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Foreword

The ACS Symposium Series was first published in 1974 to pro-
vide a mechanism for publishing symposia quickly in book form. The
purpose of the series is to publish timely, comprehensive books devel-
oped from ACS sponsored symposia based on current scientific re-
search. Occasionally, books are developed from symposia sponsored by
other organizations when the topic is of keen interest to the chemistry
audience.

Before agreeing to publish a book, the proposed table of con-
tents is reviewed for appropriate and comprehensive coverage and for
interest to the audience. Some papers may be excluded to better focus
the book; others may be added to provide comprehensiveness. When
appropriate, overview or introductory chapters are added. Drafts of
chapters are peer-reviewed prior to final acceptance or rejection, and
manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review
papers are included in the volumes. Verbatim reproductions of previ-
ously published papers are not accepted.

ACS Books Department
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Preface

Without a doubt, our society’s concerns over increasing fuel
prices, green house gas emissions, and the associated global warming
have created a tremendous interest in the science and technologies that
promise the sustainable production of materials, chemicals, and energy
from domestic resources. In this respect, lignocellulosic biomass has the
unique ability to supply all of the above because carbohydrates and
lignin are among the most abundant organic compounds on the planet,
representing a vast amount of biomass (in the range of hundreds of
billions of tons). It is interesting to note that only 3% of this vast
resource is actually used by humans. Despite the fact that a significant
amount of research has been carried out aimed at augmenting the
industrial use of readily available carbohydrates as organic raw materials,
the systematic exploitation of this vast resource is still in its infancy. The
fundamentally different chemistries of hydrocarbons and of carbohy-
drates and lignins are perhaps pivotally important in imposing serious
difficulties for their use as organic raw materials. Our fossil carbon-
based economy relies on distinctly hydrophobic hydrocarbon molecules
that are devoid of oxygen and functional groups. In contrast to hydro-
carbons, carbohydrates are highly functionalized and hydrophilic
molecules. Because environmental pressures are mounting and our
dependence on fossil fuel continues to grow, any prevailing economic.
advantages for a petrochemical-based economy will likely fade away
within the next 50 years. Our chemical and energy industry therefore
needs to redevelop in a major way if it is to use lignocellulosic biomass
as its feedstock. These considerations unambiguously dictate the need for
practically oriented scientific research and development covering a wide
range of applications for the production of Materials, Chemicals, and
Energy from Forest Biomass.

The literature is abundant with research accounts aimed at
offering an understanding to these complex chemical processes. To date
no concerted effort has been made about bringing this knowledge

xi
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together with the aim to connect the past with the future. Consequently,
during the Pacifichem meeting of 2005 a Symposium was held in Hawaii,
focused at bringing together the global expertise from academia,
government, and industry with the aim to disseminate their latest
findings and to exchange their ideas for the future in the realm of
Materials, Chemicals, and Energy from Forest Biomass. The present
book attempts to offer the reader a thorough view of the information
presented at this meeting and beyond. Despite the fact that the material
emerged from a symposium, it is not a collection of fragmented research
findings in the form of conference proceedings. Most chapter contribu-
tors attempted to provide a good review of the literature, creating a sound
foundation for the science to be subsequently developed. Furthermore, a
collection of authoritative reviews is also provided at the onset of the
book prior to embarking on specific topics.

In an effort to convey the material in a coherent fashion the 33
chapters of this book were divided into the following distinct sections
that deal with:

Critical Reviews

Materials from Forest Biomass

Chemicals from Forest Biomass

Energy from Forest Biomass

Novel Analytical Methods for the Structural Elucidation of For-
est Biomass

The editor anticipates that this volume will provide a resource for new
ideas, guidance, and a good embarkation point for any future endeavors
in Materials, Chemicals, and Energy from Forest Biomass.
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Chapter 1

Chemicals, Materials, and Energy from Biomass:
A Review

Lucian A. Lucia, Dimitris S. Argyropoulos, Lambrini Adamopoulos,
and Armindo R. Gaspar

Department of Forest Biomaterials Science and Engineering,
North Carolina State University, Raleigh, NC 27695-8005

There are approximately 89 million metric tonnes of organic
chemicals and lubricants produced annually in the United
States (1). The majority of these are fossil fuel-based materials
that have the potential to become environmental pollutants
during use and that carry end-of-life cycle concerns such as
disposal, pollution, and degradation. As a result, the need to
decrease pollution caused by petrochemical usage is currently
impelling the development of green technologies. It is virtually
inarguable that the dwindling hydrocarbon economy will
eventually become unsustainable. The cost of crude oil
continues to increase, while agricultural products see dramatic
decreases in world market prices. These trends provide
sufficient basis for renewed interest in the use of biomass as a
feedstock and for the development of a lignocellulosic-based
economy as the logical alternative to fossil fuel resources.

2 © 2007 American Chemical Society
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Petroleum: The Current Resource

Petroleum is known by a number of names: crude oil, naphtha, and “black
gold.” It is perhaps the most chemically versatile and important of the fossil
fuels, the so-called “biomass of earlier eras,” such as coal and natural gas,
formed by a combination of geological, biological, and chemical factors over
geological time scales (2). Petroleum is an indispensable resource, whose
availability is integral to the function of our modern society. However, since the
energy crises of the 1970s, the world realizes that petroleum is a finite resource
and its availability is limited. Taking into account the production and existing
reserves, Hubbert has predicted a maximum peak for the oil production (Figure
1a) (3) which ominously coincides with current increasing petroleum prices. The
price of petroleum tends to fluctuate, but is very closely related to world events
(Figure 1b) (4).

In the United States, 40% of its total energy consumption is petroleum-
based. This makes it perhaps the world’s most important commodity, and
obtaining it has been a factor in several military conflicts. Petroleum is primarily
used as fuel oil (90% by volume), such as motor gasoline and diesel fuel. Other
uses include finished non-fuel products, like chemical solvents and lubricating
oils. It is also used as a raw feedstock (naphtha and various refinery gases) for
many sundry chemicals by the petrochemical industry. All the hydrocarbon
fractions of petroleum are typically separated by their boiling point range (3).

Besides its intrinsic fuel value, it is also used to produce petrochemicals. In
general, petrochemicals, chemicals that originate from gas or petroleum, can be
divided into two product classes, from which other chemicals are derived. These
chemicals are olefins and aromatics (2). Olefins are straight- or branched-chain
unsaturated hydrocarbons. These include ethylene, propylene, and butadiene.
Aromatics are cyclic, unsaturated hydrocarbons. The most important of these are
benzene, toluene, p-xylene and o-xylene.

Presently, petroleum resources are used to manufacture billions of pounds of
chemical products. In order to manufacture these industrial chemicals and
materials, about one million barrels of oil are consumed annually. This
corresponds to about 6.5 quadrillion BTU of petroleum equivalents.

Biomass: The Alternative Resource

The National Renewable Energy Laboratory defines biomass as organic
matter available on a renewable basis (6). Biomass includes forest and mill
residues, agricultural crops and wastes, wood and wood wastes, animal wastes,
livestock operation residues, aquatic plants, fast-growing trees and plants, and
municipal and industrial wastes. There has been much debate about the
definition of biomass, however, in general, biomass can include anything that is
not a fossil fuel that can be argued to be organic-based.
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The utilization of biomass as a raw material presents several advantages It
provides a naturally abundant resource that is not only cheap but also
sustainable. Also, the bioindustry presents an environmentally friendly
alternative to the petroleum industry. The productive use of waste residues also
allows for lower emissions to the atmosphere and could have ancillary benefits
such as providing a new source of economic growth for rural communities.
Presently, the available biomass resources could provide as much as 6-10
quadrillion BTU of feedstock energy. This corresponds to the energy required to
manufacture over 300 billion pounds of organic chemicals (6).

Rationale for its Use

Presently, technologies that rely on the use of fossil fuels for energy and
chemicals are predominant. These are directed to produce fuels, power,
chemicals and materials. Increasing energy demands coupled with crude oil
prices from 60-70 USD/barrel, accompanied by growing concerns about global
change and environmental pollution allow biomass technologies the opportunity
to become competitive. With the introduction of stricter emission laws, lower
margins, current petroleum prices, offshoring, and declining profits, chemical
industries must reinvent themselves. Consequently, there exists a real
opportunity to discover new ways to produce novel and quality products, within
the context of sustainability issues that are beginning to permeate recent
industrial thinking. In this context, issues such as producing biomaterials from
renewable natural resources are at the forefront. As fossil fuel feedstocks are
irreversibly diminishing, environmental pressures are escalating and the
availability of inexpensive crude oil is coming to an end (7,8,9). Thus, the
evolution to renewable feedstocks for energy and chemicals seems inevitable
9, 10).

The combustion of fossil fuels contributes to carbon dioxide accumulation
in the atmosphere. Its accumulation, along with deforestation activities, are the
main culprits for radical climactic changes in the global environment (1/).
During the 1990s, greenhouse gases released to the atmosphere annually from
the burning of fossil fuels was 6.3 Gtonnes in carbon ilits and an additional 1.6
Gtonnes from deforestation activities (/2,13). It has also been calculated that the
annual increase of CO, to the atmosphere is 3.3 Gtonnes as carbon (/4). The
remaining 4.6 Gtonnes is absorbed annually by the world’s oceans and terrestrial
vegetation (/3). Figure 2 is a picture of the carbon cycle mass balance.

Traditional Uses

Bioproducts are industrial and consumer goods manufactured wholly or in
part from renewable biomass. They are mainly created from primary resources,

In Materials, Chemicals, and Energy from Forest Biomass; Argyropoulos, D.;
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Figure 2. Mass balance of the carbon cycle during the 1990’s per year
(12,13,14).

which are corn, wood, soybeans and plant oils. The tremendous diversity of the
bioproducts, ranging from paper, to solvents, to pharmaceuticals makes them an
integral part of our lives.

Variations in the definition of what should be considered a bioproduct are
responsible for disparities in the estimates of annual usage of biomass in the
manufacture of industrial and consumer products. The National Renewable
Energy Laboratory estimated that about 21 billion pounds of biomass were used
in 2001 (6). On the other hand, Energetics Inc.’s estimate was much more
conservative, at approximately 12.4 billion pounds for 2001 (6).

The thousands of different industrial bioproducts produced today can be
considered as stemming from sugar and starch, oils and lipids, gum, wood and
finally cellulose (6, 15, 16, 17, 18). Sugar and starch bioproducts are derived
from fermentation and thermochemical processes. The feedstocks include
sugarcane, corn, potatoes, barley and sugar beets. These products include
alcohols and acids. The annual production of industrial corn starch products is
estimated at 6500 million pounds, which corresponds to an estimated value of
2200 million dollars. Industrial ethanol production is estimated at 3.41 billion
gallons, an estimated value of 961 million dollars. Oil- and lipid- based
bioproducts include fatty acids and oils derived from soybeans, rapeseed, or
other oil seeds. There are 400 million pounds of glycerine, equivalent to 320
million dollars, produced annually. Over 1200 million pounds of soy oil,
peppermint, spearmint and other plant oils produced annually have an estimated
value of 550 million dollars. Gum and wood chemicals include tall oil, alkyd
resins, rosins, pitch, fatty acids, turpentine, and other chemicals derived from
trees. The annual production of these is approximately 3200 million pounds per
year. The value of these is estimated at 890 million dollars. Cellulose
derivatives, fibers and plastics include products derived from cellulose,
including cellulose acetate (cellophane) and triacetate, cellulose nitrate, alkali
cellulose, and regenerated cellulose. The primary sources of cellulose are
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bleached wood pulp and cotton linters. Cellulose derivatives have an annual
production of 2140 million pounds. Their estimated value is 1400 million
dollars.

Finally, a portion of the global and US economy is biobased and relies on
carbohydrates. Conventional uses of biomass already account for over 400
billion dollars in products annually (6).

Future Uses

There exists a real opportunity to perform valuable, exploitable research,
and discover new ways to produce novel and quality products, within the context
of sustainability issues that permeate every recent industrial endeavor.
Environmental sustainability can be understood as the long-term maintenance of
valued environmental resources in an evolving human context. In this context,
the production of biomaterials from renewable natural resources is at the
forefront,

The use of biomass for energy, materials and chemicals parallels the concept
of the biorefinery, as well as that of sustainability. A biorefinery is a facility that
integrates biomass conversion processes and equipment to produce fuels, power,
heat and high-value chemicals from biomass. Byproducts, residues and a portion
of the produced fuels would be used to fuel the biorefinery itself. The biorefinery
is analogous to a petroleum refinery, producing multiple fuels and products. A
biorefinery might produce transportation fuels (low-value product) in high
volumes, high-value chemicals in low volumes, while generating electricity and
process heat for its own use and perhaps surplus for sale into the power grid. The
high-value products enhance profitability, the high-volume fuel helps meet
national energy needs, and the power production reduces costs and avoids
greenhouse-gas emissions.

The pulp and paper industry has been practicing aspects of the “biorefinery”
philosophy almost since its inception. Indeed, wood is converted into pulp for
papermaking and black liquor is used in the recovery furnace for power and
steam generation while the tall oil is sold for conversion into high-value
chemicals.

For example, Archer Daniels Midland Co. is a chemical company that has
an expanded biorefinery in Decatur, Illinois. Their large corn wet-milling plant
produces industrial enzymes, lactic acid, citric acid, amino acids and ethanol.
Electricity and steam are obtained through an on-site cogeneration system.

Another company that has received a lot of attention for its biorefinery is
Cargill Dow (19, 20). Their polylactide facility in Blair, Nebraska, currently
relies on corn grain for glucose, which it converts to lactic acid. The plant
capacity is 300 million pounds, and demand for the polylactide product is strong.
Cargill Dow projects a possible market of 8 billion pounds by 2020. Their
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polylactide is cost-competitive, high performing and requires 30-50% less fossil
fuel for production than conventional polymers derived from petroleum. Finally,
when it has reached the end of its life, it can be melted and reused or made into
compost.

With the right technology, abundant biomass resources may be converted
into valuable bioproducts and energy. What’s more, the development of low-cost
enzymes and recombinant technologies allows for the engineering of exemplary
microbes. These should also be examined in conjunction with chemicals derived
from biomass, as they are an essential part of the biorefinery. Advances in
chemical, biochemical and separation technologies allow for the emergence of
more and more avenues for bioproducts, and enhanced performance and cost-
competitiveness will almost certainly lead to increased market share for biomass-
based products.

Bio-Based Chemicals Versus Parallel Petrochemicals

Cellulosic biomass from plants is a raw source of sugars for industrial
processes. The advantage of this biomaterial is that it will theoretically be less
expensive than petroleum as a feedstock, it will not affect food supplies, and all
chemicals derived from it will have a lower environmental impact than
petrochemicals. Additionally, it is considered carbon dioxide neutral since
burning it with coal in power plants doesn’t add carbon to the environment
beyond what was required for the plant to grow. Five percent of all global
chemical sales relate to “green” products such as ethanol, pharmaceutical
intermediates, citric acid, and amino acids. This market share may go as high as
20% by 2010 and may reach as high as 2/3 of the total global economy if low-
cost enzymes and new recombinant technologies to make more efficient enzymes
are available.

The Pacific Northwest National Laboratory took part in a collaborative
study with the National Renewable Energy Laboratory in an effort to identify the
top-tier building block chemicals for biorefineries (27). The top twelve
chemicals (Figure 3) were selected based on their compatibility with existing
petrochemical processing as well as their ease of synthesis. The compounds are:
1,4 diacids (succinic, fumaric and malic), 2,5 furandicarboxylic acid, 3-
hydroxypropionic acid, aspartic acid, glucaric acid, glutamic acid, itaconic acid,
levulinic acid, 3-hydroxybutyrolactone, glycerol, sorbitol and xylitol/arabinitol.
These molecules have six to twelve carbon atoms and multiple functional
groups. Examining some of these is worthwhile in the effort to show different
synthesis pathways for the same product, as well as product derivatives.

Many other chemicals can also be made using biomass, for example,
formaldehyde, formic acid, acetic acid, methanol, methane, ammonia, ethylene,
carbon monoxide, hydrogen, phenol, etc.

In Materials, Chemicals, and Energy from Forest Biomass; Argyropoulos, D.;
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Different Synthesis Pathways for Succinic Acid

Succinic acid (C4HgO4) occurs frequently in nature in animal tissues,
vegetables and fruits and in amber (22). Succinic acid and its salts may serve as
building blocks for numerous chemical intermediates and end products (see
Figure 4) in industries producing food and pharmaceutical products, surfactants,
detergents, green solvents and biodegradable plastics. Reaction with glycols
gives polyesters, and specifically, esters formed by reaction with monoalcohols
are important plasticizers and lubricants (23).

The total market for succinic acid use is more than 400,000,000 USD/year
(24). Currently, the food market is the only one using succinic acid produced by
fermentation. For other uses, succinic acid is by a large extent produced
petrochemically from butane through maleic anhydride. Succinic acid can be
produced by hydrogenation of maleic acid, maleic anhydride, or fumaric acid
with standard catalysts such as Raney nickel, Cu, NiO, or CuZnCr, Pd-Al,0;,
Pd-CaCO; or Ni-diatomite (23).

Succinic acid is a common metabolite for plants and microorganisms. It is
derived through the fermentation of glucose, and is a very green technology
because it is CO,-fixing. Succinate is formed from sugars or amino- acids by
propionate-producing bacteria such as the genus Propionibacterium,
gastrointestinal bacteria such as Escherichia coli and rumen bacteria such as
Ruminococcus flavefaciens.

For the rumen ecosystem, succinate is an important precursor for
propionate, which, after oxidation, provides energy and biosynthetic precursors
to the animal. Rumen microorganisms are major cellulose-digesting anaerobes
that produce acetic and succinic acids in the rumen. (25) Actinobacillus
succinogenes 130 Z is a ruminal anaerobic bacterium that is capable of
producing very high concentrations of succinate from many different substrates,
such as glucose, maltose, mannose, sucrose, cellobiose and D-xylose.(26)

" A. succinogenes uses the phosphoenolpyruviate (PEP) carboxykinase
pathway to produce succinic acid (see Figure 5). Four key enzymes come into
play: PEP carboxykinase, malate dehydrogenase, funarase and fumarate
dehydrogenase. The pathway used for succinic acid production is regulated by
CO, levels in which PEP carboxykinase fixes CO, and synthesizes oxaloacetate
from phosphoenolpyruvate. At low CO, levels (10 mol CO,/100 mol glucose), 4.
succinogens produces mostly ethanol. At high CO, levels (100 mol CO,/100 mol
glucose), succinate is the major product, with only traces amounts of lactic acid
or ethanol produced.

In actuality, the CO, concentration regulates the levels of the key enzymes
in the pathway, thus determining the majority product. At high CO, levels,
phosphoenolpyruviate carboxykinase levels rise and alcohol dehydrogenase and
lactate dehydrogenase are imperceptible. The CO, functions as an electron
acceptor and PEP flows to succinate at high levels.
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Figure 4. Map of routes to succinic acid- based products [see ref (24)].

Most fermentation organisms are not tolerant of acidic conditions and the
fermentation is usually neutralized to obtain a salt of succinic acid. This must
then be separated, recovered and re-acidified to form free succinic acid.
Significant research in microbial production of succinic acid has resulted in the
development of a strain of E. coli, AFP111, which shows greatly improved
productivity, and fermentation using this microorganism has been successfully
tested at a commercial scale (6). Moreover, the development of a two-stage
desalting and water-splitting electrodialysis system has facilitated the
separation, concentration, purification and acidification of the product (27).

In 1992, fermentation production costs for SA ranged from $1.50 to $2.00
per pound (6). Advances in fermentation and especially separation technology
for the bio-based route have reduced the potential production costs to about
$0.50 per pound (24). Further improvements in separation and fermentation
technologies could drop the production costs even more, enabling commodity
scale production. This would allow for the expansion of current markets and for
the opportunities in new markets.
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Figure 5. Proposed catabolic pathway for glucose fermentation in
A.succiniciproducens and A. succinogens. Steps: 1 phosphoenolpyruviate
carboxykinase, 2 malate dehydrogenase, 3 fumarate reductase, 4 pyruvate
kinase, 5 pyruvate ferredoxin oxidoreductase, 6 acetate kinase, 7 alcohol
dehydrogenase, 8 lactate dehydrogenase. [see ref (28)]

Different Synthesis Pathways for Itaconic Acid

Itaconic acid (2-methylenebutanedioic acid) is an unsaturated dicarbonic
acid. It can be regarded as an a-substituted acrylic of methacrylic acid and may
serve as a substitute for these petrochemical-based chemicals. Due to its two
carboxy! groups, itaconic acid may be easily incorporated into polymers.

Currently, polymerized methyl, ethyl or vinyl esters of itaconic acid are used
as plastics, adhesives and coatings. Also, it is used as a co-monomer in rubber-
like resins and in the manufacture of emulsion paints, where it improves the
adhesion of the polymer. Acrylic lattices are supplemented with itaconic acid
and used as non-woven fabric binders. Furthermore, itaconic acid may have
agricultural, pharmaceutical and medicinal applications. It is used as a hardening
agent in organosiloxanes for use in contact lenses. In addition, mono and di-
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esters of partly substituted itaconic acid possess analgesic properties while some
display plant-growth related activities.

The first synthesis of itaconic acid was by pyrolysis of citric acid and
anhydride hydrolysis (Baup 1837) (Figure 6).

OzH Hy
>175°C
HO,C—CH;—C——CH,—COH HO,C——C——CH,—CO,H
H

Figure 6. Thermal decomposition of citric acid(29).

Similarly, chemical synthesis is mainly carried out by dry distillation of
citric acid and treatment of the anhydride with water. However, use of itaconic
acid has been limited because the petroleum route is still expensive.

It cannot compete with the fermentation of carbohydrates by fungi as a
source of itaconic acid. In fact, approximately 15,000 tons of itaconic acid are
produced annually by fermentation. Production rates do not exceed 1g I"'h"" and
production concentrations of 80g 1" (30). This makes itaconic acid an expensive
product, with limited usage.

The biosynthesis of itaconic acid most probably happens through glycolysis,
followed by the tricarboxylic acid cycle. Citric acid and aconitic acid are
intermediates. Enzymatic decarboxylation of the latter allows for the formation
of itaconic acid (Figure 7).

The most frequently used commercial application of itaconic acid is the
cultivation of Aspergillus terreus with molasses. Molasses products are less
expensive than other kinds of carbohydrates, but the cost of itaconic acid is still
high because molasses contains many impurities that are not consumed by
microorganisms. Therefore, downstream processing and waste treatment become
expensive. Thus, alternate carbon sources are being examined. The best yields of
itaconic acid are achieved with glucose or sucrose, but these are expensive raw
materials. Raw starch materials show particular potential as a substitute to
molasses. Itaconic acid was produced by A. terreus TN-484 in a medium
containing raw corn starch (140g I"") at pH 2.0, hydrolyzed with nitric acid at a
concentration of more than 60g I"' in a 2.5-L air lift bioreactor (3/).

There are efforts are also being made in the selection of different
microorganisms such as various Ustalgo and Candida species. Furthermore,
mutant microorganisms are also being produced and used to increase yields and
biomass immobilization is being considered.

Finally, fermentation conditions are important and must be optimized. The
itaconic acid fermentation is most favorable under phosphate-limited growth
conditions at sugar concentrations between 100 and 150g I"'. During
fermentation, the pH drops to 2.0 and itaconic acid becomes the main product.
The temperature is normally kept at 37°C, but certain mutated microorganisms
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Figure 7. Biosynthesis of Itaconic Acid (30).

may perform better at higher temperatures. Also, aerobic conditions are required
and culture medium components, such as Fe, Mn, Mg, Cu, Zn, P and N, must be
carefully monitored.

The market for itaconic acid is still growing because of possibilities for
substitution of acrylic and methacrylic acid in polymers. Moreover, its potential
production from agricultural plant biomass makes it an attractive bio-friendly
alternative. It also provides a source of inexpensive raw feedstock. Efforts in
effectively utilizing such waste, as well as the introduction of new technologies,
are required for reducing itaconic acid production costs and market expansion.

Synthetic Pathways for Levulinic Acid

Levulinic acid (HgCsOs), also known as vy-ketovaleric acid, PB-
acetylpropionic acid, 4-oxopentanoic acid, is a short chain fatty acid with a
ketone carbonyl group and an acidic carboxyl group. These two highly reactive
functional groups make it a highly versatile chemical capable of serving as a
building block for other chemicals (Figure 8). Levulinic acid is the starting
compound for many heterocycles. It can be used as a raw material for resins,
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plasticizers, textiles, animal feed, coatings and antifreeze. It is an auxiliary in
electroplating and levulinic acid esters are used in cosmetics.

Industrially, levulinic acid is prepared from wood processing and
agricultural wastes. It basically hails from the transformation of hexose sugars in
acidic media. The hexoses are obtained by the hydrolysis of cellulose at
atmospheric pressure with strong acids such as HCI and H,SO, at 100°C. The
hydrolysate is then heated to 110°C with 20% HCI and kept at this temperature
for 1 day. Free halogens, as well as transition metals and anion-exchange resins,
accelerate the process.

Initially, the intermediate compound 5-hydroxymethyl furfural is formed
from the hexoses. This happens through a series of reactions (Figure 9). The first
step is the enolization of D-glucose, D-mannose or D-fructose in acidic media to
give the ene-diol. Next, this compound is dehydrated and the enol form of 3-
deoxyhexosulose. This substance then produces 3,4-dideoxyglycosulosene-3,
which is converted to the dienediol which results in 5-hydroxymethylfurfural
(34).

5-Hydroxymethylfurfural can then be converted to levulinic acid by the
addition of a molecule of water to the C2-C3 bond of the furan ring. The ring
opens and an unstable tricarbonyl intermediate is formed, which is finally
decomposed to formic and levulinic acid (Figure 10. 5-Hydroxymethylfurfural to
Levulinic Acid (34).). Levulinic acid is isolated from the mixture with a yield of
approximately 40% with respect to the hexose content (34). Furthermore, for
each levulinic acid molecule generated, a formic acid molecule is also created
and insoluble residues, including humans are produced.

Furthermore, levulinic acid can be synthesized starting from furfuryl alcohol
(Figure 11). Heating furfuryl alcohol in aqueous organic acids in the presence of
hydrochloric acid allows an 80% yield of levulinic acid. The yield can be
increased to approximately 90% when the reaction is performed in boiling ethyl
methyl ketone.

Moreover, the oxidation of S-methylfurfural with 28% H,0, at 60°C in the
presence of HCOOH produces levulinic acid as well as 4-oxopent-2-enoic acids
(Figure 12).

Levulinic acid can also be formed in high yields from the reaction of 4-
(diphenylmethylsilyl)butyrolactone with MeMgl.

Levulinic acid can also be prepared from biomass, such as rice straw, paper
and cotton (32). In this case, biomass is reacted at 40-240 °C for 1 to 96 hours in
the presence of 5-90% sulfuric acid. Another substrate which can be used for
levulinic acid production is sorghum grain. It has low cash value when sold as a
feed grain, and is a major source of carbohydrates. Pentosans, starch and
cellulose make up 80-85% of the sorghum grain. Flour made from this grain, at a
10% loading, blended with 8% sulfuric acid gave a yield of approximately 33%
levulinic acid at 200 °C (33).
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Figure 12. Oxidation of 5-methylfurfural (22) to levulinic acid (34).

Finally, a two-step dilute mineral acid hydrolysis is used, the Biofine
process (35), to break down biomass containing lignocellulose into intermediate
chemicals. It was developed by BioMetics Inc., with funding from the
Department of Energy.

This high temperature, dilute acid hydrolysis process fractionates
lignocellulosic biomass into platform chemicals. The primary “fractions” of the
process are levulinic acid, formic acid, furfural and a bone dry char. The char
residue contains approximately 11,000 BTU per pound and is a suitable
feedstock for gasification.

Biofine has constructed and operated a small commercial demonstration
unit in New York State for four years and has just completed the first large scale
commercial facility in Italy. This large scale facility will produce levulinic acid
for monomer use, oxygenated diesel esters and formic acid-based solvents. The
char residue will be converted to synthesis gas which will be burned in a gas
engine to generate electricity. Approximately 0.5 pounds of levulinic acid is
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produced per pound of cellulose processed (6). Currently, levulinic acid has a
worldwide market of about one million pounds per year at a price of $4-6/Ib
(36). Large-scale commercialization of the Biofine process could produce
levulinic acid for as little as $0.32/Ib (36), spurring increased demand.

Parallel with the process development program, Biofine has an ongoing
program aimed at expanding commercial markets for the chemical derivatives of
levulinic acid in cooperation with New York State, Rensselaer Polytechnic
Institute (NY), National Renewable Energy Laboratory (CO), Pacific Northwest
National Laboratory (WA) and major chemical companies.

This effort has allowed for the development of a one step catalytic process
facilitating the conversion of levulinic acid to MTHF approved for “P-series”
alternative fuel formulations (37). Also, it has provided a low cost route to the
herbicide and plant growth regulator §-aminolevulinic acid. New polycarbonate
resin formulations using diphenolic acid are being examined and a new
oxygenated diesel additive (ethyl levulinate) which reduces particulate matter
emission has been developed.

The Biofine process allows for the manufacture of many high-value
chemical and fuel product from cheap lignocellulosic biomass. This process is
fast and continuous and is capable of utilizing a wide range of biomass
feedstocks. Moreover, the gasification of the char covers the plant’s entire
energy needs, making it self-sufficient. Finally, the process can be retrofitted
into existing plants.

Levulinic acid is a compound that has many industrial applications. Its
efficient preparation from biomass has many avenues. Its efficient extraction
from decomposition products of natural materials would prove to be worthwhile
for both industry and the environment.

Sample Reactions for High Value Chemicals

As opposed to many synthetic chemicals, forest-based and agricultural
biomaterials are readily renewable, inexpensive, and environmentally benign.
Despite a significant amount of recent research for augmenting the industrial use
of readily available carbohydrates as raw materials (38,39,40,41,42,43) (e.g., car
moldings, cosmetics, food and additives), the systematic exploitation of this vast
resource as already indicated is still in its infancy. Since pressures are mounting
for clean air while the availability of cheap and abundant fossil fuel becomes
increasingly questionable as seen in the current climate, it is likely that any
economic advantages for a petrochemical-based economy will literally
evaporate within the next fifty years.

For example, DuPont has determined that once the price point at which an
extractive from plants, tulipalin (A—a-methylenebutyrolactone) shown in Figure
13, becomes competitive with its commercial analogue, methyl methacrylate
(MM), the natural material will be used commercially for polymer applications
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(44). MM is a feedstock that is used for polymerization to manufacture a
number of plastics, moldings, and related materials. Its natural analogue,
tulapilin A, produces a polymer whose durability and refractive index rival that
of MM (44). Remarkably, DuPont has also found that limonene, a citrus tree
extractive, mimics the chemistry of 4-vinyl-1-cyclohexene in that it can be used
as an anchoring point for the introduction of alkoxylsilanes for exterior coatings

44).
O -
(o]
0

TULAPILIN A POLYTULAPILIN
0
——————————— n
/o /[/\/Q
(o]
\O
METHYL METHACRYLATE POLY(METHYL METHACRYLATE)

Figure 13. Shown above in the top structure is the natural product extract,
tulapilin A (A-a-methylenebutyrolactone), found in tulips, and below it is its
synthetic analogue, methyl methacrylate. Notice the strong chemical structural
similarity in both the monomer and polymer.

An early example of a bio-based “green” solvent is a new class of chiral
ionic liquids that can be derived from a-pinene, an extractive from pine trees, as
shown in Figure 14. Ionic liquids are salts that are liquid at or near room
temperature. As such, they are composed of an anion and a cation, like any salt,
but they do not have the high melting points typical of such species. Since the
combination of organic cations and anions is virtually limitless, several classes
of ionic liquids have actually been reported with more and more such systems
discovered continuously.
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Figure 14. Structure of a-pinene, a natural extractive from pine trees, which
can be converted to two distinct chiral ionic liquids.

Related Research at North Carolina State University (NCSU): The Concept
of the Biorefinery

The Department of Wood and Paper Science at NCSU is currently
witnessing a renaissance in the concentration area of forest products science and
engineering. They are beginning to explore the possibilities of using the forest
for more than just pulp, paper, and tall oil extractives. One of the unifying
themes in all of their biomaterial efforts is the redefinition of the pulp mill as a
“biorefinery,” i.e., a conceptualized site that provides bio-based resources and
energy that are outside the scope of traditional functions. Figure 15 illustrates
this concept using a flow diagram. The pulp and paper mill participates in the
biorefinery concept by providing raw feedstock (byproducts such as
hemicellulose, extractives, etc.) to chemically convert into a variety of fine
chemicals, polymers, and other materials.

The Department of Wood and Paper Science is realizing that a strong
academic component must be included in any future efforts directed toward the
establishment of a “green” economy. A “green” economy is based on the
efficient utilization of renewable resources such as wood and agricultural
products and byproducts. For example, the mill economy on a typical Southern
softwood kraft mill is approximately 55% self-sustaining through the utilization
of all of the components from the softwood and then maintaining softwood
plantations for future furnish. In addition, green science in forest biomaterials is
highlighted by efficient utilization of a renewable feedstock, i.e., trees can be
replenished. In addition, green science will prevent waste, maximize resources,
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Figure 15. A flow diagram is shown above that represents the “biorefinery”
concept in pulp, paper, agricultural residues, and related biomass.

enhance safety, and be rationally conceived for recyclability or efficient disposal
of by-products, and thus have low environmental impact. At NCSU, a strong
driver to support the realization of an economy based on green science has been
to establish a “forest biomaterials” program that encompasses work from a
number of disciplines to address the needs of the U.S. in a bio-based economy.
Most agree that a revolution in the manner in which we develop products from
petrochemicals and use energy from petroleum must take place because of
scarcity considerations and environmental sustainability. Thus, researchers at
NCSU are working together to assemble practical research projects and
cooperation efforts that will eventually provide a critical mass for industrial
exploration and implementation.

One such effort is the development of a center at NCSU that will tackle a
broad agenda of associated forest chemical, material, and energy research and
educational considerations for a future bio-based economy. The Center for
Forest Biomaterial Research and Education will be a locus for many of the
current efforts that are being explored. Some of the research endeavors
undertaken or in progress in the department that contribute to the center are
shown below:

*  Modification of Cellulosic Structures and Properties by Interfacial
Interactions with Colloids and Polyelectrolytes
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*  Value Prior to Pulping & Characterization of Extracted Hemicellulose
Oligomers from Southern Loblolly Pine

*  Commodity Chemicals from Biomass using Ionic Liquids as Processing
Media

*  Novel Utilization of Starch Microcellular Foam Materials as Opacifying
Agents

*  Fatty Acid Esters as Agents for Enhanced Food Safety in Paper Packaging

* Immobilized, Green Catalysis of Cellulose Hydrolysis Products to Higher
value Chemicals

*  Conversion of Lignin in Supercritical CO2 into Commodity Phenolics &
Value-added Chemicals

*  Agricultural Biomaterials

¢ Lignins in the Formulation of Heavy Crude Oil and Bitumen Emulsions
* Nanoscale Sensing of Lignin and Lignin nano Fibers via Electrospinning
*  Biorefining for Fuel and Paper

*  Green Production of Fermentable Sugars for Ethanol from Biomass using
Autohydrolysis followed by Oxygen Delignification

*  Value-Added Lignin Products from Bioethanol Process
* Nanodevises via Cellulose Nanocrystal Manipulation

*  Smart Polymers and Hydrogels based on Hemicelluloses
* High Performance Fiber Structural Composites

Energy Derived from Biomass

Since antiquity, biomass has been used by humanity as a source of energy,
i.e., mainly for heating. Nowadays, new developing energy technologies are
broadening its use well beyond simple combustion for heating. The conversion
processes used on biomass feedstock allow the generation of steam and electric
power, as well as, a wide range of energy products such as ethanol, biodiesel,
fuel gas, and chemical intermediates and products. The conversion of biomass
feedstock into energy products are well established technologies, with enhanced
improvements in the last decades. This subject was reviewed by Paisley (45).

Steam and Electric Power

Biomass has been used for simple heating by direct combustion, which by
nature is a very low efficient operation (approx. 7% in an open fireplace and
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approx. 15% in a fireplace with convective tubes) (46). Efficiency improvements
are realized by larger scale combustion processes in boilers or furnaces, thus
improving heat recovery and therefore overall efficiency.

Boiler applications further provide the opportunity to generate electricity
power from the incoming biomass. The biomass is burned to generate steam,
which is then used to turn a turbine for the generation of electric power. The
majority of the biomass-based power plants are found in the pulp and paper
industry. Woody residues from the wood raw material and the black liquor, as a
by-product from the pulping process, are consumed in order to generate the
necessary power for the plant operations. When black liquor is burned for energy
recovery, the pulping chemicals are recovered and recycled, thus further
increasing energy efficiency and reducing the costs.

Biomass based Combined Heat and Power (CHP) systems provide the
primary energy for large segments of the population in many European countries,
mainly Scandinavian and northern countries. These systems, typically combust
biomass to produce high pressure steam for further electric power generation.
Lower pressure steam is then extracted from the turbine system and used for
district heating.

Ethanol

Ethanol production is historically known for the manufacture of alcoholic
beverages such as wines and beers. It is produced through natural fermentation
of the starch and sugars present in different forms of biomass by biological
organisms. Nowadays, grains of wheat or corn (biomass materials) are typically
the primary source for the production of ethanol as fuel, which can be blended
with other fuels, as gasoline (47,48). Other sources for ethanol production, which
are also in use are straw, sugarcane and sugar beet, and wood (49).

Large-scale production of ethanol makes use of the fermentation process as
well. In a first stage, the biomass material is milled through a dry or wet milling
mode. The fermentation takes place then by mixing the resulting flour (biomass
polysaccharides) in water with yeast. The mixture is heated at approximately
30°C to initiate the fermentation reactions, under an anaerobic environment and
take approximately 1-2 days for completion. After fermentation, the ethanol is
filtered and then distilled to increase its concentration from 10 to 95%. The
concentrated ethanol is then blended with petroleum-based fuels to attain the
desired concentration.

Ethanol can also be produced from cellulosic biomass such as agricultural
residues, forestry residues, waste paper, yard wastes, portions of municipal
residues and industrial residues (50). The long-chain polysaccharide materials
are initially treated with acid or enzymes to cleave the glycosidic bonds. The
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acid recovery system can be a complex process. Research continues to reduce
the acid levels and maintain high conversion levels. The resulting small fractions
can then readily be fermented to ethanol. In parallel, small fractions of biomass
can be used to grow fungi and other organisms to produce the enzymes
(cellulase), which hydrolyze cellulose in pretreated biomass to glucose. Figure
16 presents a scheme for the production of ethanol from cellulosic biomass (50).

U.S. ethanol production has grown significantly in recent years. In 2004, a
record 3.41 billion gallons of ethanol were produced,, an incredible 109 percent
from 2000 (57). But ethanol plants do not make just ethanol. Depending on the
type of facility, a number of other coproducts result from ethanol production,
adding even more value to corn and to the economy. Dry mill facilities also
produce distillers dried grain with solubles (DDGS) and carbon dioxide. Ethanol
wet mills can also produce corn gluten meal, corn gluten feed, sweeteners and
corn oil. These coproducts and byproducts from the cellulosic biomass ethanol
production can be used to produce value-added chemicals, contributing to the
economy of fuel production from biomass. On the other hand, ethanol can also
be used as a chemical intermediate in the production of other organic chemicals.

Oxygenated transportation fuels, as the ethanol-gasoline blends, can benefit
environmental conditions. Mixtures of up to 10% ethanol referred to as (E10)
can be utilized in most gasoline designed engines with no modification. More
concentrated blends, namely, the E85 and E95 blends (85 and 95% ethanol,
respectively) require specifically designed engines, referred to as “flexible fuel”
engines to perform properly. These flexible fuel engines can run on either
gasoline or the high concentration ethanol blends. Automobile manufacturers are
producing more vehicles that can use these higher ethanol blends each year, thus
increasing demand. The spark ignitions, Otto-cycle engines used in today's
automobiles, even in their early stages of development, were designed to operate
with ethanol-containing fuels. Henry Ford designed the early Model T to use
ethanol as a major fuel source. Such plans were changed subsequently when
storage and transportation difficulties combined with high corn prices at the time
caused the supply of ethanol-containing blends to be reduced.

Biodiesel

Biodiesel is a fuel that can be made from renewable resources such as
vegetable oils or animal fats. It is usually produced from soy, palm or canola oil.
Other possible resources are recycled fryer oils. Through a transesterification
process, the oils are converted into biodiesel, which can be used, as pure fuel or
blended at any level with petro-diesel, by diesel engines. The biodiesel is
designated B100 and it meets the requirements of ASTM (American Society for
Testing & Materials) D 6751.
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Figure 16. Basic steps in production of ethanol from cellulosic biomass.

Biodiesel comprises a mix of mono-alkyl esters of long chain fatty acids. A
lipid transesterification production process is used to convert the base oil to the
desired biodiesel. The most common form uses methanol to produce methyl
esters, though ethanol can also be used to produce an ethyl ester biodiesel. In the
production of biodiesel, the triglicerides in the oils and fats are reacted with
methanol (or ethanol) to make methyl esters (or ethyl esters) and glycerol, as a
byproduct. The process uses a catalyst, typically NaOH or KOH to enhance the
reaction rates. Some oils may have to undergo some pretreatment before
reaction with methanol, to avoid the formation of high concentrations of free
fatty acids. The reactions take place at low temperatures (~65°C) and at modest
pressures (2 atm). The biodiesel is further purified by washing and evaporation
to remove any remaining methanol. The oil (87%), alcohol (9%) and catalyst
(1%) are the inputs in the production of biodiesel (86%), the main output. Also
resulting as byproducts output are glycerine (9%), alcohol (4%) and fertilizer
(1%). There is nothing is wasted in biodiesel production (52).

Biodiesel can be a direct substitute for petro-diesel, either as neat fuel
(B100 or BD 100) or as an oxygenate additive at any concentration blended
with diesel. Typically, the most utilized biodiesel is the B20 blend (20% of
biodiesel and 80% of petro-diesel). Pure biodiesel or blends can be used in any
compression ignition (diesel) engines. The B20 blend earns credits for
alternative fuel under the US Energy Policy Act of 1992. (53). In 2004, almost
30 million gallons of commercially produced biodiesel were sold in the U.S., an
increase from less than 0.5 million gallons in 1999 (54). Due to increasing
pollution control requirements and tax relief, the U.S. market is expected to
grow to 1 or 2 billion gallons by 2010.
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In the past, Rudolf Diesel had successively presented his engine powered by
peanut oil (biofuel) at the World Fair in Paris, France in 1900, where he received
the “Grand Prix” (highest prize). He believed that the utilization of a biomass
fuel was the real future of this engine. In a prophetic 1912 speech, Rudolf Diesel
said, “the use of vegetable oils for engine fuels may seem insignificant today, but
such oils may become, in the course of time, as important as petroleum and the
coal-tar products of the present time.” (55).

Conclusions

In retrospect, the petroleum age has served the growth of civilization quite
well. However, it has also become an albatross to further growth given its
intrinsic deficiencies for environmental compatibility, sustainability, and micro-
and macroeconomics. As Rudolph Diesel so astutely intimated, we are now at
the nexus of a major crossroads in the future of humanity with respect to the
production of chemicals, materials, and energy. The only real solution which is
viable and necessary is the efficient and intelligent use of biomass as derived
from plant and animal residues. Capturing the chemical and material value of
bioderived succinic, itaconic, and levulinic acids as indicated in this review will
provide the world with a vast window of freedom from the economic and
geopolitical uncertainties associated with petroleum dependency. In addition,
tapping into bio-based fuel sources such as ethanol and diesel expands that
horizon considerably by supporting environmental stewardship by their
renewable nature and carbon neutrality.
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Chapter 2

Lignocellulosic Biorefineries: Reality, Hype,
or Something in Between?

Stephen S. Kelley

Department of Forest Biomaterials Science and Engineering,
North Carolina State University, Raleigh, NC 27695-8005

With growing concerns over increasing fuel prices, green
house gas emissions and the national security issues
surrounding reliance on imported oil, there is an increasing
interest in technologies that allow for sustainable production of
energy and fuels from domestic resources. Among the various
renewable energy options, lignocellulosic biomass is unique in
its ability to produce liquid transportation fuels, which can be
integrated into the current fuel infrastructure. There are a wide
variety of technologies that can be used to convert
lignocellulosic biomass into liquid fuels, including
fermentation of sugars and production of liquid fuels from
biomass derived syngas. There are also two industries with
well-developed biomass conversion infrastructure, the corn
ethanol industry, and the pulp and paper industry, that could be
used as a launch point for developing lignocellulosic
biorefineries. These industries offer opportunities for 1)
producing monomeric sugars from biomass residues that can
be fermented into ethanol, and 2) additional opportunities for
converting the lignin-rich fermentation residues and low
quality biomass residues to syngas that can be used to produce
liquid fuels. The pulp and paper industry offers opportunities
for 3) extracting fermentable sugars prior to pulping and
converting these sugars to ethanol, and 4) gasifying the
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biomass or lignin-rich spent pulping liquors for the production
of liquid fuels. Finally, there are attractive technologies being
developed for the direct conversion of biomass-derived oils
into transportation fuels in petroleum refineries. In all of these
technology areas there have been significant advances, but
there is still a need for additional technology development to
overcome economic challenges. There is also a need for a
better understanding of the energy and environmental benefits
of these lignocellulosic biorefineries. This paper will highlight
the technical challenges to be overcome, and potential for
producing fuel products from lignocellulosic biomass.

Introduction: What is a Biorefinery?

With all the current interest in biorefineries, it is useful to step back and
consider the fact that some biorefineries have been successfully operating for
almost 130 years. The first biorefineries were operated by the pulp and paper
industry and more recently, a different type of biorefinery has been developed by
the agricultural industry. One of the first chemical pulp mills was opened in
1874 in Europe and was based on the sulfite process (1). This was rapidly
followed by the first kraft pulp mill in 1879. This same basic kraft pulping
technology dominates the industry today. A modern pulp and paper mill is a
biorefinery that buys clean wood chips, manufactures a variety of pulp and paper
products, and generates process heat and power from the residues.

Nearly 100 years ago, the Ford Model T ran on ethanol, gasoline or on a
combination of the two fuels. The agricultural industry currently operates corn
wet mills and dry mills, which convert corn grain into a suite of products
including food and feed products, corn oil, high fructose corn syrup and ethanol.

The current discussions on biorefineries are focused on improving the value
of its product streams. The key challenges for the next generation of
biorefineries involve 1) production of fuels and chemicals from non-food
(lignocellulosic) biomass and 2) production of higher-value products from the
non-fermentable components of the biomass.

While increasing the value of the products from the biorefinery another
aspect of the discussion is to match the products with the cost and characteristics
of the feedstocks. There are several examples of feedstocks prices shown in
Table 1.
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Table 1. Cost of different biomass feedstocks

$/lb (dry basis)  Common Units  Cost of Sugar in

the biomass

($/1b)
Feedstock Costs
Wood Residues 0.015-0.02 30-40 $/ton 0.021-0.028
Corn Stover 0.025-0.03 50-60 $/ton 0.036-0.043
(target)
Corn Grain 0.035-0.04 2.00-2.25 0.043-0.050

$/bushel

Pulp Wood Chips  0.04-0.05 60-100 $/ton 0.043-0.071

The data in Table 1 shows that sugars from corn grain are more expensive
than sugars from wood residues or corn stover. But the corn grain sugars are
primarily glucose derived from starch, and more easily accessed and processed
than those in wood or corn stover. This data also shows that wood chips are
more valuable as a feedstock for production of pulp and paper than as a
feedstock for production of ethanol. Thus, wood chips with the proper fiber
characteristics should be used for production of paper or wood products, while
lower quality wood resources should be used for production of fuels. Table 1
also shows that all four feedstocks contain about 25-35% non-fermentable
materials. In the case of wood, these non-fermentable materials include lignin
and extractives, while in the case of corn stover, these non-fermentable materials
include lignin, protein and ash. Corn grain also contains about 20% non-
fermentable materials in the form of oil, protein and ash.

It is less obvious from the data in Table 1, but wood and corn stover contain
several types of sugars, hexoses and pentoses, while com grain contains
primarily a single hexose sugar, glucose (2). There are also differences in the
relative amounts of hexose and pentose sugars between hardwoods and
softwoods, which can have a significant impact on the technology used for
conversion of these raw materials into products. If lignocellulosic feedstocks are
going to be competitive with comn grain as a feedstock for production of ethanol,
all the hexose and pentose sugars must be converted to ethanol.

The non-fermentable residues from corn grain can be used as animal feed,
although the market for this product will become saturated as ethanol production
rates increase. The non-fermentable residues from lignocellulosic biomass
could be used as process heat and power, or as a feedstock for other products.
The market for process heat and power is not likely to be affected by very high
levels of ethanol production, but process heat and power is a lower value
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product. Thus, there is the classic economic trade-off between the size of the
market and the value of the products.

Table 2 shows the value of several products that can be obtained from
biomass sugars. It is useful to note that ethanol at $2.00/gal has about the same
value as paper at $600/ton. This table also highlights the importance of moving
from the commodity markets, e.g., animal feed or fuels, to value-added
chemicals or plastics.

Table 2. Relative value of products from biomass sugars (3)

Product Values $/Ib (dry basis) Common Units
Distiller Dry Grains 0.04-0.06 80-120 $/ton
Wood Pulp 0.25-0.40 500-800 $/ton
Ethanol 0.30-0.35 1.97-2.30 $/gal
Propylene glycol 0.55-0.65 1,100-1,300 $/ton
Cellulose esters 1.00-1.50 2,000-3,000 $/ton

Thus, the current discussion about the forest biorefinery is essentially a
discussion on how to increase the overall value of the products that can be
derived from biomass. For example, can the carbon that is currently used to
produce process heat and power be used to produce chemicals or fuels? Can a
fraction of the sugars in woody biomass be converted to specialty chemicals or
fuel ethanol and the rest used for pulp and paper? Can some of the lower quality
feedstock, which is not useful for production of pulp or wood products, be used
to produce commodity fuels? The technology needed to answer these questions
is the driver for the commercial development of the next generation of
biorefineries.

Can Lignocellulosic Biomass Have an Impact?

There are two key questions regarding the national impact of using
lignocellulosic biomass for large-scale production of fuels or chemicals. The first
question is the net energy balance for ethanol from biomass. The second
question is whether there is enough biomass available, on a sustainable basis, to
have an impact at the national scale.

This first question of the energy balance has been recently addressed by a
very complete study that concluded fuel ethanol from corn has a favorable non-
renewable energy balance (4). Specifically, this study reviewed several prior
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studies and concluded that there is more energy contained in a gallon of fuel
ethanol than non-renewable energy required to make the ethanol from corn grain.
This study also concludes that less than 20% of the non-renewable energy used
in the production of fuel ethanol comes from oil, thus, fuel ethanol has a
significant benefit in reducing the national security threats caused by a heavy
reliance on imported oil. In addition, this work concludes that the production
and use of fuel ethanol has a favorable impact on green house gas emissions.
More importantly, this study reinforces the conclusions of prior work on the
very positive energy balance and green house gas benefits from production of
ethanol in an integrated lignocellulose biorefinery. The production of ethanol
from biomass also has the potential for carbon sequestration, although the main
green house gas emission benefits will come from displacement of fossil fuel
energy sources (5). Thus, while there may continue to be a vocal minority
arguing against the benefits of ethanol as a fuel source (6,7), the overwhelming
majority of the current literature agrees that there are energy and environmental

~ benefits (4,5).

The question of the sustainable availabilityof biomass has also been clearly
and positively answered. A 2005 study by US Department of Energy (DOE) and
US Department of Agriculture (USDA) concluded that there are more than 1.3
billion dry tons of forest and agriculture biomass available, on a sustainable
basis, for production of fuels and energy (8). This 1.3 billion dry tons of
sustainable biomass has the energy equivalence of 3.5 billion barrels of oil,
which is about 75% greater than our current domestic oil production of 2.0
billion barrels of oil. The next part of this question is the effectiveness of current
or proposed technology that can be used to convert this biomass into energy or
fuels. A preliminary study conducted by the National Renewable Energy
Laboratory (9) concluded that using technology, which has been demonstrated in
the laboratory or at the pilot plant scale but not commercially deployed, this 1.3
billion tons of biomass could produce 1.9 billion barrels of oil equivalents. This
is essentially equivalent to the current annual US petroleum production of 2.0
billion barrels.

This projected 1.9 billion barrels of oil equivalents from sustainable
biomass comes from three sources: ethanol from grain, ethanol from
lignocellulosic sugars and thermochemical processes for production of fuels
from non-fermentable biomass. Specifically, this study projects production of
ethanol from grains at a very high level, 20 billion gallons or 0.3 billion barrels
of oil equivalent; production of ethanol from lignocellulose sugars for 1.1 billion
barrels of oil equivalents; and the production of fuels from lignin or low quality
biomass using thermochemical conversion technology for 0.5 billion barrels of
oil equivalents. While there is a large number of assumptions embodied in this
preliminary study, it highlights the potential impact of biomass. In addition, it
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clearly establishes that there is enough biomass to make a difference at the
national scale.

With positive answers to the questions on the national benefits of using
biomass as a feedstock, the focus then falls on the technologies that can be used
to produce a higher value suite of fuels and chemicals and from sustainable
lignocellulosic biomass.

It is also important to note that there are many other sources of sugars and
biomass derived carbon, e.g., food processing wastes, and crop oils and animal
fats. However, the national impact of producing fuels or chemicals from these
resources is relatively small. The limited national energy impact obtained from
the utilization of these other biomass resources should not diminish the
economic, rural development benefits of producing fuels or chemicals from these
resources.

Issues for Producing Fuels and Energy in a Biorefinery

Prior to delving into a discussion on the merits and liabilities of alternative
routes for the conversion of lignocellulosic biomass to fuels and energy, it is
useful to have a discussion about the relationship between the composition of the
biomass and potential products.

As indicated in Table 1, lignocellulosic biomass is purchased by the ton. It
is also known that lignocellulosic biomass contains between 40-45% oxygen (2).
But if we are selling fuels or chemicals that are primarily or exclusively carbon,
then it is very likely that we are not obtaining significant value from the oxygen
in the original biomass. A second consideration is that the common fermentation
processes used for the production of fuel ethanol can only utilize the sugars in
lignocellulosic biomass. Therefore, processes that use lignin and extractives to
produce a value-added product are needed. A related consideration is the
maximum theoretical yield of ethanol from six-carbon sugar such as glucose is
67%, while the actual practical yield may be closer to 60%. Thus, after
accounting for lignin and extractives, and the co-production of carbon dioxide
via fermentation, the overall yield of ethanol from lignocellulosic biomass may
be close to 50%. The fermentation of lignocellulosic biomass sugars becomes
even more challenging if hardwoods are used as the feedstock since
commercially viable processes for fermentation of five-carbon sugars (pentoses)
are still being developed. On the plus side, ethanol production requires process
heat and power for fermentation and distillation, and most of this process heat
can be generated from the non-fermentable lignin and extractives.
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The inherent limitations on fermentation processes for conversion of
lignocellulosic biomass to ethanol is one reason that some have argued for
thermal processes that can use all of the biomass. Thermochemical processes,
such as gasification can make all of the lignocellulosic biomass into synthesis
gas (carbon monoxide and hydrogen) essentially independent of the biomass
source. There are also well-known, commercial processes for production of
syngas to chemicals and fuel products such as methanol, dimethyl ether, Fischer-
Tropsch liquids, or acetic anhydride. However, all of these commercial
processes have some significant differences from the proposed biomass
gasification scenarios, including the scale of the gasification process, gas clean-
up issues and the absence of oxygen in the current gasification feedstocks (10).

It is important to remember that the process yield is only one aspect of an
economical process. The yield of ethanol from wood may be modest relative to
the yield of ethanol from corn grain, but wood is a less expensive feedstock and
the residual wood components can be used for relatively high quality process
heat. Thus, ethanol from wood may be a more commercially attractive process
than ethanol from corn grain, and it is clear that there is enough lignocellulosic
biomass to have a national impact.

Technology Options for Producing Fuels and Energy
in a Biorefinery

Total Hydrolysis of Lignocellulosic Biomass

Total hydrolysis of biomass for the production of fuel ethanol has received a
great deal of the attention over the past few years. The DOE Office of the
Biomass Program has focused on the total hydrolysis of biomass, especially corn
stover. This process involves six major process steps, 1) feedstock collection, 2)
feedstock pretreatment, 3) hydrolysis of cellulose, 4) fermentation of mixed
sugars, 5) separation and distillation of ethanol, and 6) recovery of value or
energy from residues (11). Each of these process steps has technical challenges
but feedstock pretreatment, hydrolysis of cellulose and fermentation of mixed
sugars presents the greatest challenges for the total hydrolysis process.

Biomass pretreatment is a challenging process that may include several
different processes (12). The common goal for all pretreatment processes is to
increase the accessibility of the cellulose in biomass to further processing. In
addition, many pretreatment processes separate some or most of the non-
cellulose sugars and lignin from the cellulose. The separation of the more
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soluble sugars, especially five carbon sugars such as xylose, offers the potential
for improvements in the downstream fermentation processes. The major concern
with the different pretreatment processes is minimizing subsequent losses of the
soluble sugars to furans and other degradation products. The simplest
pretreatments include hot water wash or steam explosion pretreatment. In both
cases the time and temperature will vary depending on the source of the biomass,
generally the temperature is between 150°C and 200°C, while the pretreatment
times may vary between one and 30 minutes. Some of the processes such as
ammonia fiber explosion or concentrated acid pretreatments require complex
recycling and recovery schemes or relatively expensive materials of
construction, respectively (12). There is a second suite of pretreatment
technologies that resemble chemical pulping; oxidative delignification,
organosolv pulping, alkaline extractions, and biopulping (13).  These
technologies work well to produce high quality cellulose, but are relatively
expensive.

Cellulose hydrolysis can be accomplished through either chemical or
enzymatic means. While the chemical hydrolysis is well known and simple, it
also processes large amounts of degradation products, reducing the overall yield
of fermentable sugars and producing many products that inhibit the fermentation.
Enzymatic processes are much more attractive for their long-term sustainability
and their potential for maximizing the production of ethanol (14). The biggest
limitation of enzymatic hydrolysis is the overall cost of the enzymatic systems.
These systems include many different specific enzymes that produce cellulose
fragments (glucose dimers), which then hydrolyze the dimers to fermentable
glucose. The overall cost of these enzymes has been significantly reduced in the
past 3 years due to large development projects led by Novozymes and Genencor
(15). However, the cost of cellulose hydrolysis enzymes are still 5-7 times higher
than comparable starch hydrolysis enzymes.

The final major technical challenge for the total hydrolysis process is the
conversion of the complex mixture of 4 or 5 different sugars to ethanol. Three
of the sugars are hexoses (glucose, mannose and galactose) which can be
relatively easily converted to ethanol, while two of the sugars (xylose and
arabanose) are pentoses which are much more difficult to ferment under
commercial conditions. The fermentation technology for pentose sugars,
especially xylose, has been significantly improved by several research groups
(16-18), but these improved systems all have limitations that must be overcome
prior to commercial deployment.

In addition to these three major technical hurdles there are improvements
needed in the areas of biomass collection and adding value to the fermentation
residues. In the feedstock collection arena there are many questions about the
impacts of collection and storage on the overall quality of the biomass. This is
especially true for agricultural residues that can be stored in the open for 6-9
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months after harvest. In contrast, the pulp and paper industry has shown that
wood feedstocks can essentially be harvested year-round and stored for months
without any negative impact on the quality of the sugars. The production of
process energy from the residual lignin and unfermented products is relatively
simple. However, this is the lowest value product and does not take advantage
of the potential value of the aromatic structure of the lignin. There have been
several promising schemes for conversion of lignin into products including fuel
additives (19) and adhesives (20) proposed. However, these processes have not
progressed past the laboratory scale.

Gasification of Lignocellulosic Biomass

The gasification of biomass and fossil based carbon has been extensively
studied and well developed for some applications. According to the DOE, in
2004 there were 117 plants with 385 gasifiers operating around the world.
Essentially all of these gasifiers were operating on fossil feedstocks including
coal, oil, natural gas and petcoke. Large-scale gasification plants making liquid
fuels and chemicals include Sasol’s (South Africa) complex for making liquid
fuels from coal, Eastman Chemical Company’s (USA) coal to acetic anhydride
process and a variety of plants in the Mideast and Southeast Asia converting
syngas to liquid distillates.

There are a number of pilot and production scale biomass gasification
systems that have been built and operated around the world. The characteristics
and performance of many of these systems have been recently reviewed by Babu
(21). Many of the more successful systems have been built in Northern Europe.
For example, a circulating fluid bed system in Lahti, Finland built in 1988 was
operated for more than 30,000 hours with 97% online availability. A second
system in Varamo, Sweden based on a pressurized gasification unit was operated
for more than 8,500 hours. This system was close-coupled to a gas turbine. This
system has been re-engineered as an oxygen blown, pressurized gasification unit
that can be used for production of fuels or chemicals. Very recently, a
collaboration between Choren, and DaimlerChrysler AG and Volkswagen AG
focused on the production of Fischer-Tropsch liquids (FTL) was announced.
The collaboration has targeted the production of a very low sulfur SunDiesel
from biomass (22)

Gasification has the significant advantage of converting both the
carbohydrate and lignin components of biomass into syngas. This contrasts
fermentation, which can only convert sugars into a final product, and only at a
67% yield based on carbon. Gasification is also relatively insensitive to the
quality of the biomass feedstock and offers a number of options for heat and
power integration.
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However, production of syngas from biomass has several fundamental
differences from fossil fuel derived syngas (10). These differences include
differences in the feed handling, gas clean up and conditioning, the nature of the
ash and the potential for very large-scale plants.

While gasification can utilize a wide variety of biomass feedstocks,
especially those that are not suitable for fermentation, there is one downside for
the use of biomass for direct production of hydrocarbons. The biomass is 40-
45% oxygen and the gasification process requires that the oxygen in the biomass
feedstock ultimately is converted to carbon dioxide or water, materials without
significant value. Since the biomass is purchased on a weight basis, the
conversion of the oxygen to carbon dioxide or water puts additional pressure on
the overall economics of the process. Production of methanol or dimethyl ether,
ethanol or mixed alcohols is a more attractive option for the more efficient
utilization of the oxygen in the biomass feedstock.

The fibrous nature of biomass, especially agricultural feedstocks, makes
handling and feeding into any process a challenge. The viscoelastic properties
of biomass that make it attractive for many materials applications make it
difficult to grind and pulverize. Thermal pretreatments or torrefaction can be
used to increase the energy density of biomass and reduce the energy needed to
grind and pulverize the biomass. This is especially important for high-pressure
gasification, where relatively expensive lock hopper systems may be required.

A second key technical issue is the clean up and conditioning of syngas (10,
23, 24). To be suitable for production of liquid fuels, either FTL or alcohols, the
syngas must be clean. This involves the removal of tars, alkaline earth elements,
ammonia, chlorides, sulfur compounds and particulates. Many of these gas
clean-up technologies are used in the petrochemical industry at hundreds of
locations.

Sulfur and ammonia removal can be accomplished using physical and
chemical absorption technologies, including proprietary processes such as LO-
CAT, Selexol and Rectisol. Since biomass syngas is relatively low in sulfur, a
physical absorption onto iron or zinc beds may be an attractive technology (23,
25). There is a critical interaction between the gas clean-up technology and the
catalysts used for the fuel synthesis. For example, alkaline-doped molybdenum
sulfide catalysts are particularly attractive since they are more resistant to sulfur
poisoning and have high activity for the water-gas shift reaction (23, 26). These
features allow for potential cost savings on the up-stream sulfur removal process,
although the sulfur would have to be removed from the final product. Cyclones
and high-temperature filters can both be used to remove particulates and alkaline
earth elements.

For biomass gasification the key technology hurdle in the destruction of the
tar compounds. Tars result from the incomplete conversion of the biomass to
syngas, due to the relative low temperature of the processes. A number of
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technologies are being evaluated for the removal of tars, including Ni-based
catalysts (27).

While biomass gasification faces several challenges, most involve the
demonstration of more economical systems, and unlike the total hydrolysis of
biomass to make fermentable sugars, most of the technology has been
demonstrated at commercial scale. More importantly, biomass gasification is
much less sensitive to the quality, i.e. species, seasonal variations, storage
conditions, etc., of the biomass feedstock.

Integrated Total Hydrolysis and Gasification of Lignocellulosic Biomass

One alternative to the narrow focus of converting all the biomass into
fermentable sugars has recently been proposed by researchers at NREL (28).
This process is intended to address the issue of low quality or off-spec
feedstocks, increase the value of the products derived from the lignin rich
residues, and increase the overall efficiency of the biorefinery. This approach
integrates the total hydrolysis and gasification processes previously outlined.
This integrated approach can utilize low quality or off-spec feedstocks, and the
lignin-rich fermentation residues to produce syngas, which is used to provide
heat and power for the fermentation process, while also producing ethanol and
higher-value alcohols. One advantage of the heat integration is the potential for
using low syngas conversion to produce a liquid product since some of the
syngas will be required for process heat (29).

The production of mixed alcohols from syngas has been extensively studied
at both the laboratory and commercial pilot scale (26). In general, the work has
focused on the development of catalysts that maximize the production of higher
alcohols and minimize the production of methanol.  Alkaline-doped
molybdenum sulfide catalysts are particularly attractive since they are more
resistant to sulfur poisoning and have high activity for the water-gas shift
reaction. These features allow for potential cost savings in the sulfur removal
process. The integration of ethanol from the fermentation of sugars and mixed
alcohols from syngas will allow synergies in the product recovery, storage,
distribution and marketing.

The integration of gasification with the fermentation process also offers
potential for using lignin for the production of a higher value product. The
integrated plant will require a significant amount of process heat for fermentation
and distillation, and this process heat can come from the syngas exiting the fuel
synthesis reactor. Typically, the fuel synthesis requires very high conversion of
the syngas to the liquid product, but in this case the need for process heat will
allow for lower conversion or fewer recycles.
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While an integrated biorefinery combining total hydrolysis and gasification
technology allows for a number of synergies and can more easily handle wide
variations in the quality of the feedstocks, it also includes the highest level of
technological risk and high capital costs. All of the technical risks associated
with the total hydrolysis processes, e.g., pretreatment, enzyme hydrolysis and
fermentation of mixed sugars, and all of the technical risks associated with
biomass gasification, e.g., syngas clean-up and conditioning, and scale-down of
gas-to-liquid synthesis processes are still present in this technology. However,
the integrated biorefinery does offer the greatest potential for total revenues.

The Forest Biorefinery

The forest biorefinery draws on several technical aspects of the total
hydrolysis concept and the biomass gasification processes previously outlined.
The forest biorefinery also has several unique attributes that could serve to lower
the capital costs and reduce the technical risks of a stand alone, green field plant.

A forest biorefinery is a generic term for the conversion of wood to value-
added products, although two options have attracted most of the attention. The
first option is the extraction of hemicellulose sugars that are then converted to
ethanol (30). This option has also been termed value prior to pulping. These
hemicellulose sugars are then used for production of ethanol. The extracted
wood chips continue through the pulping process. This option only makes
commercial sense if the quality and yield of pulp and paper products is
maintained at the current levels. Although pre-extraction of the hemicellulose
sugars may also allow for improvements in the pulping and bleaching process. A
major challenge for this option is the need to demonstrate production of high
quality pulp from the extracted wood chips. However, the pulp and paper
industry is highly skilled at modifying and optimizing pulping and bleaching
processes with “new” wood feedstocks.

The value prior to pulping option is very attractive since there is no need to
develop improved processes for the total hydrolysis of the cellulose or for
utilization of lignin. The cellulose is being sold as paper, while the lignin is
being combusted in the recovery boiler. While this is a low value use of the
lignin, it has little if any technical risk. Thus, it appears that the greatest
technical challenge is the production of ethanol from the extracted sugars.
Depending on the wood species and the extraction process, it is likely that the
extracted solution will contain a significant portion of the wood extractives, and
in the case of hardwoods, a significant amount of acetic acid. Both of these
components must be removed prior to fermentation of the sugars. In addition,
any oligomeric sugars must be converted to monomeric sugars using either acid
or enzymatic catalyst. The fermentation of the mixed sugars also holds the same
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challenges discussed for the total hydrolysis concept. If the pulpwood feedstock
is softwood, then the hemicellulose sugars are largely hexoses (glucose,
mannose, and galactose) that can be fermented to ethanol using yeasts that are
similar to the current systems. However, if the pulpwood feedstock is hardwood,
then the hemicellulose sugars will contain hexoses and xylose, a pentose. As
previously mentioned, the pentoses are more difficult to ferment and the
technology will have to be developed and demonstrated at the commercial scale
(16-18). If it is commercially attractive, this process may also allow for the
recovery of wood extractives and acetic acid. There are relatively well-
developed options for steam stripping or extraction that can be used to recover
the wood extractives and acetic acid. The main advantage of the value prior to
pulping option is that it allows for the rapid implementation of ethanol
production, without the technical risks and capital costs associated with the total
hydrolysis of cellulose.

A second option for the forest biorefinery is the gasification of biomass or
spent pulping liquors. These options have been extensively studied and a
number demonstration units have been constructed (29). These demonstration
units include four gasifiers specifically designed to operate on spent pulping
liquors. These four demonstration units are at a Weyerhaeuser mill in New
Bern, North Carolina; a Georgia-Pacific mill in Big Island, VA; a Norampac mill
in Ontario, Canada; and a unit built by a consortium lead by Chemrec in Pitea,
Sweden. The main driver for the development of high-efficiency gasification
systems for spent pulping liquors is the onsite demand for heat and power. A
very detailed study of a spent pulping liquor gasifier integrated into a pulp mill
showed economic, environmental and national security benefits from the larger
scale deployment of the technology (31). Specifically, this work showed the
reference mill could become a net producer of electricity, significantly lower the
production of CO,, NO, and SO,, and produce more pulp from less wood.
However, all of these systems require significant improvements in the durability
of the high temperature refractory materials used in the gasifiers. In spite of a
significant investment and substantial progress, problems with these refractory
materials still limit the on-stream time to the 80-85% range, well below what is
needed for a commercial system. Also, the modifications to the chemical
recovery system that is required for gasification of kraft pulping liquors are still
not well developed.

Integration of Bio-oil into a Petroleum Refinery
The concept of introducing bio-oil into petroleum refining has very recently

attracted some attention (32). The general concept is to produce a liquid bio-oil
or bio-crude which can then be introduced into a petroleum refinery. The
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petroleum industry is very familiar with the conversion of low quality crude oils
into fuel products.

Fast pyrolysis technology can be used to produce bio-oil at 60-65% yield
along with some water, non-condensable gases and ash (33). There are several
practical systems that can used to produce the bio-oil and this approach is less
sensitive to the quality of the biomass feedstock than the fermentation
technology. In fact, the fast pyrolysis process is most appropriate for biomass
like bark or other sources with a high lignin content. If needed, the bio-oil can
be stabilized, shipped and stored prior to being introduced into the refinery. This
approach makes more sense if the biomass, the bio-oil plant and petroleum
refinery are all located in a reasonable proximity to one another.

Bio-oil could be introduced at a number of different locations within a
refinery. These locations include: at the fluid catalytic cracker (FCC) for
production of a “green” gasoline; at the petro-FCC for production of “green”
ethylene and propylene; at the diesel hydrotreater for production of a “green”
diesel; or at the hydrotreater for production of “green” paraffins. In each case
the bio-oil could be co-fed directly into the unit with the petroleum feedstock or
it could be processed in a similar unit operation to generate a product that could
be blended into the product downstream of the unit. If the bio-oil and petroleum
were processed in parallel, then the catalysts and operating conditions could be
optimized for each feedstock and the product quality controlled to a fine degree.
Based on a combination of experimental work and process modeling, this
approach shows economic promise even at 30 $/bbl.

This concept has some of the same advantages as the forest biorefinery
concept. It uses in-place capital, produces a product that the industry knows how
to distribute and market, and it gives the petroleum companies control over the
entire process that is used for production of a “green” fuel. The major limitation
is that the process “discards” the oxygen in the biomass feedstock. So from the
point of view of the total utilization of biomass, this is a less attractive
technology. However, LCA of the processes suggests that there is a net benefit
for the CO2 emission profile (32).

Conclusions

There is enough biomass available, on a sustainable basis, in the United
States to make the large scale production of biomass derived fuels, heat and
power, a goal worthy of significant government and industrial support. Using
technology that has been demonstrated at the pilot scale, the 1.3 billion tons
identified by USDA and DOE has the potential to produce more liquid fuels than
all of the current domestic oil production.
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However, there are significant technical and financial hurdles that must be
overcome to make most of these technologies commercially attractive based on
the historic price of crude oil.

In the case of the total hydrolysis of biomass to sugars and the subsequent
production of ethanol, these hurdles include pretreatment of the biomass to make
the cellulose and hemicellulose polymers more accessible; improved enzyme
systems for hydrolysis of the polysaccharides to simple sugars; and the
development of fermentation systems that can effectively convert mixed sugars
to ethanol. The question of biomass quality and consistency is also an unknown.

Biomass gasification is very attractive as a way to minimize questions
regarding the quality and consistency of the biomass feedstocks. However, there
is a need to develop better systems for syngas clean up and conditioning, and to
develop fuel synthesis technology that can accomodate the relatively small scale
anticipated for biomass gasifiers.

The national energy impact of either hemicellulose extraction or gasification
of spent pulping liquor in the forest biorefinery is modest, however, technologies
could be quite valuable to the economic future of the industry. The
hemicellulose extraction technology must demonstrate the ability of make high
quality pulp and paper from the extracted wood chips, and the fermentability of
the mixed sugars must be demonstrated. The gasification of the spent pulping
liquor has the same challenges of biomass gasification and the added technical
challenges for improved refractory materials and complete integration of the
gasifier into the kraft chemical recovery system.

Finally, the recent developments of bio-oil as a feedstock into a petroleum
refinery is very attractive since there is relatively little technical risk. While new
catalysts for upgrading the bio-oil need to be developed, this approach
significantly leverages the tremendous infrastructure, skills and resources of the
petroleum industry. The major limitation of this approach is the incomplete
utilization of the oxygen in the biomass feedstock.

It is undeniably clear that with continued technology development and
demonstrations, high oil prices and global security concerns, several of these
technologies will be tested in the marketplace in the foreseeable future.
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In this chapter recent investigations on novel materials derived
from renewable resources are summarized, with particular
emphasis on polymers based on lignins, starch, cork
components, furans and vegetable oils.

Polymer science and technology was born in the late nineteenth century,
when two natural polymers were chemically modified to prepare novel materials.
Both of these are major commodities today, namely cellulose esters and
vulcanized rubber. The use of renewable resources for the manufacture of
macromolecular materials gradually lost ground during the twentieth century, in
favor of synthetic polymers derived from fossil-based resources. However, the
arrival of the third millennium coincided with its vigorous revitalization, due to
ecological and quality considerations. This renewed activity for both basic and
applied research extends over a wide range of topics, (/-6).

The Oxypropylation of Natural Polymers and the Exploitation
of the Ensuing Polyols

The oxypropylation of cellulose and starch has attracted significant
attention. Wu and Glasser (7) reported the oxypropylation of kraft and sulfite
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lignins and showed that the conversion of these solids required elevated
temperatures, pressures and reaction times. Recently, this reaction was applied to
industrial by-products such as sugar beet pulp (8-10), kraft, organosolv, and soda
lignins (71,12) as well as cork powder (13-15). The aim of this work was to
convert rather intractable solid residues into viscous liquid polyols to be used as
multifunctional macromonomers, e.g. in polyurethane (PU) syntheses. The
process introduces oligo(propylene oxide) (OPO) grafts from the OH groups of
the natural macromolecules, as depicted in Scheme 1. However, this reaction is
always accompanied by some homopolymerization of propylene oxide (PO),
which gives OPO macrodiols, i.e. difunctional co-macromonomers.

Solid substrate
Liquid polyol

Scheme 1. A pictorial view of the oxypropylation
of OH-bearing macromolecules

These polyols were thoroughly characterized in terms of OPO content
(extraction with n-hexane), structure (FTIR, 'H-NMR), Mn (VPO), OH index,
and viscosity. This systematic study showed that the chain extension of different
solids with PO occurred smoothly and efficiently yielding polyols with
functional characteristics similar to industrial materials used in PU manufacture.
Indeed, for some substrates, after the reaction temperature had reached its peak
value, the time needed for the total consumption of PO was only about 30 min.,
which is particularly interesting. This is because even the industrial
oxypropylation of sugars like sorbitol, the precursor which is used in most PU
systems, takes longer.

Polyurethanes from Oxypropylated Natural Polymers

Rigid PU foams (RPU) were prepared from a selection of the polyols
described above (8,11,12,15). The formulations studied contained the following:
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Polyol, ca. 10% w/w of glycerol; an industrial methylene diphenyl isocyanate
with an NCO functionality of 2.7 (added to give a [NCO)/[OH] molar ratio of
1.15); a silicone-based surfactant; a blowing agent (here commercial 141b or
pentane at 20% w/w with respect to the total weight of polyol was used); a
catalyst combination (0.8% w/w, with respect to the total weight of polyol, of
equal amounts of cyclohexyldimethyl amine and Niax A-1 (Witco Chemicals);
and a small amount of water as initial blowing agent (about 3% w/w with respect
to the total weight of the polyol). The water was used to induce the reaction of
the excess of NCO functions to creating carbon dioxide. Three commercial
polyols were also used to prepare reference RPU foams.

The data collected from the various RPU’s prepared in this study included
density, thermal conductivity, glass transition temperature, cell morphology and
dimensional stability, prior to and after accelerated and natural ageing. The data
indicated that several foams prepared from these oxypropylated natural
substrates possessed (i) insulating properties, (ii) dimensional stability and (iii)
resistance to natural and accelerated ageing, very similar to those prepared with
industrial polyols. Moreover, measurements of the time evolution of the gas
composition inside the foam cells (8,71,12,15) showed that the blowing agents
with powerful insulating properties remained inside the cells, which explains the
negligible effect of time on the foams’ thermal conductivity.

The best performance was obtained with polyols from organosolv and soda
lignins, as well as sugar beet pulp. Thus, thousands of tons of agriculture and
forestry industrial residues constitute a potential source of useful materials,
prepared through a straightforward and economic oxypropylation process,
followed by the use of standard RPU technology. This is a promising alternative
to their present use in combustion for energy recovery. Obviously, such
oxypropylated polyols should also be examined as precursors to other polymers,
e.g. polyesters and polyethers. In a separate investigation the oxypropylation of
chitosan aimed at preparing film-forming polymer electrolytes (16) from the
ensuing polyols was also examined.

The Chemical Modification of Wood

Wood preservation and the improvement of some of its properties are long-
standing issues (/7) which are being tackled increasingly by specific chemical
modifications, rather than through the physical addition of various (and often
toxic) additives. Some of the approaches used to modify cellulose fibers were
extended to wood in order to enhance its density and hydrophobic character by
generating covalently-linked macromolecules in its inner structure. In addition,
the aim was at altering its resistance to fungal attack by the chemical
condensation of appropriate biocides within its macromolecular constituents
8).
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The strategy selected for this chemical modification consisted in using the
diisocyanate I and the dianhydride II as “carriers” of the two OH-bearing
biocides I and IV through the preparation of the reactive intermediates V-VII,
as shown in Scheme 2.

Two different materials were used as substrates to be modified and tested in
terms of antifungal efficiency, namely: (i) ground samples or small wood blocks
of Pinus sylvestris and (ii) sheets from Whatman filter paper n° 5 as reference.
They were treated with V-VII in media of varying polarity, viz. dimethyl
formamide, pyridine, methylene chloride and tetrahydrofuran. All treated
samples were first submitted to a Soxhlet extraction with the appropriate solvent
in order to remove the excess reagent that had not been chemically bound to the
lignocellulosic substrate. After drying, they were characterized by weight gain,
FTIR spectroscopy (multiple reflections on the block surface at different depths
and transmission on wood powder mixed into KBr pellets), elemental analysis
and biological tests.

The extent of chemical incorporation of the three reagents, through the
condensation of their NCO or anhydride functions with the OH moieties of the
wood macromolecules or the paper cellulose, was always satisfactory, but much
higher when polar media and appropriate catalysts were used.

Ten representative fungi were selected among the 1,413 available at the
mycology collection of the Grenoble University Pharmacy. The presence of the
structures associated with both III and IV chemically bound within the wood and
paper morphology retarded or inhibited the fungal multiplication. This
demonstrates that the selected approach is promising as an alternative to the
adsorption of toxic additives.

Vegetable Oils as Precursors to Photosensitive Polymers

UV-initiated photocuring processes of inks and varnishes represent a fast-
growing research and technology field due to their advantages associated mostly
with their high reaction rates and the elimination of volatile solvents. Recent
efforts were initiated, aimed at using renewable resources as starting materials.
More specifically, this work aims at modifying vegetable oils, imparting in them
reactivity toward free-radical or cationic cross-linking (/9,20) reactions.
Different common oils were examined, but only soybean oil (SO) will be
discussed in this chapter.

The Epoxidized SO (ESO) used had ~5 oxirane moieties per triglyceride
molecule. This was treated with an excess of acrylic acid (AA) to introduce, after
optimization, an equivalent number of acrylic functions in their place. The
structure of one of these highly acrylated ESO molecules (AESO) is shown
below:

In Materials, Chemicals, and Energy from Forest Biomass; Argyropoulos, D.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2007.



Publication Date: April 16, 2007 | doi: 10.1021/bk-2007-0954.ch003

Downloaded by NORTH CAROLINA STATE UNIV on August 6, 2012 | http://pubs.acs.org

52

Vi
N/\I}J
X
Cl + ] ——
OH
v
N/\N
A
Cl
i
O\ﬁ _N
o \©\
NCO
Vil

Scheme 2. Synthesis of the bioactive reagents to be condensed
to the wood macromolecules
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Their bulk photopolymerization, as thin films, was conducted using standard
irradiation equipment equipped with a filtered medium-pressure Hg lamp (A>280
nm) and a conveyor belt. Three Ciba-Geigy free radical photoinitiators,
Darocure 1173 (VIII), Irgacure 651 (IX) and Irgacure 184 (X), were tested at 2-
4% concentration with respect to the AESO. Under these conditions, near-
complete conversion (% of acrylic polymerization) was reached within 5 to 10

seconds.
N\, 7
0O
0 OH (0) o)
(0)
IX X

Vil

FTIR spectroscopy showed the rapid decrease of the acrylic C=C band at
1630 cm™ and the concomitant amalgamation of the two C=0 ester peaks, at
1740 (trygliceride moiety) and 1728 cm™ (acrylic group), respectively, into a
single band at 1740 cm™, due to the progressive loss of conjugation, associated
with the polymerization.

The ensuing cured materials were submitted to a Soxhlet extraction with
methylene chloride to determine the extent of cross-linking within the polymer.
Table 1 summarizes these results. As the reactivity increased, the gel point was
attained more rapidly but at a lower gel fraction, thus slowing down the
polymerization of the sol fraction due reduced macromolecular mobility.
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Table 1. AESO photopolymerizations

n° acrylic/ Photoinitiator, % Conversion, Gel content,
triglyceride vialr  IX X % %
4.6 2 - - 97.1 76.1
39 2 - - 98.2 94.2
2 2 - - 94.7 94.1
4.6 4 - - 97.1 81.6
4.6 - 2 - 92.9 80.2
4.6 - - 2 90.6 80.7

Novel Materials Bearing Furan Moieties

Photocrosslinkable Polymers

Photosensitive furan moieties (Fu) were introduced into a polymer structure
either as pendant groups (27), or as an integral part of the main chain (22). The
purpose of these syntheses was to prepare novel negative resists for printing
plates or microcircuits. Previous work on model compounds had shown that the
Fu-CH=CH-Fu chromophore readily dimerizes through a [n2+n2] molecular
coupling between a ground state and an excited moiety. This prompted us to
attach such chromophores to macromolecular structures to render them
photocrosslinkable.

In the initial efforts (27), the unsaturated furan moieties (readily obtained
from 5-methylfurfural) were condensed as photosensitive side groups (5 to 20%)
onto poly(vinyl alcohol). Irradiation of films of the ensuing polymers induced
their fast crosslinking by interchain photochemical coupling. These reactions
were followed by UV spectroscopy, which showed the progressive disruption of
the conjugation between the two heterocycles through the corresponding
decrease in absorption at 330nm (the peak associated with the Fu-C=C-Fu
structure). Scheme 3 illustrates this approach, which was in fact successfully
applied to both furan- and thiophene-based chromophores.

In a similar manner, but with the aim of preparing photosensitive polymer
electrolytes, the same chromophore was attached to chitosan macromolecules
(another polymer from a renewable animal resource, chitin) together with
polyether chains and the resulting doubly grafted structure, mixed with LiClO,,
was irradiated as a thin film to give a crosslinked conducting material (22).
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The second strategy (23) called upon the insertion of a similar chromophore
in the linear backbone of a copolyester prepared by copolytransesterification of
an o-o-aliphatic hydroxyester with the furan homologue 2-hydroxymethyl-5-
furanacrylic acid ethyl ester (HMFAE), readily obtained from
hydroxymethylfuraldehyde. The former comonomer was chosen to impart
flexibility (low Tg) to the ensuing copolymer films, whereas HMFAE,
introduced in amounts of 4% to 10% of comonomer units, insured the possibility
of photocrosslinking. The photochemistry of model compounds bearing the basic
structural features of HMFAE was first studied (24) to verify that the same
coupling mechanism operated.

X I\ 4
w"m + M -
X=0,8,..

Scheme 3. Grafting the furan chromophore onto poly(vinyl alcohol) and
photochemical cross-linking of the ensuing polymer

The UV irradiation of the ensuing copolyester films resulted in their
progressive  insolubilization through crosslinking. The photochemical
intermolecular coupling was monitored by FTIR spectroscopy by following the
decrease in the C=C peaks. Scheme 4 illustrates this mechanism.

Polyamides and Homologues

Following an extensive study of the synthesis of furan polyesters and
polyamides by different techniques, the optimization of the interfacial
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n

Scheme 4.Photocross-linking of the furan unsaturated polyester

polymerization led to the recent investigation of furan-aromatic polyamides
(25). Regular polymers of high molecular weight were obtained, with Tg values
around 100°C, melting temperatures of the crystalline fraction of 220-236°C and
onset of thermal decomposition at ~400°C. This suggests the possibility of melt
processing (compared with the difficulties associated with all aromatic
structures), while at the same time ensuring good thermal stability.

In an analogous piece of research, the synthesis and characterization of a
novel class of polyamide-imides incorporating furan moieties was undertaken
(26) in order to prepare processable polyimide materials. Scheme 5 illustrates
the synthetic procedure adopted to prepare these polymers, which were
characterized spectroscopically and in terms of molecular weight, thermal
properties (DSC and TGA) and solubility in a variety of polar media. The results
showed Tg values around 250°C, thermal stability up to 400°C and good
solubility in several protic (DMA, DMF, m-cresol) and aprotic (NMP, DMSO)
solvents. This work confirmed that these materials could be processed by both
melt and solution techniques.

Finally, the study of the reaction of furan diamines with aliphatic
diisocyanates provided the first example of polyureas bearing this heterocycle
(27) and the possibility of converting them into the corresponding
poly(parabanic acid)s, following the sequence of reactions shown in Scheme 6.

As with most investigations of new polymers, model reactions were first
conducted and optimized. The polymerizations and subsequent cyclization
reactions gave the expected macromolecules in good yields and reasonably high
molecular weights, all of which were soluble in polar solvents. The properties of
these materials are currently under examination.
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Scheme 5. Synthesis of furan poly(amide-imide)s
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Scheme 6. Synthesis of furan polyureas and poly(parabanicacid)s
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Thermoplastic Starch

The use of starch as a source of polymeric materials has stimulated much
research, particularly in recent years (28), because this renewable resource is
ubiquitous, cheap and biodegradable. The three major aspects associated with
the processing and usage of thermoplastic starches (TPS) are (i) the reduction of
their hydrophilic character, (ii) the search for good plasticizers and (iii) the study
of blends and composites.

Hydrophobization

TPS based materials are intrinsically prone to moisture uptake, which
induces dimensional instability and loss of mechanical properties. The chemical
modification of each starch macromolecule, aimed at reducing hydrophilicity,
does not appear to be a reasonable economic solution when compared to a
surface chemical treatment. Various reagents were therefore examined using the
latter approach, which called upon a simple dipping and heating treatment of the
TPS samples (29). Although excellent results were obtained with phenyl
isocyanate solutions, the obvious practical drawbacks associated with this
reagent, suggested its replacement with a commercial blocked oligomeric
isocyanate (Desmodur AP Stabil from Bayer), i.e. a non-volatile, non-toxic
water-insensitive compound which only becomes active by generating aromatic
NCO functions upon heating. The success of the treatment was indicated by the
very drastic reduction of the polar component of the surface energy and a
corresponding increase of the contact angle with water (which reached ~100°).
Other reagents, viz. stearoyl chloride and a styrene-glycidyl methacrylate
copolymer, also produced a very significant surface hydrophobization.

New Plasticizers

The typical plasticizer used in TPS is glycerol, but ethylene glycol, urea and
some sugars have also been utilized. In order to establish a rational
structure/property relationship, a large series of alcohols, diols and polyols,
including macromolecular structures, were examined as potential plasticizers by
mixing them vigorously with starch in variable proportions at 150°C (30). Some
additives did not mix, others gave intractable materials, some produced a
stiffening effect (antiplasticization) and some produced the desired softening.
The structural requirements associated with a good plasticizing effect were found

to be:
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with R = H or CH;,n =1 or 2 and m = 1, 2 or 3. In other words, the “density” of
OH groups must be high, while keeping the molecular weight relatively low.

This systematic study provided a reliable criterion of anticipating the
possible plasticizing role of starch OH-bearing additives.

Blends with Natural Rubber

The idea of preparing novel materials based on two natural polymers is
obviously attractive. The combination of glycerol TPS with the latex from Hevea
Brasiliensis was an interesting example. The aqueous component, as extracted
from the tree, was an excellent mixing medium with starch and glycerol (37). It
turned out that the choice was appropriate because the proteins and lipids present
in the latex played a useful role in promoting good interfacial adhesion between
the rubber particles (2 to 8 um in diameter) and the TPS matrix. This was
demonstrated to be the case with scanning electron microscopy and by the
mechanical properties of the ensuing blends. However, phase separation
occurred above 7% to 12% of added rubber, depending on the amount of
glycerol present. This study requires further work to optimize the nature and the
quantity of plasticizer.
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Chapter 4

Transforming Academic Curricula: From Pulp

and Paper to Biobased Products

Shri Ramaswamy, Ulrike Tschirner, and Yi-ru Chen

Department of Bio-based Products, University of Minnesota,
St. Paul, MN 55108

This chapter describes the ongoing efforts at the University of
Minnesota to transform the academic curricula to meet
changes anticipated within the forest products and pulp and
paper industries. The new program places emphasis on the
efficient utilization of renewable bio-resources including
forestry, agricultural residue and other biomass. The
department-wide transformation of teaching and learning
practices has been undertaken. through the reformation of
degree programs, the development of curriculum and the
improvement in instructional strategies. The specific
objectives are organized around key thematic areas and
include developing and implementing a new, transdisciplinary,
inter-collegiate, bio-based products engineering and marketing
and management degree program. The broader impacts of the
ongoing effort include the transformation of an academic
curriculum in the emerging field of bio-based products,
training well-prepared technical and business professionals for
the future “bio-economy.”
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Impetus for Change

The U.S. is approaching a bio-based revolution that will fundamentally
change the way it produces and consumes energy, materials and products (/). As
clearly envisioned in the “Technology Roadmap” of the U.S. D.O.E. and the
U.S.D.A. and in the “Bio-Vision” of the Biomass Technical Advisory
Committee, the fraction of materials and products from renewable bio-resources
are estimated to grow significantly, if not exponentially (2). While wood
products and pulp and paper are estimated to comprise the majority of this
growth (greater than 90%), industrial and consumer products from renewable
resources comprise the remaining 10%. This substantiates that emerging bio-
based products are poised to grow significantly as projected in the reports from
USDOE and USDA (2, 3) (Figure 1).  Similarly, wood, wood waste, black
liquor and biomass will continue to increase their contribution to the U.S.
bioenergy consumption, including liquid transportation fuels (Figure 2). The
importance of renewable resources in the 21st century is also highlighted in the
report by the Bio-based Industrial Products Committee of the National Research
Council (NRC). The report concludes that bio-based products have the potential
to improve the sustainability of natural resources, environmental quality, and
national security while being economically competitive as well (4). Increasing
cost and dependence on foreign fossil fuels is continuing to motivate the
development of innovative technologies for sustainable use of our domestic
renewable resources for energy, chemicals, and materials beyond the traditional
realm of the production of food and feed from agriculture and wood products,
and the production of paper from forest resources. Decreasing the dependence
on foreign oil and developing newer technology for increasing sustainable use of
domestic agriculture, forest resources and other biomass for energy and products
is the only means of ensuring U.S.’s future energy security.

Recognizng the importance of renewable resources and the bio-economy, the
University of Minnesota established several initiatives to promote renewable
energy and bio-based products, including the Initiative for Renewable Energy and
the Environment (IREE) and the Presidential Initiative on Renewable Energy and
the Environment (PIERE), in addition to the “biocatalysis” initiative.
Additionally, there were many factors specific to conventional bio-based products
industry, i.e. the pulp and paper and forest products sector, that provided the
impetus for change including: the North American pulp and paper industry has not
eamned its cost of capital in more than a decade; changing fortunes within the
nation’s pulp and paper industry, and a corresponding drop of more than 50 % in
undergraduate pulp and paper program enrollment nationally; growing wood
products manufacturing capacity outside of North America, and increasing
competition from Asia and elsewhere in domestic and global wood
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Figure 1. Projected growth of materials and chemicals from renewable
resources (Reproduced from reference 3.)

products markets; ongoing consolidation in the domestic building products
distribution industry which translates into steady erosion of employment and
career track opportunities for marketing-oriented forest products graduates;
rising concern about the future supply of fossil fuels and fossil-based chemical
feedstocks; growing societal interest in bio-resources as a source of fuels and
chemicals; realization that research and development efforts and capital
investment in the bio-products arena are not occurring within the nation’s forest
products industry, but rather in the chemical, pharmaceutical, and agri-business
sectors; increasing emphasis within the University of Minnesota on pursuit of
excellence across all programs; intensifiedpressure within the College of Natural
Resources for increases in student numbers and tuition income.

Feedback from the pulp and paper industry indicated that employment
opportunities for new graduates nationwide were unlikely to return to levels
from the 1980s and 1990s. In response to questions about the desired academic
backgrounds of new hires, employers indicated only a slight preference for
graduates of pulp and paper programs over pure chemical engineering graduates,
The greatest preference was for chemical engineering graduates who have
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Table 1. Role of Wood as a Resource in Biomass Energy Consumption

Exhibit 2
Recent Trends in U.S. Biomass Energy Consumption
1990 - 2001 (Quadrillion Btu)

Sector Source 1990 2001 %.;::_ 'a‘;;ge
Residential Wood ? 0.581 0.433 -25%
Commercial Wood ° 0.037 0.052 40%
Industrial Wood ° 1.254 1.702 36%
Transportation Waste ¢ 0.271 0.287 6%
Transportation Alcohol Fuels ¢ 0.063 0.147 133%
Electric Utilities Wood ° 0.008 0.006 -25%
Electric Utilities Waste © 0.013 0.013 —
Non-Utility Power Producers ° Wood ° 0.308 0.379 23%
Non-Utility Power Producers ° Waste ° 0.124 0.324 161%
Total 2.659 3.343 25%

Source: U.S. Department of Energy, Energy Information Administration, Monthly

Energy Review, July 2002 (Tables 10.2, 10.3a, 10.3b); Data from reference 2.

NOTES:

“Wood only

5 Wood, wood waste, black liquor, red liquor, spent sulfite liquor, wood sludge, peat,
railroad ties, and utility poles

¢ Municipal solid waste, landfill gas, methane, digester gas, liquid acetonitrile waste, tall
oil, waste alcohol, medical waste, paper pellets, sludge waste, solid byproducts, tires,
agricultural byproducts, closed loop biomass, fish oil, and straw

7 Ethanol blended into gasoline

¢ Includes the portion of ono-utiltiy power producers’ use of renewable energy to produce
electricity; excludes the portion used to produce useful thermal output, which is
included in “industrial”

completed four to six courses in pulp and paper as part of their degree programs
as a specialization or as an area of emphasis. This response suggested that there
was considerable latitude in redesigning academic programs to serve a broader
clientele (5).

It has been noted in a recent paper that "Converting a pulp and paper mill
into an integrated forest bio-refinery, producing fuels, power, chemicals and
fiber-based products from renewable resources, affords an exciting range of
technical challenges and opportunities while offering the real prospect of
significant improvement in industry profitability and societal acceptance." (6)
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The concept of a Forest Biorefinery is schematically depicted in Figure 2.
This statement describes almost precisely the prevailing view within the
University of Minnesota Bio-based Products faculty.

Program and Curricula

General Program and Curriculum Development

In step with the technology roadmap and Minnesota’s and the University of
Minnesota’s long term visions to meet the workforce and educational needs of
the conventional and emerging U.S. bio-based industry, the faculty and staff in
the Department of Bio-based Products (formerly the Department of Wood and
Paper Science) undertook an innovative and major departmental level reform
with the introduction of an inter-disciplinary undergraduate curriculum in Bio-
based Products Engineering (BPE) in Fall 2004. The name of the curriculum
refers to non-food and feed, industrial and consumer products including
materials, chemicals and energy derived from renewable bio-resources . The
term ‘bio-based products’ as defined by Farm Security and Rural Investment Act
(FSRIA), means a product determined by the U.S. Secretary of Agriculture to be
a commercial or industrial product (other than food or feed), that is composed in
whole or in significant part, of biological products or renewable domestic
agricultural materials (including plant, animal, and marine materials) or forestry
materials.

The inter-disciplinary Bachelor of Bio-based Products Engineering degree
(BPE) is a joint program between the College of Natural Resources and the
Institute of Technology, the science and engineering college at the University of
Minnesota. This program is the first such collaborative program between the two
colleges. A formal agreement has been entered into between the two colleges
that allows bio-based products engineering students to enter the University
through either the College of Natural Resources or the Institute of Technology
and to earn their degrees from the Institute of Technology. This arrangement not
only offers new opportunities for students, but it also directly involves the
Institute of Technology in student recruiting for the bio-based products
curriculum as one of 19 science and engineering majors the University has to
offer. There are efforts underway which implement an integrated, trans-
disciplinary approach, by leveraging the full breadth and expertise of a variety of
disciplines. We will be seeking ABET accreditation of BPE curriculum in Fall
2007 under the general criteria. The faculty and staff are very committed to this
major departmental reform embracing a broad scope of materials, chemicals and
energy from renewable bio-resources in their teaching, research and outreach.
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Program Reformation Embracing a Broader Scope of Bio-based Products

Traditional agricultural education has been “production-oriented” with the
emphasis solely on food and feed supplies (7). Likewise, conventional forest
products curricula focused on the manufacturing aspects of wood and fiber
products. In general, the manufacturing and process industries are going through
a monumental change from a traditional process, manufacturing and operations
emphasis to a more globally competitive, product and customer-focused
empbhasis (8).

In order to prepare the future professionals for the bio-economy, traditional
agriculture and forest products academic curricula have to embrace an
unprecedented change by completely revamping and reshaping its curricula (9).
Thus an interdisciplinary approach, similar to what is becoming increasingly
common practice in research, is essential in academic curricula of the future.
Indeed the need for a trans-disciplinary approach for broadly trained
professionals for the bio-economy with a true convergence of traditional
agriculture, forestry and petrochemical disciplines and emerging industrial
biotechnology has been clearly envisioned in the Technology Roadmap (3).

Other disciplines involved in the process include departments of biosystems

and agricultural engineering, biotechnology institutes, colleges of biological
sciences, departments of chemistry, chemical engineering and materials science,
mechanical engineering and biomedical engineering (all in the Institute of
Technology). Industry stakeholders include members of our industry advisory
council with representatives from traditional bio-based products industry
including forest products, pulp and paper and allied industries and emerging
bio-based products industry. Based on the above extensive discussions and
consultations, and recognizing the need for change, faculty arrived at a
consensus to broaden the scope of our programs and curricula. The Pulp and
Paper Industry Advisory Council at their annual meeting in Fall 2003 voted
unanimously to support curricular and programmatic changes.

The programmatic essentials of the new curriculum are outlined in Table 2.
While the overall make-up of the curriculum is similar to the previous pulp and
paper curriculum, virtually all of the courses have been changed in some way
and the changes in many courses are substantial. Examples of the course changes
and their comparison to the previous pulp and paper curriculum is described in
the section below. Several completely new courses, such as molecular and
cellular processes, bioprocess engineering, bio-based products engineering, and
bio-based composites engineering, have been incorporated as part of the
curriculum as well.

In Materials, Chemicals, and Energy from Forest Biomass; Argyropoulos, D.;
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Multi-disciplinary, Integrated Bio-based Products Engineering Curriculum
and ABET Accreditation in 2007

The Engineer of 2020 lists the following attributes of the successful
engineer in 2020 (/0) helping to provide guidelines for future engineering
curricula: possess strong analytical skills; exhibit practical ingenuity; posses
creativity; good communication skills with multiple stakeholders; business and
management skills; understand the principles of leadership; high ethical
standards and a strong sense of professionalism; dynamic/agile/resilient/flexible;
lifelong learners.

Engineers must now complement technical competence with the skills in
communication, teamwork, understanding of the non-technical aspects that affect
engineering decisions, and a commitment to lifelong learning. Traditional
engineering undergraduate programs are not capable of handling such demands
in liberal education components or radically different curriculum delivery
methods (/7). The traditional lecture-based learning and competitive reward
structure have to be changed to prepare engineers for the 21st century.

Based on discussions among faculty, consultations with other departments
and the industry advisory council, and following the ABET guidelines, rigorous
Program Educational Objectives (PEO’s) and Program Outcomes (PO’s) for the
new curriculum were formulated.

Close cooperation among the previously separate disciplines is essential for
better preparing future engineers to tackle the problems that have no obvious
disciplinary boundaries. The bio-based products engineering curriculum ( 4-year
plan of courses shown in Table 1) spans across multiple colleges and disciplines
with required course work and faculty participation from the Department
Biosystems and Agricultural Engineering (BAE), College of Agricultural, Food
and Environmental Sciences; Biotechnology Institute, College of Biological
Sciences and the Institute of Technology (U of M’s College of Engineering); and
the newly formed Department of Bio-based Products, College of Natural
Resources. Basic sciences and some of the basic engineering courses are offered
by faculty from the Institute of Technology. Basic biological systems and
bioprocess engineering courses are offered by faculty in BAE and the
BioTechnology Institute. Basic science and engineering of bio-based products
are offered by faculty in the Bio-based Products department. Capstone process
and product design is co-taught by faculty in College of Natural Resource and
the Institute of Technology.

For example, one semester long course on wood chemistry has been
changed to embrace a broader scope of chemistry of plant materials. In addition
to carbohydrates, lignin and extractives, the broadened scope of topics includes
proteins, alkaloids, chemicals and other products from biomass. The pulp and
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paper unit operations course has been changed to a 4 credit bio-based products
engineering course which includes basic unit operations relevant to the
conventional bio-based products industry as well as the emerging bio-based
products industry. The unit operations considered include, in addition to
filtration, drying, evaporation, combustion, and dewatering, membrane
separation, distillation and extraction, gasification, etc. In each of the unit
operations in addition to drawing examples from pulp and paper, examples from
emerging bio-based products industry such as bio-ethanol, bio-diesel, bio-based
polymers are also used. Basics of bioprocesses such as fermentation,
bioreactors, cell growth kinetics, recovery and purification are considered in a
separate class on bioprocess engineering. We have taken a more basic,
fundamental approach to the undergraduate curriculum providing the students
with the basic fundamental principles and some flavor for applications but more
importantly an ability to carry on life learning for new scientific principles and
applications technology. For example, the traditional wet end chemistry course
taught in many pulp and paper curriculums has been changed to a more
fundamental surface and colloid science course covering the aspects of not only
wet end chemistry but also coatings.

Integration of Design — Process and Product Design

Given the changes in business and industry, it is unlikely that many of the
future engineering graduates are expected to design large-scale continuous
plants. Rather, they need to be prepared for more diverse and flexible roles in
industry. This is also true for Bio-based Products Engineering graduates. To
realize the BPE program educational objectives, and in response to the
significant changes in emerging bio-based products industries, a new two-course
sequence, Process and Product Design, was created. The new curriculum
provides the capstone design experience in the Bio-based Product Engineering
curriculum incorporating novel, multi-disciplinary, cross-functional process and
product design approach to engineering design. Integrated design concepts are
also planned to be incorporated across the entire curriculum. Course
development will be guided by the Backward Design Process as outlined by
Bransford, Vye and Bateman (/2) in The Knowledge Economy and Post-
Secondary Education and by Wiggins and McTighe (/3) in Understanding by
Design. Process and Product Design involves making decisions on what to
make and how to make it. A four-step procedure set forth by Moggridge and
Cussler (/4, 15) for chemical product design will be followed and include the
following topics in sequence: identifying customer need, generating ideas,
selecting a design, and manufacturing the products.

In Materials, Chemicals, and Energy from Forest Biomass; Argyropoulos, D.;
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In addition, students will be involved in a professional work environment
which requires oral and written communication among team members and
between the team and engineering professionals. The students will be given
opportunities to discuss the development of their design, its limitation and other
issues in both weekly meetings and project presentations. The ethical, safety and
environmental consideration and recommendations are required in their final
report. These measures are designed on the basis of ABET criteria.

Pedagogy

In addition to embracing a broader focus, as part of the new Bio-based
Products Engineering curriculum, the plan is to implement the learning from
recent advances in the pedagogy of engineering education, thus contributing to
its own advancement. During the recent past there have been numerous
discussions about effective engineering education (/6) and the consensus is that
the goals in teaching college level science and engineering include helping
students to develop problem-solving and communication skills, the ability to be
a team member and the desire for lifelong learning. These goals clearly go
beyond the traditional discipline-oriented knowledge acquisition. Young
engineers today need to be equipped with a broader background in related
subject areas and be able to apply this knowledge in a complex problem
environment (/7). Another well-accepted fact is that learning is best facilitated
by giving students the opportunity for active learning and hands-on practice
rather than by simply presenting the information (/8, 19). The days of the “sage
on the stage” clearly are over. Effective instructors see themselves in the role of
coaching and encouraging students to achieve the required skills and providing
constructive feedback. Cooperative learning is one example of pedagogies of
engagement that has been shown to be effective in achieving a broad range of
student learning outcomes (20).

Summary and Path Forward

The forest products and pulp and paper industry has a long, successful
history of making industrial and consumer products from wood, the primary
renewable resource. This industry has been under severe global competition
from low cost manufacturers, and instead of being focused on a narrow range of
commodity products based on cellulose fiber, the forest products and paper
industry has an opportunity to play a vital role in the 21st century bio-economy.
With the advent of industrial biotechnology, this industry can be at the forefront
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of developing a multitude of materials, chemicals, fuels and energy for the bio-
economy. The success of the bio-economy can only be realized if a trans-
disciplinary approach within traditional forestry/agriculture, and the
petrochemical and industrial biotechnology industries is pursued.

Recognizing the opportunities in conventional and emerging bio-based
products and the role a traditional department such as wood and paper science
can play, faculty at the University of Minnesota have undertaken a major
initiative developing a bio-based products program and curricula which
embraces a broader scope of bio-based products including wood products, paper
and other bio-based products. The new curricula in bio-based products
engineering and marketing and management are inter-disciplinary, borrowing on
the wide-ranging expertise in a multitude of relevant disciplines throughout the
campus. The broader impacts of the ongoing effort include transformation of an
academic curriculum in the emerging field of bio-based products training; well-
prepared technical and business professionals for the future “bio-economy”, thus
ensuring U.S. energy independence and economic security; environmental
sustainability; and economic growth.

The implementation of the curricula is in its second year. Already, positive
response in terms of increased student interest is apparent. Given the magnitude
of the curricular change, it will be a few years before faculty feel more
comfortable embracing a broader bio-based products focus in their classes.
Already, a broadened scope of sustainable renewable bio-resources utilization
and bio-based products has gained increased attention and visibility within the
campus and elsewhere, attracting additional opportunities for research. The
future success of this effort, as with any curriculum, will certainly depend on
career job opportunities in the conventional wood products and pulp and paper
industry, as well as job opportunities in the emerging bio-based products
industry.

It is believed that the curricular and programmatic changes underway in
collaboration with other departments and colleges across the campus will
advance the University of Minnesota’s efforts to provide vitally important
education, research and training for the bio-based industry and bring the
University of Minnesota to the leading edge of the bio-economy.
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