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Evaluation of Feedstocks for Cellulosic Ethanol and
Bioproducts Production in the Northwest
Chapter 1
General Introduction

Increasing cost and rising demand for energy worldwide from population
growth and economic development have focused world attention on
developing larger and more sustainable supplies of transportation fuel.
Cellulosic ethanol has the potential to significantly augment ethanol production
for transportation use. This is possible for several reasons. Cellulose is the
most abundant structural component in most plants. It is also the most
abundant organic compound on earth (Encyclopedia Britannica, 2010)
Cellulose was discovered and identified in the 1830s by Anselme Payen, a
French chemist (How Products Are Made, 2010), who also started the practice
of using the ―ose‖ and ―ase‖ suffixes for carbohydrates and enzymes. The
supply of cellulosic materials is larger than the starch and sugar feedstock
supplies. Cellulosic feedstock cost is usually less because many of the
cellulose-rich feedstocks require smaller inputs of fuel, water and fertilizer
than other crops. Additionally, many cellulosic feedstocks are co-products
already being produced in the growing of other crops, thus having very small
additional input requirements.
At this time, ethanol is the main addition to the gasoline supply. Currently,
most ethanol fuel in the United States is produced from corn starch. This is
done by enzymatic hydrolyzation and yeast fermentation of milled corn grain.
Ethanol benefits gasoline, the environment and the economy by increasing the
octane rating, providing oxygenation and reducing petroleum imports. Using
lignocelluloses to produce ethanol fuel can provide increased sales for farmers,
utilization of cellulosic wastes and cleaner burning transport fuels. Cellulosic
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ethanol production is also possible from biomaterials after processing removes
high value products from the feedstock. An example of this is the woody,
invasive shrub gorse. It has the potential to be a source of several high value
extracted products, with the residual material being useable for ethanol
production. This is also possible with many of the plants used for essential oils
and other extracted high value products which use only a small portion of the
plant.
Most ethanol is produced by two basic processes, chemical and biological.
Chemical production, mainly from petroleum, is used for less than 4% of
ethanol production (Taherzadeh, et al., 2007). It is characterized by high
energy consumption, high pressures and temperatures. This requires expensive
energy and equipment, but has relatively short process times compared with
biological processes. Biological ethanol production, from renewable
feedstocks, uses lower pressures, temperatures and acidities suitable for
enzymes and fermentation organisms.
The two main methods of biological production are concentrated acid and
enzymatic hydrolysis. One uses sufficiently strong acid to hydrolyze the
cellulose into glucose for fermentation. The other uses cellulase enzyme
mixtures to hydrolyze the cellulose. Except for the concentrated acid
hydrolysis or pretreatment stages, biological production can use less expensive
equipment due to the less extreme acidity, pressure and temperature involved.
This thesis focused on cellulosic ethanol production from several common
northwest agricultural crops, an invasive plant and solid waste. Feedstocks
considered in Chapter 2 were wheat straw, reed canarygrass, annual ryegrass
straw, corn pericarp, corn cobs and waste newspaper. The waste newspaper
was used as an analogue of municipal solid waste. Laboratory ethanol
production consisted of comminution; pretreatment with steam explosion, hot
water, dilute acid or dilute alkali; followed by simultaneous cellulase
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saccharification and yeast fermentation (SSF). Lab results were combined
with northwest crop and solid waste data to estimate potential ethanol
production. Chapter 3 of this thesis focused on gorse harvested in different
months for useable extracts and cellulosic ethanol production.
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Chapter 2
Evaluation of Northwest Cellulosic Feedstocks
For Ethanol Production

Introduction

Producing ethanol from lignocellulosic materials has several
advantages. First, since it does not use grain, it is not using food out of the
world’s supply (Food2009). While usable for ruminant animal feed, fuel, fiber
and industrial feedstocks, lignocellulosic materials have only nonnutritional
fiber value as human food because they cannot be digested. Cellulose is the
most abundant organic substance on earth (Encyclopedia Britannica, 2010).
Over 90% of plant biomass is lignocellulosic material, with an estimated 8 to
20 billion tons potentially accessible worldwide (Lin, et al., 2006).Chief
constituents of lignocellulosic materials are cellulose, hemicellulose and
lignins. The lignocellulosic composite forms the supporting structure in the
primary cell wall of green plants and some algae. As an example, samples of
wheat straw showed cellulose/hemicellulose/lignin percentages of
32.6/22.6/19.9%, respectively (US Department of Energy, 2004).
Using cellulosic crop material for ethanol production can increase the
ethanol production from the same land area. Department of Energy research
found net reduction in greenhouse gas emission over petroleum fuel was found
to be 113% (DOE United States of America, 2008). This reduction is possible
because ethanol production from lignocellulosic material can use co-generation
of electricity from the lignin in the feedstock material. Net greenhouse gas
emission reduction from making ethanol from corn grain starch is estimated at
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20% to 60% over petroleum fuels. Ethanol from lignocellulosic materials can
possibly reduce food prices by reducing demand for using food grains for fuel.
Established switchgrass fields annually produced 5.2 to 11.1 Mg/ha.
This resulted in average Net Energy Yield of 60GJ/ha-y (Schmer, et al., 2007).
Also, lignocellulosic ethanol from switchgrass produced 540% more renewable
energy than the nonrenewable energy used for production (Schmer, et al.,
2007).
Until now, lignocellulosic materials have had little use as feedstocks for
ethanol production due to two factors. Hydrolyzing the cellulose requires
pretreatment and enzymatic hydrolysis, both of which add significant costs.
Utilizing the pentoses from the hemicellulose for increased ethanol is possible.
But the organisms to ferment pentoses currently are not as robust as the
standard yeast. This adds additional cost and complication for pentose
utilization. More efficient and economical crop production, pretreatments,
enzymes and fermentation organisms are research areas needed for improving
cellulosic ethanol viability.
Lignocellulose is characterized by longitudinal core bundles of
cellulose fibrils wrapped with hemicellulose strands and cemented together
with lignin. Lignocellulosic structure is often compared to the structure of
reinforced concrete. In the concrete commonly used for buildings and bridges,
the large longitudinal reinforcing bars are like the cellulose fibrils. These bars
are normally ―wrapped‖ with hoops or rings of smaller sized rebar
perpendicular to the main bars. Hemicellulose fulfills this wrapping function
in the lignocellulosic material. These wrapping elements resist the shearing
forces when the structure is stressed so that it resists rupture, collapse or
failure. The concrete, composed of Portland cement, stones and sand is like
the lignin. It surrounds the linear and perpendicular combination and holds it
in position and protects it from physical and chemical attack. These materials,
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referred to as ―composite structures‖ are typically stronger than the individual
components. However, for efficiently hydrolyzing the cellulose into glucose
for ethanol production, the obstacles of the lignin coating and the
hemicellulose ―wrappings‖ must be accounted for, as well as the crystallinity
of the cellulose itself.
The cellulose molecule is a polymer chain of up to about 2000 to 2700
D-glucose molecules (Taherzadeh, et al., 2007). The chemical formula is
(C6H10O5) n where n is the number of glucose units in the chain. The
unbranched homopolymer (only one type of molecular unit) structure of
cellulose makes it possible for the cellulose chains to fit tightly side by side
with few irregularities. This gives it a crystalline structure with physical
strength enhanced by the hydrogen bonding between the chains. The
crystallinity also makes it resistant to degradation.
Hemicelluloses are highly branched heteropolymers composed
primarily of xylose with arabinose, and the hexoses mannose, glucose and
galactose, as well as sugar acids (Saha, 2003). Molecular weight of
hemicellulose is about 10 to 20% of cellulose. Hemicellulose fibers are
wrapped around the cellulose fibrils. These wrappings provide shear and
transverse strength to the structure. The mixture of different sugars is
hemicellulose hydrolysates cannot be fermented efficiently by Saccharomyces
cerevisiae. Thus, to utilize hemicellulose for ethanol requires different
fermentation organisms (Taherzadeh, et al., 2007). Another aspect in
hemicellulose utilization is the formation of inhibitors from degradation of
sugars in presence of acid at the elevated pretreatment temperatures. The
pentoses typically can form furfurals and the hexoses hydroxymethylfurfural
(HMF) in hot acidic pretreatment conditions (Taherzadeh, et al., 2007). The
hemicellulose breaks down in pretreatment more quickly than the cellulose,
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thus giving more time for furfural and HMF formation from the degraded
hemicellulose.
Lignin is an amorphous organic aromatic polymer. It is composed
primarily of three methoxylated alcohols, p-coumaryl, coniferyl and sinapyl.
Lignin is a complex biological polymer. Along with cellulose and
hemicellulose lignin is one of the three most abundant organic compounds on
earth. The term is derived from the Latin word for wood, lignum. Lignin
makes up approximately one quarter to a third of the dry mass of wood. These
are polymerized together and randomly bonded to give a molecular weight
over 10,000. The lignin acts as a glue and biocide which surrounds, fills and
strengthens the lignocellulose structure to make it stable and fairly impervious
to degradation chemically or biologically. For purposes of breaking down
lignocellulosics for fuel, the structure presents several problems. The lignin
component resists the heat, water and chemicals to which the material is
subjected for fuel production. The hemicellulose, while easier to melt or
dissolve, is primarily composed of pentoses which are not readily fermented by
most yeast. The cellulose crystallinity makes it resistant to hydrolyzation into
individual glucose molecules for fermentation into ethanol.
Research is currently proceeding to surmount all of these hurdles to
reach the goal of efficient low-cost liquid fuel. The Sun Grant Initiative
(http://www.sungrant.org/), is working to develop and implement a Regional
Biomass Partnership to address barriers associated with the development of a
sustainable and predictable supply of biomass feedstocks(Sun Grant
Association, 2008). The Department of Energy Office of Energy Efficiency
and Renewable Energy (EERE), (http://www1.eere.energy.gov/) is funding
research, including ―Biomass Integrated Process Improvements for
Biochemical Conversion of Biomass Sugars: From Pretreatment to Substitutes
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for Petroleum-based Feedstocks, Products and Fuels‖ and ―Algae Biomass
Supply‖ (EERE, 2010).
In nature cellulose breakdown normally takes months or years. In
nature cellulose hydrolysis is a step in metabolic pathways in which the
organisms use the cellulose for their own nutritional needs. Lignocellulosic
materials must first be pretreated to disrupt the monolithic composite structure
to make it more susceptible to enzymes and microorganisms (Wyman, 2008).
This is usually done with heat, acids, alkalis, steam, chemicals or combinations
of them. This is necessary for the hydrolysis to occur quickly enough to be
commercially useful. Four of these pretreatment methods namely hot water,
steam explosion, dilute acid and dilute alkali pretreatments are considered in
this study. After pretreatment, the materials are subjected to simultaneous
saccharification and fermentation. In this process the pretreated material is
simultaneously hydrolyzed by cellulases and fermented by yeast into ethanol.
This methodology has the advantage that the yeast ferments the glucose as it is
produced so that it does not inhibit further glucose formation by the cellulases.
This results in ethanol as the main output product.
The lignocellulosic feedstocks in this study are reed canary grass, annual
ryegrass, wheat straw, corn cobs, corn pericarp, waste newspaper and gorse.
They were chosen from the large number based one of three criteria. They are
a) common northwest crop materials, b) invasive plants or c) waste product.
The waste newspaper is included as it is a common cellulosic material and
similar to the cellulosic materials which are a main constituent of municipal
solid waste. This work examined potential ethanol fuel production from the
selected lignocellulosic materials with laboratory pretreatment, enzymatic
saccharification and microbial fermentation. The lab results were combined
with data on yields and land available for producing the crops to estimate the
potential fuel output possible from the selected materials in the northwest.
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Northwest Feedstocks and Potential Supply

There are 7,502,272 hectares (18,538,517 acres) of cropland in the
Northwest. This includes 2,638,955 hectares (6,521,000 acres) which is under
irrigation. The following table gives production estimates for corn stover and
wheat straw, corn and wheat land area, and cropland totals in the northwest
states. The wheat straw and corn stover production is based on the ratio of 1.4
and 1.0 times the grain production respectively.
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Table 2.1 Northwest Potential Biomass Yields and Land Areas
Average Biomass Yields (2009)
Oregon

Washington

Idaho

Average

kg/ha (ton/ac.)

kg/ha (ton/ac.)

kg/ha (ton/ac.)

kg/ha
(ton/ac.)

Wheat

5,240(2.34)

5,210 (2.32)

7,460(3.30)

5,970(2.66)

Corn

13,500(6.02)

13,500(6.02)

11,300(5.04)

12,800(5.6)

Crop

Northwest Production in Ha (acres)
Wheat

1,833,000

Corn

(4,530,000)
81,750
(202,000)

Total Northwest Cropland
Oregon

Washington

Idaho

Totals

Irrigated

ha
(acres)
746,750

ha
(acres)
702,503

ha
(acres)
1,335,427

ha
(acres)
2,638,955

Total

(1,845,194)
2,027,648

(1,735,917)
3,079,350

(3,299,899)
2,395,303

(5,010,408)

(7,609,210)

(5,918,899)

(6,521,000 )
7,502,272
(18,538,517)

Status

Several things can be seen from this data. Wheat, the northwest crop with
largest production area, is grown on slightly less than a quarter of the land.
Since wheat will grow in nearly all farmable regions, there is potential for
production increases. Also, the small proportion of land in wheat is an
indication of the number of different crops grown in the Northwest and the
probability that the wheat is being rotated with other crops.
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Corn in the Northwest is restricted to irrigated production areas.
Without increasing irrigated land, there is potential for up to 30 times the
current corn production area. Economically viable corn yields will be unlikely
over the entire irrigated area due to growing season limitations and less
productive soil types. The corn production in the Northwest is challenged by
competition from the Midwest with generally lower production costs. As with
wheat, increased demand and prices for the corn could bring significant
increases in northwest corn production.

Soil Organic Matter Maintenance
In recent years, greater emphasis has been placed on maintaining the
organic matter levels in agricultural soils (Pietola, et al., 2005). This change
has resulted from recognizing the damage caused by depletion of organic
matter that occurred from decades of depending solely on commercial
fertilizers for crop nutrition and discontinuing the use of cover and green
manure crops. In corn production, the use of minimum or no tillage coupled
with winter cover crops showed improvement in soil organic levels (Lee, et al.,
1993). There may be some soils with low organic matter or climatic
limitations which cannot be sustainably harvested for biofuels.
Two courses of action can be followed to maintain soil organic matter.
First, reduced tillage and supplementing post-harvest residue with cover crops
like annual ryegrass or rye can maintain soil organic matter. The cover crops
provide soil erosion protection after the cash crop is harvested. They also
generate additional biomass the replace what is lost annually to breakdown in
the soil. Cover crops capture sunlight and carbon dioxide to produce
additional organic matter at times when none would otherwise be produced due
to removal of the harvested crop.
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Secondly, the utilization of perennial grass biomass crops like
switchgrass or reed canarygrass can supply biomass for fuel production while
maintaining soil organic levels and reducing erosion. These perennial grasses
work in several ways. Perennial grass production eliminates the organic matter
breakdown and moisture loss from annual tillage. Most grasses have a greater
proportion of plant mass as roots in the soil than is typical with grains. A
portion of the high biomass yield of fuel/forage crops can be used for returning
organic matter to the soil if needed. Most grasses are currently grown in
rotations with other types of crops. Grasses help take up residual fertilizer and
add soil organic matter, which reduces nutrient leaching and runoff. The grass
can disrupt weed infestations. Lifespan of perennial grasses provides at least
two or three years of benefit in a rotation program.
The mass of total soil organic carbon in the top meter of cropland has
been estimated at 7900g/m2 or 79Mg/ha (Amthor, et al., 1998). Cellulose is
approximately 44% carbon. Removing an 8Mg/ha biomass crop will remove
approximately 3.5Mg/ha of carbon out of the soil/crop carbon system. This is
4.4% of the soil organic carbon. Depletion of soil organic carbon requires a
number of years. However, erosion of susceptible soils can deplete significant
amounts of carbon and other nutrients in one season, Erosion must be
controlled for sustainable production. Complete removal may not be a viable
practice in highly erodible low rainfall areas due to the difficulty of
establishing protective winter cover after harvest. Cover crops and biomass
grasses can provide erosion control and organic matter maintenance. Biofuel
crop production requires soil management and organic material maintenance
for sustainable production and healthy soils.
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Feedstocks: Description and Potential Production

Wheat Straw
Wheat is the second most produced grain crop worldwide (Oklahoma
State University, 2007), between corn (maize) and rice. Wheat species are
freely tillering, usually robust grasses 60 - 120cm tall. All species are annuals.
Post harvest field residue has a mass of approximately 1.4 times the mass of
grain harvested. The yield of wheat straw has been found to average 2.4 t/ha
(Banowetz, et al., 2008 ). The straw is currently used mainly for maintaining
soil organic matter levels and animal bedding. Wheat needs a minimum of 46
to 53 centimeters (18 to 21 inches) of moisture per crop (Montana State
University, 2010). However, in higher moisture and fertility conditions, it will
yield at far higher levels. As a crop with a low minimum moisture requirement,
it will grow without irrigation in most regions of the United States including
the northwest. In 2008 Idaho, Oregon and Washington farmers harvested
wheat from a total of 1,833,000 hectares (4,530,000 acres) which yielded
2,038,000 tonnes (269,560,000 bushels) of grain (National Agricultural
Statistics Service, 2008). Assuming a biomass to grain ratio of 1.4 would
provide a supply of 2,853,000 tonnes of straw from this acreage. The acreage
planted to wheat in many areas varies widely because of its use as a cover crop
in row crop rotations and an alternate or rotation crop in grass seed fields.
Thus when grass seed or row crop prices are depressed as in 2010, the
production of wheat will rise significantly. This variability is described in the
report that farmers in Yamhill County(Oregon) planted 3,100 acres of wheat in
2008 and 8,100 in 2009 and expect to plant at least that much in 2010 (Oberst,
2010). Having a market for wheat straw for ethanol production likely will
increase the average acreage of wheat produced and provide additional income
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to the farming economy. Economic conditions can cause production of a
specific crop can vary widely over a period of a few years.

Reed Canary Grass
Reed Canary grass (Phalaris arundinacea) is a common grass in most
of the United States (Hall). It is a cool season perennial with the C3 metabolic
pathway (Lewandowski, et al., 2003). As a perennial, it requires no annual
tillage and replanting of the production area. This species of grass forms a
tight root system, which is ideal for erosion control and adding organic matter
to the soil (Hall). It will tolerate flooding conditions, yet survive well in dry
areas. In addition to the United States, it also grows in many areas of Canada
(United States Department of Agriculture, 2010). These are important factors
in the goal of long term sustainability in agriculture. As a perennial, it can be
grown without the annual economic and energy costs for tillage needed for
annual planting of crops such as corn or wheat. This reduced production cost
is a significant economic advantage of Reed canary over many commonly
grown crops. In farmed wetlands it is a good choice over annual crops to
reduce erosion and will provide economical biomass for pasture, hay or fuel.
The extremely dense root system is also useful for trapping nutrients and
pollutants so they do not get into the ground or surface water. The wide
moisture tolerance range makes it a valuable species for vegetative wastewater
remediation systems. It will thrive with high water inputs such as wastewater
spreading and winter rainstorms, including periods submerged. But it will also
grow well without added water in most areas. The grasses nutrient uptake
makes the nutrients available to be recycled as biofuels, livestock feeds or
other uses. Reed canary grass has produced up to 8.6 T/ha-y dry mass of
biomaterial when used in pastures and forage applications (IENICA). The
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high biomass production with low inputs makes Reed canarygrass a good
possibility for cellulosic biomass production

Annual Ryegrass
Oregon is one the largest production areas of Annual Ryegrass in the
world with 47,960 hectares (118,520 acres), which produced 106,321,000
kilograms (234,395,000 lbs) grown in Oregon in 2009 (Oregon Department of
Agriculture, 2010). Washington and Idaho production is insignificant.
Management of the straw residue from the fields so they can be replanted is an
ongoing problem. This is due to the absence of a feed market for use of the
straw because of its low nutrient content and the air pollution from burning the
straw in the field. This could be alleviated by using the straw for ethanol
production. Annual ryegrass has less need than most crops to return surface
organic matter back to the soil. Between 29 to 80 per cent of the biomass of
the plant has been found to be below ground in the root system (Pietola, et al.,
2005). This is among the highest soil plant mass levels of any crop. Annual
ryegrass hay has shown yields of two to six tons of hay per acre (Lacefield, et
al., 2003).

Corn Cellulosic Components
The above ground mass of corn which is the stalk, leaf, husk, and cob
left after the grain is harvested is called stover. As a lignocellulosic material,
the stover is not currently used for commercial ethanol production except in
pilot plants. There are several pilot plants currently being planned or built to
do this. Stover mass from grain corn is equal to the mass of grain produced
(Pordesimo, et al., 2004). Corn cobs make up 20 percent of the dry mass of
stover (Atchison, et al., 2003).
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In the United States, 307 million Mg (12.1 billion bushels) of corn was
harvested from 31.8 million hectares (78.57 million acres) (National
Agricultural Statistics Service, 2008). This was an average yield of 9,860
kilograms per hectare (157 bushels per acre). 91 billion kilograms (3.6 billion
bushels) of the corn was used for ethanol in the United States (National Corn
Growers Association, 2009). The Energy Information Administration reported
United States 2008 ethanol production was 30.2 billion liters (190,084,000
barrels/7.98 billion gallons) (U.S Energy Information Administration, 2009).
StateMaster.com reported the United States gasoline consumption currently as
404 billion liters (2.540billion barrels) per year (StateMaster). Ethanol
currently averages 8 per cent of the total gasoline content.
In the three Northwest states, corn was harvested from 81,750 hectares
(202,000 acres). This yielded 981,800Mg (38,650,000 bushels) (National
Agricultural Statistics Service, 2008), or an average of 12,000 kilograms per
hectare (191bushels per acre). Potential stover for cellulosic ethanol
production from the 2008 United States corn crop is 307 million tonnes,
including 981,800 Mg in the Northwest. There is also potential for ethanol
production from corn grown as silage, where the plant is cut at ground level
and removed from the field.
Using the cellulosic components of the corn can greatly increase total
ethanol yield. Estimated cellulosic ethanol production from material with 35%
cellulose is about 60 gallons per ton. Adding the fermentation of the pentose
sugars from the hemicellulose could increase the yield from the cellulosic
components to about 90 gallons per ton of stover. Starch ethanol at 2.7 gallons
per 56 pound bushel is a yield of 96 gallons per ton. Combining the use of the
stover with the grain could approximately double the fuel production per acre.
With the average northwest corn grain harvest of 5.6 tons per acre, this is a
potential yield of 1050 gallons per acre. Ethanol production systems utilizing
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lignocellulosics can greatly increase the potential fuel which one hectare or
acre can produce. Alternatively, ethanol could be produced from the cellulosic
portions and the grain used for higher value uses
Corn cob, the central core of a corn ear, is reported to contain 32.3 to 45.6
percent cellulose, 39.8 percent hemicelluloses, and 6.7 to 13.9 percent lignin
(Zych, 2008). The cob has been a traditional direct combustion fuel material in
corn growing regions. The cobs make up about 8 per cent of the above ground
mass as harvested (Pordesimo, et al., 2004). In the corn picker harvesting
system, the cobs are collected with the kernels attached to facilitate natural air
drying, and then shelled out as needed. Combines, currently the harvesting
method of choice, have been experimentally adapted with hoppers to collect
the cobs after threshing off the grain. This makes it convenient and fairly
inexpensive to utilize the cobs due to the elimination of a separate trip over the
field for cob collection. These harvesting systems give the corn cob good
potential for cellulosic ethanol production.
Corn Pericarp Fiber is the outer ―skin‖ of the corn kernel. In the corn
grain starch-based ethanol production system, the pericarp is a byproduct. Due
to its high cellulose content, the amylase enzyme systems used to hydrolyze
the starch in ethanol production cannot break down the pericarp. Unless
separated, corn fiber typically goes into the distillers dry grains with solubles,
(DDGS). DDGS is the main co-product from the commonly used dry grind
process. The pericarp comes into the biorefinery as part of the corn. It is rich
in cellulose and already available in the ethanol plant. A cellulosic ethanol
production line using pericarp in or near a starch-based plant could increase
ethanol output by 14 percent (Ladisch, et al., 2008). Grain corn is currently
grown on 81,000 out of 2.6 million total irrigated hectares in the Northwest. It
is not currently a major crop in the Northwest. If market conditions supported
it, corn grain could be produced in the irrigated interior areas of this region.
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The Pacific coast maritime region of the Northwest normally has too short of
growing season for grain corn production, but does currently have corn silage
production with possible biofuel potential.
Solid Waste Materials
In 2006, U.S. residents, businesses, and institutions produced more than
251 million tons of municipal solid waste, which is approximately 4.6 pounds
of waste per person per day. (Environmental Protection Agency, 2010). About
50 to 70 percent of this material, depending on the state, is currently being put
into landfills. In Oregon, 2,583,579 tons of solid waste was disposed in
2009out of a total of 4,671,845 tons of total waste generated (Perry, 2009).
The rest was recycled. Cellulosic material makes up about half of municipal
solid waste (Andren, et al., 1975) (Andren, et al., 1975). Half of the 4.6
pounds per day would be about 800 pounds per year. At 70 gallons of ethanol
per ton there is the potential to produce about 30 gallons of fuel per person
each year. For the 11.5 million people in the northwest, this would be about
330 million gallons each year. This would reduce landfill costs and pollution
potential while providing a valuable resource for the transportation industry.
Pulp mill fiber waste, recycled paperboard, construction wood waste, food and
other plant material wastes are other common lignocellulosic materials which
are similar to the waste paper and paperboard products in the solid waste
stream which could also be used for ethanol. The rising cost of landfills will
make utilizing waste paperboard materials and other solid wastes for ethanol
more attractive environmentally and economically in the future.

Pretreatment Methods
Pretreatment, the first step in making lignocellulosic material accessible
for fermentation into ethanol is the most expensive part of the cellulosic
ethanol production process (Wyman, 2008) . Pretreatment cost averages
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around 18% of the total production cost, and it is a critical step for the process
to be viable. The primary purpose of the pretreatment is to render the
crystalline cellulose structure in the lignocellulosic material more accessible to
the enzymes for hydrolysis. Without pretreatment, the structure is only slightly
susceptible to enzyme attack. Without pretreatment, the saccharification
process will proceed far too slowly to be economically viable.
Many methods for pretreatment of cellulosic biomass have been proposed.
Pretreatments can be classified as physio-chemical, chemical and biological
based on the predominant mode of action (Sanchez, et al., 2008). Common
pretreatments reported in literature include hot water, dilute acid, dilute alkali,
steam explosion, AFEX (ammonia fiber explosion), organosolv, ozone and
enzymatic pretreatment processes. First four processes can be classified as
physio-chemical pretreatment processes and have been investigated in this
thesis.

Hot Water
Hot water pretreatment uses liquid water at temperatures from around
120 to 220°C in closed vessels. The pressures at these temperature conditions
force water into the interstitial spaces between the cellulose molecules to
soften and disrupt its crystalline structure without forming the inhibitor furfural
(Taherzadeh, et al., 2008). The pretreatment also loosens the bonds of cellulose
to the hemicellulose and lignins to partially liquefy and remove hemicellulose
and lignin. The increased reactivity and the penetrating effect of the hot
pressurized water on the material cause much faster and different reactions
than occur at open room temperature conditions. The temperatures in this
process increase the dissociation of the water molecules, increasing the
reactivity. The pH of water decreases with heating, reaching a pH of 5.7 at
180°C (Lenntech Water treatment & air purification Holding B.V.). The
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advantages of hot water pretreating include no pretreatment chemical costs and
low inhibitor formation while achieving higher pentosan recovery when
compared with steam explosion or dilute acid processes. Since the standard
yeasts cannot ferment the predominant pentose sugars in hemicellulose, other
organisms are necessary to do this (Dien, et al., 2006). For example, treating
of de-starched corn fiber with hot water at 160 °C for 20 minutes dissolved
75% of the xylan (Dien, et al., 2006). With alfalfa fiber increasing
temperature to 220C° for 2 minutes dissolved hemicelluloses completely and
removed some lignin (Sreenath, et al., 1999).

Steam Explosion
This method uses the increased activity of temperatures from about
160°C to 260°C and closed vessels similar to the hot water pretreatment. The
pressure is typically released through a ball valve as large as possible to
maximize the rate of pressure release. It adds the explosive expansion of the
liquid water inside the material to the heating process. This process acts
through the water ―flashing‖ into steam when the pressure is suddenly released
after holding it from about 30 seconds to 20 minutes (Taherzadeh, et al., 2008).
Water is good for this because its expansion of about 1000 times at
vaporization is one of the highest of any liquid. Water also has the benefits of
being a nontoxic nonflammable substance. This ―explosion‖ occurs inside the
lignocellulosic material causing rupture of the cells and disruption of the
overall structure (Joeh, 1998). It is better for larger particle sizes than the
standard closed vessel pretreatments because the water in the pore structure
will effectively ―explode‖ and disrupt the material. In research, conventional
grinding required 70% more energy than steam explosion for the same size
reduction (Holtzapple, et al., 1989).
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Steam explosion for production of ethanol was evaluated for wheat
straw at 190 °C for 8 min; Brassica carinata residue at 210 °C for 8 min; and
sweet sorghum bagasse at 210 °C for 2 min. Steam explosion extensively
solubilized the hemicellulosic sugars and decreased 75–90% of xylose content,
depending on the substrate (Ballesteros, et al., 2004). The severity of the
process, which depends largely on rate of pressure change in the ―explosion‖
process, varies widely among the studies done. One study used a chamber
connected to a live steam line, after which the steam was released through a ¾
inch ball valve. Others have uses closed ¾ inch tubes with ¾ inch ball valves
to maximize pressure change.
Adding H2SO4 (or SO2) or CO2 in steam explosion has been found
to improve enzymatic hydrolysis, decrease the production of inhibitory
compounds, and lead to more complete removal of hemicellulose (Morjanoﬀ,
et al., 1987). Steam explosion pretreatment of sugarcane bagasse has been
found to be optimal at 220°C with 30 second residence time; water-to-solids
ratio of 2 and 1% H2SO4. This was found to produce was 65.1 g sugar/100 g
of starting bagasse (Morjanoﬀ, et al., 1987).

Dilute Acid
Dilute acid pretreatment utilizes similar temperatures and equipment to
the hot water process. It is characterized by using 0.5% to 2%, occasionally up
to 5%, sulfuric or other acid in the pretreatment. The effect of the acid is
intensified by the heat and pressure which enhances the breakdown of the
material. More than 80% of hemicellulose can be hydrolyzed below 200°C,
but for cellulose the optimal temperature is 20°C or more higher. Since the
hemicellulose yields mostly pentoses, it is critical to have organisms which can
ferment them. The downside of this increased severity is an increase in
production of inhibitors, typically furfurals and HMF (Saha, et al., 2005).
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Dilute Alkali
Alkali materials in hot aqueous solutions also promote the breakdown
of lignocellulosic materials in the pretreatment process. The relatively high
costs of sodium or potassium hydroxide, which are commonly used in
laboratory research, are not economically viable for commercial ethanol
production (Sanchez, et al., 2008). The pulp and paper industry uses alkali
methods to separate the hemicellulose and lignins from the cellulose fiber. The
alkali is thought to be effective through saponification of the ester bonds which
crosslink the xylans in the hemicellulose to lignins and other hemicellulose
molecules (Sun, et al., 2002). This increases the permeability of the structure,
making it more porous so that enzymes can act on it. The alkali process has
the benefit of not producing HMF. The cost of alkali and neutralizing
materials are negative factors in the alkali pretreatment method.

Analytical Methods

Spectrophotometric Ethanol Assays
Two spectrophotometric ethanol assays, based on action of alcohol
dehydrogenase and alcohol oxidase enzymes can be used. One method uses
alcohol dehydrogenase with NAD+ to form NADH and acetaldehyde (Cornell,
et al., 1983). The NADH produced from the ethanol in the sample has usable
absorption levels at 340nm, where the NAD+ has relatively low absorption.
The amount and absorbance of NADH produced is proportional to the original
ethanol level. Influence from other molecules is minimized because the
alcohol dehydrogenase catalyzes only alcohols and ethanol is the major alcohol
formed in yeast fermentation. Since this method uses fewer reagents and no
chromophore, it is less expensive, so that analyses can be made at less cost.
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The only equipment requirements are that the plate reader must operate at this
ultraviolet wavelength and the micro-well plate must have low absorption at
this wavelength. Standards of known ethanol concentrations bracketing the
sample range are run to accurately quantify the sample ethanol levels.
Ethanol assays also can be measured at visible wavelengths with
fNo.K620-100). It uses alcohol oxidase to the ethanol sample to generate
hydrogen peroxide which reacted with the colorless chromophore turning it
red. This produced a colored solution with usable absorption at 570nm and
proportional to the original ethanol amount. According to the manufacturer,
this method could detect ethanol from at least 0.4 up to 40ppm due to the high
absorbance and fluorescence characteristics of the chromophore at a
wavelength typically not highly absorbed by the other reagents in the samples.

Weight loss during the fermentation process is one way to determine
ethanol produced. Weight loss or the concurrent specific gravity decrease
from sugar consumption is often used by fermented beverage and fuel makers
to monitor fermentations. The gravimetric ethanol yield measurement (Lemuz,
et al., 2004) is based on the fermentation to produce ethanol. This measures
loss of carbon dioxide gas through the reaction C6H12O6 → 2C2H5OH +
2CO2↑. Based on the molecular weights of the reagents, one unit of weight
loss during fermentation indicates the production of 1.0468 units of ethanol.
Pure yeast culture and anaerobic conditions help to restrict reactions to ethanol
production. Pure yeast culture in anaerobic conditions eliminates consumption
of substrate, especially by bacteria, to produce unwanted products. Using
weight change information generated in real time also precludes inaccuracies
from sample deterioration and instrument inaccuracies.
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Materials and Methods

Feedstock Materials
The wheat straw was donated by Venell Feed, Corvallis, Oregon
(www.venellfeed.com). It was the baled field-dried residue after the grain was
harvested. The straw is commonly used for animal bedding because of its low
feed value and ability to absorb relatively large amounts of liquids. The
threshing and baling processes had reduced the length of most of the material
to 0.1 to 0.5meters
The Reed Canary grass was the whole, one and one half to two meter
(4.5 to 6ft.) tall plant, cut off at about five centimeters (two inches) above
ground. It was field collected from WTM Farms, Corvallis, Oregon
(wtm@proaxis.com). It was collected when the seed heads were filled and
mostly dried up. It was estimated to be the stage of growth with the maximum
amount of biomass.
The Annual Ryegrass straw was field collected from Mark Miller
Farms, Corvallis, Oregon approximately one week after the seed was
harvested. Like the wheat straw, it had been cut, threshed, separated from the
seed, and collected at field dry condition. Threshing reduced the length of the
straw to 10 to 20% of the original approximate one meter length.
The corn cobs and pericarp, coproducts of corn grain processing, were
provided by Dr.V. Singh and Dr.M.E. Tumbleson, Agricultural and Biological
Engineering, University of Illinois at Urbana-Champaign. The pericarp is the
―skin‖ also called corn fiber. It is typically milled off of the grain in the starch
ethanol dry grind production process.
The newspaper material was recycled copies of the OSU Daily
Barometer campus newspaper. The newspaper was processed through an office
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paper shredder and then cut into shorter lengths. The paper was 61.7±5.4 µm
in thickness (KD 0-1inch micrometer, KD-Tools, Sparks, Maryland). The
strips were about 5 mm wide and typically 30 to 80 mm long.

Feedstock Characterization
All of the feedstocks except the shredded newspaper were ground in a
Wiley Mill (Model No. 4, Thomas Scientific, Swedesboro, NJ) equipped with
a 2mm round hole sieve. No other comminution of feedstocks was done in
order to simulate typical industrial processing.
Moisture and ash were measured by oven drying weighed samples in
crucibles at 105°C for 24±6h, and then reweighing. The dry samples were
then ashed in an oven at 575°C for 24h, cooled in vacuum desicator, then
reweighed. Weighing was done on Ohaus Scout platform balance 0-200 by
0.01 gram capacity (Ohaus Corporation, Pine Brook, NJ).
Lignins were measured using the National Renewable Energy
Laboratory (NREL) Laboratory Analytical Procedure for Structural
Carbohydrates and lignin (Sluiter, et al., 2008). This procedure used
concentrated acid hydrolysis of the feedstock into sugar monomers. Acid
soluble lignin was measured spectroscopically and acid insoluble lignin from
the weight of residue after the acid hydrolysis step. Corrections were made for
moisture and ash.
.
Pretreatment Methods
The lignocellulosic ethanol process consisted of pretreatment followed
by simultaneous saccharification and fermentation (SSF). Each replicate was
processed separately. The pretreated slurries were not separated into liquid and
solid fractions. This was done to parallel a simplified scalable industrial
technique.
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Hot Water Pretreatment
All pretreatments were performed in nominal ¾ inch (19mm) outside
diameter by 12 inch (305mm) length series 316 alloy stainless steel tubes with
swaged-on end fittings (Dien, et al., 2006). The tubes had an internal volume
of 60 ml. For safety purposes since to the thermal expansion coefficient of
water is larger than that of the tube, we did not fill the tubes with more than 50
ml total volume to avoid bursting or rupture. The tubes, with 5.00g of sample
biomass in 45.00g distilled water (10% solids by weight), are heated to the
180°C. The sample temperature was monitored with an Omega HH147 Data
Logger (Omega Engineering, Inc, Stamford, CT) with a type K thermocouple
in a1/4inch OD stainless steel probe mounted in one of the reaction tubes with
the water level inside the tube equivalent to that of the sample tubes. This was
done to generate a transient temperature characteristic similar to the reaction
tubes containing the samples. The tubes were heated in a fluidized bed
(Techne model SBL-2D, 230V, 18A, 4000W, with Techne TC-8D temperature
controller, Stone, UK; and Reitschle Thomas diaphragm air pump,
Mod.5120SE, 115VAC, 2.5A) up to the desired temperature and then held in
oven (LabLine, Cat.No.3605-1, 220VAC, 5A, 1200W or similar) at 180°C for
20 minutes. Then the tubes were quenched in 10°C tap water for 5 minutes.
Aqueous solutions of sulfuric acid at 0.75wt% and 2.00wt% and
sodium hydroxide at 1.00wt% and 2.00wt% were each used in place of the
water in the same reactor tubes for pretreating the same types of feedstocks at
the same time and temperature conditions.

Steam Explosion
The steam explosion process consisted of sand bath heating the sample of
lignocellulosic material in the same tubes used in the other pretreatment
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processes except for exchanging one end cap for a 3/4inch ball valve assembly.
Upon reaching the desired temperature, the tubes were removed from the sand
bath. The sample was then instantaneously released through the ball valve into
a device similar to a small industrial cyclone separator at atmospheric pressure

Figure 2.1 Standard and Steam Explosion Tubes

and room temperature. The pressure inside the material at 180°C is
approximately that of saturated steam, 475kPa (145psi), (The Chemical Rubber
Company, 1964). Water vapor exhausts through the outlet of the cyclone
separator.

Simultaneous Saccharification and Fermentation
After pretreatment the entire sample slurries were put into 125mL Erlenmeyer
flasks for SSF. The samples were adjusted to pH4.8 ±0.3 with sodium
hydroxide or sulfuric acid. The pH levels were measured with an ISFET probe
(MiniLab, Mod. IQ125, Hach Company, Loveland, CO) calibrated with pH
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4.00 and 7.00 standard buffers (Ricca Chemical Co., Arlington, TX). Then
1gram of Accelerase 1000, (Genencor, Rochester, NY), 0.2g yeast (Red Star or
equivalent) and 0.5g of urea were added to each flask. The Accelerase is
formulated to have minimum enzyme activities for endoglucanase of 2500
CMC units per gram (U/g) and beta-Glucosidase Activity of 400 (pNPG U/g).
The flasks were placed in rotationally agitating water bath (30°C and 90rpm)
for the 96 hour SSF time. The flasks were weighed and a 2.0mL sample taken
from each flask at 0, 24 and 96 hours from the inoculation time.

Figure 2.2 Steam Explosion Pretreatment Equipment
Ethanol Analysis Methods

Mass Balance/Weight Loss Analysis
The ethanol levels were determined from the weight loss of the
fermentation broth (Lemuz, et al., 2004). Based on the stoichiometric balance
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of two molecules of CO2 produced per molecule of ethanol, each gram of
weight loss as CO2 indicates 1.047g of ethanol produced. This method is
commonly used in fuel ethanol and alcoholic beverage production.

Its

accuracy is based on the specificity of the cellulase/yeast system to produce
ethanol and absence of bacteria which might produce other liquid and gaseous
products. The flasks were loosely closed so generated gases could escape
while blocking influx of outside air. This was done by putting rubber stoppers
in loosely or inserting a hypodermic needle through the stopper. Similar blank
flasks with water showed negligible evaporation losses under the fermentation
conditions.

Spectrophotometric Analyses
Ethanol levels were also measured with two similar methods. First, the
BioCat Ethanol Assay Kit (Catalog No.K620-100) was used. It uses alcohol
oxidase added to the ethanol to generate hydrogen peroxide which reacts with
the chromophore to generate a colored solution with usable absorption at
570nm in proportion to the sample ethanol level. The analysis was performed
in 96 well micro plates.
The second ethanol analysis method used alcohol dehydrogenase (ADH)
with NAD+ to form NADH and acetaldehyde (Cornell, et al., 1983). The
NADH produced from the ethanol in the sample has usable absorption levels at
340nm, where the NAD+ has relatively low absorption. The amount of NADH
produced is proportional to the original ethanol level. Ethanol standards were
also run to quantify and verify accuracy of the results.
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Results and Discussion
Feedstock Characterization

Particle Size Distribution
The particle size distributions were analyzed with a model L3P AllenBradley Sonic Sifter using standard 4 inch diameter sieves with 20, 40, 60, 80
and 100 mesh with 3.oog sample.
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Figure 2.3 Sample Weight on Sieve (g) vs Sieving Time (s) for Each Sieve
Size. Total sample was 3.00g

The vibration amplitude was set high enough to suspend the material in
motion at the surface of the sieve, rather than having it unable to pass through
from being settled on the sieve. The vibration amplitude was also kept low
enough to prevent the material being suspended much of the time well above
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the sieve and unable to pass through. For this machine that was amplitude
between 3 and 6. The processing time of 10min (600s) was used because it
gave the samples time to sift down through the sieve stack. Longer times
(Figure 2.3) caused accumulation of fines from degradation of the material
from the mechanical impact of the vibration. After 21min (1260s), this rubbed
off fines material was 0.29g, nearly 10% of the 3.00g sample.
The sieve retention profiles are shown in Figure 2.3. Feedstock particle
size is important for several reasons.

Smaller particles are more easily

degraded in pretreatment processes due to smaller penetration distances for
liquids to reach the center the particles during both pretreatment and
hydrolysis. Enzymes do not have to hydrolyze through so many layers of the
lignocellulosic crystalline structure, thus reducing time needed to complete the
hydrolysis. Bond’s law states that the energy requirement for comminution is
proportional to {(final size)-0.5-(initial size)-0.5} for particles from 50 mm > d >
0.05 mm. Thus there is a tradeoff of grinding energy cost with enzyme and
processing time costs. Dust and noise also became more significant as particle
size was further reduced with grinding.

32

% RETAINED BY SIEVE

70.00

Reed Canary

60.00

Ann.Ryegrass

50.00

Corn Cobs
Wheat Straw

40.00

Corn Pericarp

30.00

Gorse

20.00
10.00
0.00
2000

425

250

177

149

SOLID

PARTICLE SIZE (µm)

Figure 2.4. Particle size distribution of feedstocks.

The corn cobs were the most resistant to grinding by having the largest
amount of particles in the retention size interval of 425 µm. The corn pericarp
had a similar, but slightly smaller maximum at this size. Annual ryegrass,
which had the highest average yield across all the pretreatments, was divided
about equally between 250 and 425 µm sizes with 15% fines. Reed canary
grass had the smallest particles and broadest distribution, with its maximum at
the 177 µm and 20% each in the 425, and fines (below 149 µm).
Moisture and ash content
The feedstock moisture and ash content of the feedstocks is consistent
with their sources. The Reed Canarygrass, Annual Ryegrass Straw and Wheat
Straw are unprocessed crops taken directly from the field.

Field soil

contamination, which is high in ash content, is inevitable in this operation.
The corn cob and pericarp, being internal in the plant, do not have the soil and
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dust components levels of the straw and hay materials. The newspaper fiber is
washed in processing and the gorse plants are tall enough to reduce the levels
of soil contamination of the field crop residues. This information is important
as the ash content indicates the presence of minerals and silica compounds.
These may affect enzyme activity, solubility and buffering capacity when the
feedstock is processed into ethanol.

Table 2.2 Moisture and Ash Content of Feedstocks
Moisture
Sample
(% w/w wb)

Ash

Reed Canary

6.64±0.15

6.10±0.31

Annual Ryegr.

6.19±0.60

5.94±0.52

Corn Cob

6.77±0.31

1.14±0.33

Wheat Straw

6.65±0.67

4.63±0.21

Corn Pericarp

8.72±0.22

0.91±0.80

Newspaper

5.93±1.04

1.70±0.05

Gorse

3.18±0.17

2.42±0.06

(% w/w dm)

Lignin Content of Biomass
Lignin content of feedstocks is shown in Table 2.3 below. Total lignin
contents of different feedstocks varied between 31.18 % for newspaper to
9.74% for corn pericarp fiber (Table 2.3).
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Table 2.3 Lignin content of feedstocks
Lignins
Material

Acid insol.
(%)

Acid sol. (%)

Total lignin
(%)

Annual Ryegr.

20.67

2.21

22.88

Corn Cobs

16.30

2.5

18.84

Wheat Straw

18.67

1.95

20.62

Newspaper

28.67

2.51

31.18

Reed Canary

17.10

3.00

20.10

Corn Pericarp

6.90

2.84

9.74

Ethanol Yield Results and Discussion

Ethanol measurements from fermentation weight loss
The ethanol yield, as percentage of initial dry weight varied widely
over the matrix of pretreatment methods and feedstocks. The results for
ethanol yield expressed as weight percent of initial biomass dry weight are in
Figure 2.5. More detailed data is presented in Appendix.A.3.
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Figure 2.5 Ethanol Yields Based on Weight Loss (as % of initial wt.)

The ethanol yield from weight loss data was evaluated for each
feedstock with a single factor Analysis of Variance (ANOVA) with 95%
overall confidence level with respect to pretreatment method. The ANOVA
test compared means of the pretreatment yields to determine the presence of
significant differences. ANOVA with p<0.05 indicated that at least one of the
pretreatment yields was possibly significantly different. If the p value of the
ANOVA was more than 0.05, the yield values could not be considered
significant, even if the Tukey test showed significant difference. The Tukey
test adjusts for the possibility of getting a false positive when testing a number
of comparisons. For feedstocks with ANOVA p<0.05, Tukey test was then
applied to the yield differences among all the different pairs of pretreatments to
determine which differed significantly.
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Wheat Straw Ethanol Yield
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Figure2.6 Wheat Straw Ethanol Yield (as % of initial dry weight)

Wheat straw had p=0.02. Since this was less than 0.05, it indicated that
one or more of the ethanol yields had significant difference. The Tukey test
was then used to identify which pretreatments were significantly different.
Examining the results (Appendix A.3) showed that the 1% alkali pretreatment
was significantly higher than either acid pretreatment. The other pretreatments
were not significantly different.
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Reed Canarygrass Ethanol Yield
(%dm±SD)
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Figure 2.7 Reed Canarygrass Ethanol Yield (as % of initial dry weight)

Reed canarygrass had p=0.048. Since this was close to 0.05, it
indicated a slight possibility that one or more of the ethanol yields had a
significant difference. The steam explosion and 0.75% acid pretreatments had
the most difference. The Tukey results (Appendix A.3) showed that none of
the pretreatments differed significantly.
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Figure 2.8 Annual Ryegrass Ethanol Yield (as % of initial dry weight)

The ANOVA for Annual ryegrass had p=0.095. Since this was more
than 0.05, it indicated that none of the pretreatment ethanol yields had a
significant difference. The Tukey test was not used in this case since the high
p value precluded the presence of any significant differences.
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Corn Pericarp Ethanol Yield
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Figure 2.9 Corn Pericarp Ethanol Yield (as % of initial dry weight)

The ANOVA for corn pericarp had p=0.000(<0.001). Since this was
less than 0.05, it indicated that one or more of the pretreatment ethanol yields
had significant difference. The Tukey test was then used to identify which
pretreatments were significantly different. The results (Appendix A.3) showed
that steam explosion and 1%alkali yielded significantly more than any of the
four other pretreatments.

40

Corn Cob Ethanol Yield
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Figure 2.10 Corn Cob Ethanol Yield (as % of initial dry weight)

Corn Cobs ANOVA had p=0.000(<0.001). Since this was less than
0.05, it indicated that one or more of the ethanol yields had a significant
difference. The Tukey test was then used to identify which pretreatments were
significantly different. The results (Appendix A.3) showed that 1% and 2%
alkali yields were significantly higher than both acid concentrations and the hot
water pretreatments. The steam explosion pretreatment yield was significantly
higher than all of the others except for 1% alkali.
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Newspaper Ethanol Yield
(%dm)
25.00
20.00
15.00
10.00
5.00
0.00
2.00%acid 0.75% acid

StExpl

Hot Water 1.00%alkali 2.00%alkali

Figure 2.11 Newspaper Ethanol Yield (as % of initial dry weight)

ANOVA results for newspaper had p=0.84. Since this was much
higher than 0.05, the ethanol yields had no significant differences. The Tukey
test was not used as it is not applicable to this situation.

Ethanol Assay Results
The ethanol levels as determined with spectrophotometric absorption assay
methods are shown in Figure 2.5.
TableA.4.

Data for this figure is in Appendix,
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Reed Canarygras
Annual Ryegrass
Corn Pericarp
Corn Cobs
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Figure 2.12 Ethanol Yield Based on Assay Results (as wt% of initial wt.)
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Conclusion

Feedstock and pretreatment effects
Type of pretreatment showed a significant effect on ethanol output with
respect to the various feedstocks. Further study is needed to better understand
interactions between type of biomass and the pretreatment used on it. The
variability in output indicates a potential for high increases in fuel output
through selecting type of feedstock and pretreatment method to optimize
ethanol yield.
The outcomes from this research show that different lignocellulosic
feedstocks, even though they all contain lignin, cellulose and hemicellulose at
roughly similar levels, will respond with significantly different yields of
ethanol when treated with different processes.

Future Fuel Supply Scenarios
The potential for the feedstocks in this study to completely replace
petroleum automobile fuel is probably not possible. But, as we see from the
ability of grain corn ethanol currently to replace around 8% of our current
gasoline consumption in the United States, there is potential to greatly increase
that percentage with the development of lignocellulosic ethanol production.
As an example, if wheat production was doubled from 1.83 to 3.67 million
hectares and produced the 2009 average biomass yield of 5,970kg/ha, at an
ethanol yield of 15% of dry matter this would be about 4.2 billion liters (1.1
billion gallons) of fuel. According to the Federal Highway Administration
website, in 2008 the Northwest used 18.3 billion liters (4.84 billion gallons) of
gasoline (2010). This potential ethanol production would represent about 23%
of total gasoline used.
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For a second example, assuming that 25% of the current cropland was
used to grow a biomass grass with 12Mg/ha yield representing about 75% of
the maximum Reed canary grass yield. Coupled with conversion increase to
30% with developments such as improved cultivars and utilization of the
hemicellulose, the total ethanol production would be 8.6 billion liters (2.3
billion gallons) or 47% of the Northwest’s gasoline fuel supply. The biomass
grass is also important for sustainability because it uses fewer inputs, reduces
erosion, replaces organic matter and can grow on land currently used for
pasture. Pasture land was not counted in this study. In conclusion,
development of cellulosic ethanol can be a significant source of future
transportation energy.
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Chapter 3
Seasonal Evaluation of Gorse for Ethanol and Natural Products

Abstract
Gorse (Ulex europaeus) is a European woody evergreen shrub which
has become invasive and endemic to the Pacific coast of the United States.
This paper is an investigation into the potential for cellulosic ethanol
production and other uses for gorse. Cellulosic ethanol yield from gorse was
evaluated and found to vary seasonally from 8% to 23% of initial dry matter
weight. The above ground portions of gorse had 50.7% green vegetation,
11.3% flower/fragments and 38% branches/stems.

Oil extractions (AOCS

Method 5-04) resulted in a mean oil content of 1.33±0.01% in flowery parts of
the plant, and 1.35±0.06% in the leafy portions.

Notable also for yield

optimization is that the gorse oil extraction level varied from 0.8% to 1.8%
seasonally. Extract from steam distillation (100°C) was 2.6% (w/w) of the
initial dry weight. Direct distillation resulted in lower amount of volatile
extracts at 60°C (2.25% w/w) as compared to 80°C (3.79% w/w). Ethanol
extraction resulted in higher amount of extract (2.44%, w/w, dry basis) when
compared to hexane extracted (1.22% w/w, dry basis) initial dry matter.
Spectrophotometric color absorption analysis of ethanol and hexane extracts of
gorse had major absorption peaks at wavelengths of 473 nm and 662 nm
respectively.
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Introduction

With the increased movement of goods and people throughout the
world, the problems caused by invasive species have become far more
common. One such species is gorse (Ulex europaeus), an invasive
shrub endemic to the Pacific coast of the United States. The plant is a one to
three meter tall perennial legume, characterized by golden yellow flowers and
green thorny leaves. It is a beautiful early blooming brilliant yellow floral
shrub in landscapes. Gorse is not shade tolerant, thus it will not compete in
forests and other areas with full vegetative cover. When allowed to spread
uncontrolled, gorse crowds out smaller plants such as pasture crops and tree
seedlings for reforestation. Due to prolific seed production and spiny nature, it
is difficult to control its spread in infested areas, where it invades woodlands,
fields, golf courses and other open areas.
The bushy and aromatic nature of gorse also increases the risk of forest fires in
the infested lands. Forest fire on gorse infested lands in 1936 caused extensive
damage in Bandon, Oregon including loss of human life(council, 2007). Due
to its prolific seed production and spiny growth, removal of gorse from
infested lands is both expensive and time-consuming. Analysis of gorse plant
shows that it contains 13.6% crude protein, 1.9% ether extract (fat), 46.3%
nitrogen extract, 34.7% fiber, 3.5% ash and 0.3% silica an a dry basis(Jobson,
et al., 1964).
In other areas, gorse is being utilized for perfumes, soap, cosmetics and
animal feed (Tree Gallery, 2008). There are a number of valuable components,
including oils, isoprene (Boissard, et al., 2007) , isoflavones (Russell, et al.,
1990) and cellulose (Dien, et al., 2006) which are potential feedstocks for
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different industries. Gorse is used to produce perfume and bath oil on a limited
scale from locally available gorse on Caldey Island, Wales, UK (Caldey Island,
2008); (Tree Gallery, 2008). Ashes from gorse, rich in potassium salts, are
used with vegetable oils or clay to form balls of soap (Fern, 2008). The ash,
being strongly alkaline will saponify the oil to produce the surfactant and gorse
essential extracts can be used to add fragrance to the product. Additionally,
gorse flowers are also used for dyeing fabrics a golden yellow color (Fern,
2008) (Grae, 1974). Insecticidal properties of novel isoflavones in gorse roots
have also been investigated (Russell, et al., 1990). In the field of low impact
agriculture gorse can provide a barrier and food source for animals (Tolera, et
al., 1997). Gorse can also be used as a non food feedstock for producing
ethanol. Finding economical ways to use gorse has the potential to offset the
cost (King County, 2008) of removal from agricultural, forest and recreation
lands. High value products such as natural dyes, soap and fragrances are
currently being produced from gorse in other areas of the world (Fern, 2008);
(Caldey Island, 2008); (Tree Gallery, 2008). Overall objective of this study is
to investigate production of high value bioproducts and fuels from gorse found
in the Pacific Northwest of the United States. Specific objectives of this study
were to:
1. Determine the oil content in various parts of gorse.
2. Evaluate extraction processes for extraction of volatile components
from gorse.
3. Determine the optimum conditions for extraction.
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Materials and Methods

The gorse was supplied with the generous assistance of the Ms.Cassie
Bouska, OSU Extension Service and the Bandon Dunes Golf Resort in Coos
County, Oregon. The gorse was cut in one meter sections from the entire
aboveground part of the plant and shipped to the lab. The gorse was from wild
invasive infestations in the Bandon, Oregon area. The monthly samples were
air dried and ground in analytical mill (Tekmar A-10, Tekmar Company,
Cincinnati, Ohio) or in a Wiley Model 4 knife mill (Thomas Scientific,
Swedesboro, NJ). Moisture content of the samples was determined using two
stage convection oven method (AACC, 2005). Particle size analysis of the
ground material was done with the L3-P Sonic Sifter (Allen-Bradley,
Milwaukee, WI) with ASTM standard sieves.

Simultaneous Saccharification and Fermentation (SSF)
Samples were collected at various times of the year. The SSF was
performed for each harvest time samples at 180°C for 20 minutes as discussed
in Chapter 2. The seasonal samples were pretreated with either 0.75%w/w
sulphuric acid or steam explosion. Ethanol yield was measured using the
protocols described in Chapter 2.

Oil Analyses
Oil content of the leaf, stalk, and flower portions of the gorse was
estimated using a petroleum ether extraction process (AOCS Method 5-04).
Tests have been done to determine the distribution of oils in different parts of
Gorse plant. Samples (2 g) were extracted with petroleum ether in an Ankom
XT10 or XT15 Extraction System (Ankom Technology, Macedon, New York).
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Oil contents were calculated from weight loss in the extraction. Extraction was
performed on 7 to 10 samples (approximately 2g size) per run with 350ml of
petroleum ether for 40min. at 90°C.

Hexane and Ethanol Extraction
Samples (30.00 g) of the leafy portion and seeds were extracted in
250ml Erlenmeyer flasks with hexane (150.0g) at 30°C for 120 min in water
bath. After extraction, the supernatant was decanted and filtered with a
Buchner filter funnel under vacuum (0.25 atm). Subsequently, solvent was
evaporated in two stages (30°C and 75°C) Moisture contents of extracted
solute were determined using two stage convection oven method (AACC,
2000). Samples (leafy portion and stems) were also extracted with ethanol
using the same procedure as the hexane extraction.

Steam Distillation
A vertical glass steam distillation column 0.41m long and 0.048m
inside diameter was constructed (Fig. 2). It was then filled to 90% of capacity
with gorse leaf/small stem material. Sample was subjected to upward steam
flow for one hour from 500ml Erlenmeyer flask on hot plate (Corning PC-35,
Corning Glass Company, Corning, New York) feeding steam from de-ionized
water via 6.35 mm copper tube to the bottom of the column. Vapor was
condensed in a 0.2m long counter flow Liebig condenser with 6.35 mm copper
condensing tube enclosed in a PVC water jacket cooled with flowing tap water
to cool the condensate below 60°C. Moisture contents of steam extracted
sample and original raw material were measured. Weights and moisture levels
were used to find percentage of steam distillable material.

50

Direct Distillation
A gorse sample (23.98g) in a 250 ml Erlenmeyer flask with rubber
stopper and 3.175 mm outside diameter copper distillate line was heated in a
temperature controlled water bath. The vapors were condensed in a 25 ml
Erlenmeyer flask immersed in a water bath maintained at 5°C. The hot bath
(starting 20°C) was operated at 60°C for 24 h, followed by 80°C for 2 h. The
distillate was weighed after the 60 and 80°C heating periods.

Distillation

Gorse

Water

column
Condenser
Steam

Hot Plate
Figure 3.1 Steam distillation apparatus

Spectrophotometry
Ethanol and hexane extraction solutions were analyzed for absorbance
in spectrophotometer (UV1700, Shimadzu Corporation, Kyoto, Japan) from
wavelengths from 400 nm to 800 nm. Standard cuvette with a path length of 1
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cm was used for all readings. Three replicates of the absorbance readings were
obtained for all samples. The main absorption peaks were determined.

Results and Discussion

Particle size analysis
Results of the particle size analysis of the milled gorse with the Sonic
Sifter follow. The size distribution peaked at the 425 μm sieve. In
combination the 425 μm and 250 μm sieves retained more than 65% of the
material, with the other distribution peak being much smaller, 17.2%, retained
as fines which passed through the 149 μm (100 mesh) sieve. The major part of
the particles were larger than 250 μm (60 mesh), with over half of these larger
than 425 μm (40 mesh) and smaller than 850 μm (20 mesh).

40
35

Retained (%)

30
25
20
15
10
5
0
850

425

250

177

Sieve size (μ m)

Figure 3.2. Particle size analysis of gorse

149

solid
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Monthly Ethanol Yield Variation
Ethanol yield variations from gorse plants were examined over a period
of several months for seasonal variability. The yield of cellulosic ethanol
peaks in the autumn with significantly higher levels produced. This
information would be useful for optimizing the harvesting of gorse for ethanol
production. The growing cycle of gorse is similar to many woody temperate
shrubs. These results give an indication of when would be the best time of
year to harvest shrubby biomass for optimal cellulosic ethanol production. The
graph below describes the ethanol yields based on time of harvest found in this
study.

Table 3.1. Gorse ethanol yield by harvest month (% of dry weight)
Month

Ethanol (%dm)

January

9.95±2.22

March

10.89±036

May

8.86±1.36

July

11.94±0.21

Sept.

9.11±0.44

October

23.03±5.03

Nov.

21.04±0.74

Extraction of Pigments and Oils
Partitioning the various parts of the plants was done. The green leafy
portions constitute 62% of the air-dry weight of the gorse plant. Inspection of
these fractions indicated presence of essential oils and pigments, while the
remaining above ground portions were primarily brown woody fibrous
material.
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Oil extractions with petroleum ether (Table 9) indicated an oil content
of 1.33±0.01% in flower portion, 11.3% of total plant weight. Oil content was
1.35±0.06% in the leaf portions which were 50.7% of total plant weight.
Additionally, seasonal variation in the oil extracts indicated that winter (Nov.Mar.) was the best time to harvest gorse for oil content. In the direct distillation
a total of 3.79% was condensed (Table 10). Additionally, 0.46% was lost
through volatiles which did not condense in the condenser. Ethanol extracted
2.44% of leaf portion as dry extracted solutes, which indicates the presence of
higher levels of ethanol soluble components than ether solubles. The extract
also had pleasant aroma and a deep dark green color which could be used to
produce dyes and other organic colorants. The hexane extraction resulted in
1.22% dry extracted solutes, a level similar to the oil extraction results. The
hexane soluble material was a pale straw yellow and had less aromatic essence
than the ethanol extract.
Table 3.2. Seasonal variation in gorse ether extracts
Month

Ethanol (%dm)

March

1.47±0.233

April

1.86±0.252

May

0.82±0.732

June

0.80±0.018

July

1.19±0.470

August

1.75±0.184

November

0.69±0.053
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Table 3.3. Direct distillation of gorse
Temperature

Extract Cumulative

(˚C)

(%)

(%)

20

0

0

60

2.25

2.25

80

1.54

3.79

Steam distillation extracted 2.60% of the dry weight of the sample.
Condensate from steam distillation at atmospheric pressure did not exhibit a
separate oil layer, indicating that the extracts from gorse will dissolve or
disperse in water. In addition, the aromatic essence of the material was
changed by the process from pleasant to an unpleasant "burnt" type of odor.
Hence, the essential material in gorse is thermally degraded during steam
extraction process.
The presence of oils in the ether analyses indicates that it is present in
the plant and extractable with petroleum ether. It has been reported that the
flux of isoprene emitted by gorse increases by a factor of over 1000 times from
the cold season (November to March) to the warm and flowering season
between April and September (Boissard, et al., 2007). In the present study,
samples were collected in March, November, December, January and
February. Therefore low oil contents observed could also be attributed to
seasonal variations. Analysis of gorse harvested during the other part of the
year could show higher oil levels. Hexane extracted material had a more
pleasant essence than the steam extracts which is attributed to doing the
extractions at 30°C rather than having the material subjected to the 100°C of
the steam extraction process.
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Table 3.4 Ethanol and Hexane Extraction Yields (%)
Month

Ethanol

Hexane

Jan

2.733±0.201 1.680±0.113

Feb

2.960±0.183 0.620±0.028

Mar

2.987±0.061 0.960±0.0

Apr

2.853±0.101 0.867±0.201

May

3.413±0.583 0.907±0.023

Jun

2.027±0.300 1.173±0.151

Jul

2.333±0.046 0.947±0.140

Aug

2.040±0.069 0.720±0.120

Sep
Oct

8.34±0.06
9.21±1.87

4.76±0.09
7.56±1.32

Nov

3.18±n/a

3.90±n/a

Dec

7.22±n/a

7.32±n/a

Spectrophotometric Analysis
Spectrophotometric analysis of ethanol and hexane extracts of gorse
had similar major absorption peaks at wavelengths in the areas of 473 nm and
662 nm (Table 3.5). Additionally, flower fraction also had peak at 618 nm
(reddish orange). These absorption wavelengths indicate the presence of high
levels of chlorophyll (green) in gorse. A green compound would have
absorption peaks in the red (~600-750nm) and blue (400-495 nm) bands of
visible spectrum with low values in yellow (570-590 nm) and green (495-570
nm) regions.
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Table 3.5 Gorse component extract absorbance values

Gorse fraction

Solvent

Ethanol

Leaf
Hexane

Flower

Ethanol

Peak
Wavelength

Absorbance

473

3.733

536

1.294

654

3.336

470

1.824

612

0.244

666

0.391

748

0.211

475

3.531

537

1.043

618

2.114

662

3.135

Conclusion

Gorse yielded 8.8 to 23.0% ethanol as percentage of initial dry weight
in different seasons. In addition to ethanol production, there are a number of
potential uses for gorse in Oregon. The above ground portions of gorse had
50.7% green vegetation, 11.3% flower/fragments and 38% branches/stems
Oil extractions (AOCS Method 5-04) resulted in a mean oil content of
1.33±0.01% in flowery parts of the plant, and 1.35±0.06% in the leafy
portions. Extract from steam distillation (100°C) was 2.6% (w/w) of the initial
dry weight. Direct distillation resulted in lower amount of volatile extracts at
60°C (2.25% w/w) than at 80°C (3.79% w/w), but with more pleasing
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essences. Ethanol extraction resulted in higher amount of extract (2.44%, w/w,
dry basis) as compared to hexane extracted (1.22% w/w, dry basis) initial dry
matter. Spectrophotometric analysis showed the highest absorbance peaks at
wavelengths corresponding to red and blue light being absorbed. This causes
more of the green and yellow colors to be visible from the material. The high
light absorption levels at visible wavelengths show high levels of colored
components, with the potential for dye materials. Gorse has been used for
production of products such as essential oils and dyes in other places. This
invasive weed has potential to be harvested and used in the Northwest.

58

Chapter 4
General Conclusion

Feedstocks and Pretreatments
Pretreatment type showed a significant effect on ethanol output.
Different plant materials respond differently under changing pretreatment
conditions to give a wide range of yields but not as varied as changing
pretreatment methods. Further study is needed to determine the causes. The
variability in output indicated a potential for optimizing fuel output through
selection of feedstock and pretreatment process.
Particle size appeared to inversely affect the yield in these experiments.
The corn cobs, with the largest particle size, had the lowest average yield
across all the pretreatments in the weight loss ethanol yield measurement.
Further research may determine if this is related to particle size or another
factor.
The outcomes from this research show that different lignocellulosic
feedstocks, even though they all contain lignin, cellulose and hemicellulose at
roughly similar levels, will respond with significantly different yields of
ethanol when treated with different processes. In conclusion, significant
ethanol yield increases possible with further process optimization research.

Gorse and Other Woody Shrub Utilization
Time of year when the material is harvested significantly affected the
yields of cellulosic ethanol and oils. Gorse also showed significant seasonal
variations of hexane, ethanol, and steam extractables. These typically peaked
at different times of the year. This would be important if one was using one of
the extract products and working to optimize the yield of product. This
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concurred with the author’s bioproduct experience, that the physical and
chemical properties of plants change seasonally. Timing is everything.

Future Research
For future research, several things would be worthwhile to study.
Lignocellulosic materials gave fairly similar ethanol yields, while the
pretreatment methods had a larger variability. Focusing on pretreatment
optimization could lead to higher yields. Since the pentoses in the
hemicellulose comprise approximately one third of the total sugars in the
feedstock, it would be beneficial to improve ways to ferment this fraction of
the feedstock. This could increase ethanol output by around 50%. Because
they work with larger particle sizes, steam explosion and flow through bed
systems could reduce the energy needed for comminution of the feedstock
before pretreatment. Also, systems, such as membrane filters or vacuum
distillation, which could remove ethanol from the fermentation broth without
harming the enzymes or yeast would improve productivity by reducing
inhibition of the yeast by the ethanol. This could be combined with fed batch
type of adding more dry matter during fermentation. These improvements
could increase output without additional processing water and inoculum.
Continuous SSF would also eliminate time for the lag phase in batch
fermentation. The field of lignocellulosic ethanol still has many areas ripe for
exploration and study.
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Appendix A

Table A.1 Particle Size Distribution (% retained on sieve)
Sieve Size
(µM)

2000.00

425.00

250.00

177.00

149.00

0.00

Reed

2.89

19.57

19.68

34.73

7.10

19.44

Canary

±0.0

±0.47

±0.50

±1.07

±0.01

±0.16

Ann.

1.33

36.01

36.46

10.4

4.88

14.67

Ryegrass

±0.0

±0.05

±0.02

0±0.04

±0.03

±0.22

Corn

16.00

61.68

11.23

2.51

1.32

4.78

Cobs

±2.33

±1.07

±2.89

±1.07

±0.51

±0.96

Wheat

4.67

39.34

31.01

10.73

4.43

10.00

Straw

±0.58

±1.02

±0.19

±0.33

±0.33

±0.33

Corn

6.56

56.46

26.12

6.73

2.10

1.89

Pericarp

±1.71

±2.04

±1.35

±1.76

±1.45

±1.07

Gorse

2.53

38.23

27.09

11.14

3.80

17.2
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Fig. A.1. Particle Size Mass Distribution Plot
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Table A.2 Ethanol Yields (% of dry weight)
ASSAY

steam

hot

1%

2%

METHOD

2%acid

0.75%acid exp.

water

alkali

alkali

Wheat Straw

3.80

0.00

6.56

9.67

7.47

8.95

6.71

0.00

15.09

8.92

9.66

13.02

5.56

4.41

8.03

0.06

5.27

10.23

Pericarp

6.16

0.85

15.61

4.09

11.45

1.30

Corn Cobs

4.34

2.31

13.45

1.35

10.91

4.93

Newspaper

23.68

23.64

9.35

4.04

5.17

5.43

7.64

6.47

hot

1%

2%

Reed
Canarygrass
Annual
Ryegrass
Corn

Gorse
WEIGHT
LOSS

steam

METHOD

2%acid

0.75%acid exp.

water

alkali

alkali

Wheat Straw

8.25

6.28

10.63

14.80

20.85

14.84

7.54

5.55

25.08

12.74

18.77

15.71

12.50

5.86

13.54

19.64

22.51

24.46

Pericarp

9.67

4.12

26.82

9.30

26.66

5.11

Corn Cobs

3.86

3.91

22.14

7.15

18.63

9.64

Newspaper

16.37

13.75

16.96

17.05

6.86

10.91

15.39

9.84

Reed
Canarygrass
Annual
Ryegrass
Corn

Gorse
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Table A.3 Single factor ANOVA results for weight loss ethanol yields with
respect to pretreatments
Wheat Straw: One-way ANOVA: 2%acid, 0.75%acid, SteamExpl., Hot
Water, 1%alkali, 2%alkali (=C1, C2, C3, C4, C5, C6)
Source
Factor
Error
Total

DF
5
6
11

SS
221.99
40.75
262.74

S = 2.606

Level
C1
C2
C3
C4
C5
C6

N
2
2
2
2
2
2

MS
44.40
6.79

F
6.54

R-Sq = 84.49%

Mean
7.000
6.281
8.481
15.391
17.700
12.600

StDev
1.697
0.296
0.148
5.182
2.404
2.263

P
0.020

R-Sq(adj) = 71.57%

Individual 95% CIs For Mean Based on
Pooled StDev
-------+---------+---------+---------+-(-------*------)
(------*-------)
(------*-------)
(-------*------)
(-------*------)
(-------*-------)
-------+---------+---------+---------+-6.0
12.0
18.0
24.0

Pooled StDev = 2.606
Tukey 95% Simultaneous Confidence Intervals
All Pairwise Comparisons
Individual confidence level = 99.27%
C1 subtracted from:
C2
C3
C4
C5
C6

Lower
-11.094
-8.894
-1.984
0.326
-4.774

Center
-0.719
1.481
8.391
10.700
5.600

Upper
9.655
11.855
18.765
21.074
15.974

--------+---------+---------+---------+(-------*--------)
(-------*--------)
(--------*--------)
(--------*--------)
(--------*-------)
--------+---------+---------+---------+-12
0
12
24
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C2 subtracted from:
C3
C4
C5
C6

Lower
-8.175
-1.264
1.045
-4.055

Center
2.200
9.110
11.419
6.319

Upper
12.574
19.485
21.794
16.694

--------+---------+---------+---------+(--------*-------)
(--------*-------)
(--------*-------)
(-------*--------)
--------+---------+---------+---------+-12
0
12
24

Upper
17.285
19.594
14.494

--------+---------+---------+---------+(--------*-------)
(--------*-------)
(-------*--------)
--------+---------+---------+---------+-12
0
12
24

C3 subtracted from:
C4
C5
C6

Lower
-3.464
-1.155
-6.255

Center
6.910
9.219
4.119

C4 subtracted from:
C5
C6

Lower
-8.065
-13.165

Center
2.309
-2.791

Upper
12.684
7.584

--------+---------+---------+---------+(--------*--------)
(--------*-------)
--------+---------+---------+---------+-12
0
12
24

C5 subtracted from:
C6

Lower
-15.474

Center
-5.100

Upper
5.274

--------+---------+---------+---------+(--------*-------)
--------+---------+---------+---------+-12
0
12
24

Reed Canarygrass: One-way ANOVA: 2%acid, 0.75%acid,
SteamExpl., Hot Water, 1%alkali, 2%alkali (=C1, C2, C3, C4, C5, C6)

Source
Factor
Error
Total

DF
5
10
15

S = 4.036

SS
275.5
162.9
438.4

MS
55.1
16.3

F
3.38

R-Sq = 62.84%

P
0.048

R-Sq(adj) = 44.26%
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Level
C1
C2
C3
C4
C5
C6

N
2
2
3
3
3
3

Mean
8.300
5.548
18.218
10.819
15.933
13.333

StDev
4.384
0.444
5.159
5.620
2.023
3.075

Individual 95% CIs For Mean Based on
Pooled StDev
-+---------+---------+---------+-------(--------*--------)
(--------*--------)
(------*------)
(------*-------)
(-------*------)
(------*------)
-+---------+---------+---------+-------0.0
7.0
14.0
21.0

Pooled StDev = 4.036
Tukey 95% Simultaneous Confidence Intervals
All Pairwise Comparisons
Individual confidence level = 99.40%
C1 subtracted from:
C2
C3
C4
C5
C6

Lower
-16.765
-2.875
-10.273
-5.159
-7.759

Center
-2.752
9.918
2.519
7.633
5.033

Upper
11.261
22.710
15.311
20.426
17.826

-------+---------+---------+---------+-(--------*---------)
(--------*-------)
(--------*-------)
(-------*--------)
(-------*--------)
-------+---------+---------+---------+--15
0
15
30

C2 subtracted from:
C3
C4
C5
C6

Lower
-0.123
-7.522
-2.407
-5.007

Center
12.670
5.271
10.385
7.785

Upper
25.462
18.063
23.178
20.578

-------+---------+---------+---------+-(-------*--------)
(--------*-------)
(--------*-------)
(-------*--------)
-------+---------+---------+---------+--15
0
15
30

Upper
4.043
9.157
6.557

-------+---------+---------+---------+-(-------*-------)
(------*-------)
(-------*------)
-------+---------+---------+---------+--15
0
15
30

C3 subtracted from:
C4
C5
C6

Lower
-18.841
-13.726
-16.326

Center
-7.399
-2.284
-4.884
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C4 subtracted from:
C5
C6

Lower
-6.328
-8.928

Center
5.114
2.514

Upper
16.556
13.956

-------+---------+---------+---------+-(------*-------)
(-------*------)
-------+---------+---------+---------+--15
0
15
30

Upper
8.842

-------+---------+---------+---------+-(------*-------)
-------+---------+---------+---------+--15
0
15
30

C5 subtracted from:
C6

Lower
-14.042

Center
-2.600

Annual Ryegrass: One-way ANOVA: 2%acid, 0.75%acid, SteamExpl.,
Hot Water, 1%alkali, 2%alkali (=C1, C2, C3, C4, C5, C6)
Source
Factor
Error
Total

DF
5
9
14

S = 5.276

SS
371.8
250.5
622.4

Level
C1
C2
C3
C4
C5
C6

MS
74.4
27.8

F
2.67

N
2
2
3
2
3
3

R-Sq = 59.75%

Mean
14.000
5.862
11.308
16.752
19.200
20.867

StDev
5.940
0.592
2.216
6.811
4.045
7.936

P
0.095

R-Sq(adj) = 37.39%

Individual 95% CIs For Mean Based on
Pooled StDev
---+---------+---------+---------+-----(----------*---------)
(---------*----------)
(-------*--------)
(----------*---------)
(--------*--------)
(--------*--------)
---+---------+---------+---------+-----0.0
8.0
16.0
24.0

Pooled StDev = 5.276
Tukey 95% Simultaneous Confidence Intervals not reported since p>0.05

Corn Pericarp: One-way ANOVA: 2%acid, 0.75%acid, SteamExpl.,
Hot Water, 1%alkali, 2%alkali (=C1, C2, C3, C4, C5, C6)
Source
Factor
Error
Total

DF
5
10
15

SS
905.73
98.66
1004.40

MS
181.15
9.87

F
18.36

P
0.000
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S = 3.141

R-Sq = 90.18%

R-Sq(adj) = 85.27%

Individual 95% CIs For Mean Based on Pooled
StDev
Level
C1
C2
C3
C4
C5
C6

N
2
3
3
3
3
2

Mean
10.600
4.117
21.219
7.887
22.600
5.800

StDev
3.394
1.705
1.990
1.394
4.952
4.525

+---------+---------+---------+--------(------*------)
(-----*-----)
(----*-----)
(-----*-----)
(----*-----)
(------*------)
+---------+---------+---------+--------0.0
7.0
14.0
21.0

Pooled StDev = 3.141
Tukey 95% Simultaneous Confidence Intervals
All Pairwise Comparisons
Individual confidence level = 99.40%
C1 subtracted from:
C2
C3
C4
C5
C6

Lower
-16.438
0.664
-12.668
2.045
-15.706

Center
-6.483
10.619
-2.713
12.000
-4.800

Upper
3.473
20.575
7.243
21.955
6.106

--------+---------+---------+---------+(------*-----)
(------*------)
(-----*------)
(------*------)
(------*------)
--------+---------+---------+---------+-15
0
15
30

C2 subtracted from:
C3
C4
C5
C6

Lower
8.197
-5.134
9.578
-8.273

Center
17.102
3.770
18.483
1.683

Upper
26.006
12.674
27.387
11.638

--------+---------+---------+---------+(-----*-----)
(-----*----)
(-----*-----)
(------*------)
--------+---------+---------+---------+-15
0
15
30

C3 subtracted from:
C4
C5
C6

Lower
-22.236
-7.524
-25.375

Center
-13.332
1.381
-15.419

Upper
-4.427
10.285
-5.464

--------+---------+---------+---------+(-----*-----)
(-----*-----)
(------*-----)
--------+---------+---------+---------+-15
0
15
30
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C4 subtracted from:
C5
C6

Lower
5.808
-12.043

Center
14.713
-2.087

Upper
23.617
7.868

--------+---------+---------+---------+(-----*-----)
(------*-----)
--------+---------+---------+---------+-15
0
15
30

C5 subtracted from:
C6

Lower
-26.755

Center
-16.800

Upper
-6.845

--------+---------+---------+---------+(------*-----)
--------+---------+---------+---------+-15
0
15
30

Corn Cobs: One-way ANOVA: 2%acid, 0.75%acid, SteamExpl., Hot
Water, 1%alkali, 2%alkali (=C1, C2, C3, C4, C5, C6)
Source
Factor
Error
Total

DF
5
11
16

S = 1.620

Level
C1
C2
C3
C4
C5
C6

N
3
3
3
3
3
2

SS
602.68
28.87
631.54

MS
120.54
2.62

R-Sq = 95.43%

Mean
3.200
3.908
18.497
5.933
15.467
10.500

StDev
0.600
0.242
2.701
0.242
2.335
1.556

F
45.93

P
0.000

R-Sq(adj) = 93.35%

Individual 95% CIs For Mean Based on
Pooled StDev
--------+---------+---------+---------+(---*----)
(---*---)
(---*---)
(---*---)
(---*---)
(----*----)
--------+---------+---------+---------+5.0
10.0
15.0
20.0

Pooled StDev = 1.620
Tukey 95% Simultaneous Confidence Intervals
All Pairwise Comparisons
Individual confidence level = 99.42%
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C1 subtracted from:
C2
C3
C4
C5
C6

Lower
-3.800
10.789
-1.775
7.759
2.260

Center
0.708
15.297
2.733
12.267
7.300

Upper
5.216
19.805
7.241
16.775
12.340

---------+---------+---------+---------+
(----*---)
(---*----)
(----*---)
(---*----)
(----*----)
---------+---------+---------+---------+
-10
0
10
20

Upper
19.097
6.533
16.067
11.632

---------+---------+---------+---------+
(----*---)
(---*----)
(----*---)
(----*----)
---------+---------+---------+---------+
-10
0
10
20

C2 subtracted from:
C3
C4
C5
C6

Lower
10.081
-2.483
7.051
1.552

Center
14.589
2.025
11.559
6.592

C3 subtracted from:
C4
C5
C6

Lower
-17.072
-7.538
-13.037

Center
-12.564
-3.030
-7.997

Upper
-8.056
1.478
-2.957

---------+---------+---------+---------+
(---*----)
(----*---)
(----*----)
---------+---------+---------+---------+
-10
0
10
20

C4 subtracted from:
C5
C6

Lower
5.026
-0.473

Center
9.534
4.567

Upper
14.042
9.607

---------+---------+---------+---------+
(----*---)
(----*----)
---------+---------+---------+---------+
-10
0
10
20

Upper
0.074

---------+---------+---------+---------+
(----*----)
---------+---------+---------+---------+
-10
0
10
20

C5 subtracted from:
C6

Lower
-10.007

Center
-4.967
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Newspaper: One-way ANOVA: 2%acid, 0.75%acid, SteamExpl., Hot
Water, 1%alkali, 2%alkali (=C1, C2, C3, C4, C5, C6)
Source
Factor
Error
Total

DF
5
10
15

S = 5.118

Level
C1
C2
C3
C4
C5
C6

N
3
3
3
3
2
2

SS
51.3
261.9
313.3

MS
10.3
26.2

F
0.39

R-Sq = 16.39%

Mean
14.000
13.748
13.681
14.588
8.700
12.300

StDev
5.765
3.339
7.261
4.298
5.233
1.838

P
0.844

R-Sq(adj) = 0.00%

Individual 95% CIs For Mean Based on
Pooled StDev
---------+---------+---------+---------+
(----------*----------)
(----------*----------)
(----------*----------)
(----------*----------)
(------------*-------------)
(-------------*------------)
---------+---------+---------+---------+
6.0
12.0
18.0
24.0

Pooled StDev = 5.118
Tukey 95% Simultaneous Confidence Intervals not reported since p>0.05
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Table A.4 Ethanol Assay Data (% of initial dry wt)

Material
Wheat
straw
Reed
Canary
Ann.
Ryegr.
Corn
Pericarp
Corn
Cobs

2%

0.75%

steam

hot

1%

2%

acid

acid

exp.

water

alkali

alkali

3.80

NA

6.56

9.67

7.47

8.95

3.80

6.71

NA

15.09

8.92

9.66

13.02

6.71

5.56

4.41

8.03

0.06

5.27

10.23

5.56

6.16

0.85

15.61

4.09

11.45

1.30

6.16

4.34

2.31

13.45

1.35

10.91

4.93

4.34

23.64

9.35

4.04

5.17

5.43

23.68

7.64

6.47

NA

NA

NA

NA

News-

23.6

Print

8

Gorse

NA

Means

