fl-Naphthol Naphthalene 

Phenol Benzene 

Phenylethanol Ethylbenzene 

Propylene oxide Chlorohydrin 
Propylene + HzO2 
Propylene 

Pyridine-N-oxide Pyridine 

Sebacic acid Long-chain alkanes 

Succinic acid Malic acid 

Styrene oxide Styrene 

n-Tetradecanol n-Tetradecane 

Vinyl acetate Acetic acid, ethylene 
oxide 

Organism, enzyme, or 
enzyme source 

Pyranose-2-oxidase 

Lipase 

Penicillium roquefortii 

Lactase 

Methylotrophic bacteria 
Glucose oxidase 

Methylotrophic bacteria 

Methylotrophic bacteria 

Methylotrophic bacteria 

Methylotrophic bacteria 

Methylotrophic bacteria 

Rhodotorula minuta 

Glucose-l-oxidase 

Hydrolase + Racemase 
DAP decarboxylase 

Brevibacterium flavum 

c~-Amylase 

Hydroxyisocaproate dehydrogenase 

Methane monooxygenase 

Clostridium propionicum 

Methylotrophic bacteria 

Methylotrophic bacteria 

Methylotrophic bacteria 

Methane monooxygenase 

Methylotrophic bacteria 

Nocanfta corallina 
Haloperoxidase 
Methane monooxygenase 

Methylotrophic bacteria 

Mutated organisms 

Bacterium succinicum 

Methylotrophic bacteria 

Candida parapsilosis 

Literature cited 

aUnless noted otherwise, the information is adapted from Leeper, Ward, and Andrews (1991), 
which contains specific references for each chemical listed. 

/'Araki and Ozeki (1992). 
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TABLE 13.8 Worldwide Production of Selected Fermentation Products ~ 

Approximate 

Production Sales For 
Chemical (t/year) ($109 ) year 

Ethanol 15,000,000 15.000 1990 b 

Monosodium glutamate 1,000,000 1.436 1992 b 

Citric acid 400,000 0.560 1991 b 

Lysine 115,000 0.288 1989 b 

Gluconic acid 50,000 1986 

Ionophores (e.g., salinomycin) 3000 0.300 1992' 

Ivermectins 15 0.600 1992 c 

Human insulin 6 2.000 1992 d 

Tissue plasminogen activator 0.01 0.230 1992 a 

Human growth hormone 0.375 1992 a 

Erythropoietin 0.500 1992 a 

Neupogen 0.550 1992 a 

aHinman (1993). 
bData from SRI Consulting. 
CData from Pfizer, Inc. 
dData from Decision Resources and Pfizer, Inc. 

feed supplement in the Americas and the large U.S. demand for fermentation 
ethanol as an oxygenate in motor gasolines. There is only a small U.S. demand 
for monosodium glutamate. Gluconic acid is not included in Table 13.1 because 
annual U.S. production is smaller than the production of the lower ranked 
chemicals in this table. 

The ionophores and several other specialty products are included in Table 
13.8 for comparison purposes. Products of mammalian cell culture such as 
plasminogen activator and erythropoietin are included as fermentation prod- 
ucts in this listing because they are normally manufactured by cellular processes 
in bioreactors. Aside from the five commodity chemicals in this table, the most 
dramatic change in the commercial chemicals produced by fermentation results 
from the impact of genetic engineering and recombinant DNA methods on 
the specialty products. Antibiotics and biopolymers (hormones, enzymes, etc.) 
with molecular structures too complex for conventional chemical synthesis 
will continue to be manufactured by microbial processes (Hinman, 1993). 

The potential of microbial processes has yet to be realized for the commercial 
syntheses of a large number of commodity organic chemicals. Biomass feed- 
stocks, the availability of appropriate organisms, and also, therefore, the avail- 
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ability of appropriate enzymes do not limit the applications of microbial pro- 
cesses. Indeed, the capabilities of microorganisms as efficient synthesizers of 
organic chemicals led to the somewhat assonant Organic Chemist's Prayer (of 
unknown origin): 

Dear God: 
I pray on bended knees, 
That all of my syntheses, 
Will never be inferior, 
To those conducted by bacteria. 

The questions of how and when the microbial synthesis of commodity organic 
chemicals will play a larger role in the world's chemical markets remain to be 
answered. The subject has appeared, disappeared, and then reappeared many 
times since the mid-1970s when petroleum and natural gas prices increased to 
unacceptable levels in the United States. It is highly probable, however, that 
most of the specialty chemicals that are manufactured today by microbial con- 
version of biomass feedstocks will continue to be manufactured the same way. 

In 1978, Irving S. Shapiro, chairman at that time of one of the world's 
largest chemical companies, E. I. duPont de Nemours & Company, stated: 
"Energy requirements beyond the year 2000 indicate a need to turn to fusion 
and to extensive use of solar energy and biomass, to reduce demands on fossil 
resources. It is assumed that by then the chemical industry will be drawing 
more on coal as the initial source of its hydrocarbons, and less on what remains 
of the oil and natural gas." The key word here is "hydrocarbons." As shown 
in this chapter, hydrocarbon feedstocks are not essential for the manufacture 
of organic chemicals. 
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