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Abstract:

Switchgrass has been selected as a substratedogerethanol. One method of
producing ethanol from switchgrass is through patnent followed by saccharification
and fermentation. The harvest date of switchgras$d impact the production of ethanol
due to changes in plant chemical composition. &ardwitchgrass was harvested in
July, August, September, October, and Novembetiiv&ter, OK in 2008. The
switchgrass was comminuted, analyzed for chemmalposition, pretreated by
hydrothermolysis, and converted to ethanol via #immeous saccharification and
fermentation (SSF). The objectives were to deteenchanges in structural carbohydrate
and lignin contents in switchgrass over a typi@lhkst season and to determine the
effect of switchgrass maturity on the productioretifanol via SSF.

Structural carbohydrate and lignin contents ineeelahroughout the harvest
period. Extractives content decreased throughmiharvest period. The amount of
switchgrass dissolved during hydrothermolysis desed after September. Ethanol
concentration via SSF was highest for the Augustds, followed by July, October,
September, and November harvest dates. Initiaidatation rates decreased throughout
the harvest period. Ethanol yield in terms ofréitper ton of switchgrass was highest for
the October harvest, followed by the November, Atgiluly, and September harvests.
Much of the increase in structural carbohydrateeanover the harvest period was due
to a decrease in extractives content, rather thditian of new structural carbohydrates.
Increasing lignin content through the harvest gehad a negative effect on fermentation
rates and yields. The lignin content after pretregt did not appear to correlate to
fermentation rates and yields as did the ligninteonof untreated switchgrass. The
decreased amount of switchgrass dissolved duridgotiyermolysis at the end of the
harvest period had a positive effect on ethandtigie Ethanol yield in terms of liters per
ton of switchgrass for July, August, October, arm/&mber harvest dates were not
significantly different; a significantly lower yi@lwas obtained for the September harvest
date.
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CHAPTER |

INTRODUCTION

Ethanol is used as a fuel and in fuel blends, sisdB10 gasoline. Corn has been the
largest substrate used to make ethanol in the t&itates (McLaughlin and Walsh, 1998;
USDA, 2010). The starch in corn can be easily edied to simple sugars for fermentation by
yeast. This fermentation produces ethanol. Howexen is a high input crop due to the amount
of fertilizer used as well as the amount of fuetdigh farm equipment. Corn is also used as food
for both humans and animals. As an alternati@db-value grains such as corn, other plant
matter such as stalks and leaves can be useddogarethanol. Plant cell walls also contain

sugars that can be converted to ethanol via yeasentation.

Plant cell walls are composed of a matrix of threderials: cellulose, hemicellulose, and
lignin. Cellulose is a chain of six-carbon (Céyats, meaning there are six carbon atoms in the
sugar molecule. C6 sugars in monomer form arelyef@dmentable by yeast. Hemicellulose is
a chain of both five-carbon (C5) sugars and C6sug@5 sugars can also be converted to
ethanol, but not as easily as C6 sugars (Mosial,e2005). Lignin is a phenolic molecule that is
not fermentable to ethanol (Casler and Boe, 2088)may be burned for heat (Mosier et al.,
2005). Obtaining monomer sugars for fermentatodifficult due to the matrix formed by

cellulose, hemicellulose, and lignin. Pretreatnreathods have been developed to disrupt the



matrix structure and separate cellulose, hemiaaiiland lignin prior to the saccharification of

cellulose and hemicellulose (Alvira et al., 20103r et al., 2005).

Once the matrix structure of the plant cell waltlisrupted, cellulose and hemicellulose
can be converted to monomer sugars for fermentaggreast. Enzymes from fungi are used to
cleave the bonds that connect individual sugar outés together in a chain, which is called
saccharification. Yeast produces ethanol whenlmgpwith C6 sugars in the absence of oxygen.
If both the saccharification and fermentation steggscombined into a single process, it is called
simultaneous saccharification and fermentation {SSISF is advantageous over performing
each step separately because enzymes can beeénHhiithe sugars they release from cellulose
and hemicellulose, but yeast consume the sugdreriasigh to prevent this from occurring in the
combined process (Suryawati et al., 2008; Teugjdsvaljamae, 2013). Further, there is less
chance of sugar being consumed by contaminant isrgarin SSF as opposed to separate
hydrolysis and fermentation steps. Finally, cdjtests are reduced with SSF because fewer

tanks are needed.

All plants could be used to produce ethanol thropigetreatment, saccharification, and
fermentation, but plants that have low inputs @ensas advantageous. Switchgrass has been
identified as a bioenergy crop to be used for pcodyethanol (McLaughlin and Kszos, 2005).
Optimizing all parameters of the process of conrgrswitchgrass to ethanol will improve its
economic viability. One parameter to optimizehis harvest window of switchgrass used for
ethanol production. As an example, wheat gralraisested once the plant is mature and the
seed is ripe. The wheat is too wet for storagledfharvest is early. Quality and yield of wheat
decrease if the harvest is late. The decisiont@nto harvest switchgrass needs to include
factors affecting ethanol production, not just maizing the mass of switchgrass harvested per
area of land. Switchgrass grows through the sunamérsenesces as the plant matures in late

summer and fall. Since ethanol is produced frolwal carbohydrates, it will be useful to



know how the composition of cell walls change agdwyrass matures. Ethanol yields may best
be calculated in terms of the amount of ethanotipced per area of land. Determining when
these maximum ethanol yields can be obtained wiNiple an optimum switchgrass harvest
window for ethanol production. Thus, ethanol pretthn via SSF of switchgrass harvested
throughout the maturing process was explored mighidy. Switchgrass samples harvested from
late summer through fall were analyzed for struadtaarbohydrate and lignin content. Further,
the samples underwent a hydrothermolysis pretradtprecess and were analyzed again for
structural carbohydrate and lignin content. Finadthanol was produced from the pretreated

samples via SSF.



CHAPTER Il

OBJECTIVES

The objectives of this research are to:

1. Determine changes in structural carbohydradlignin contents in switchgrass over a typical

harvest season.

2. Determine the effect of switchgrass maturityttoa production of ethanol via a simultaneous

saccharification and fermentation process.



CHAPTER IlI

REVIEW OF LITERATURE

3.1 Switchgrass Characteristics

SwitchgrassRanicumvirgatumL.) is a perennial, warm season C4 grass natitieeto
United States (Porter, 1985). It grows over mbshe United States, as well as part of Mexico
and Canada (McLaughlin and Walsh, 1998). It isudht resistant and suitable for marginal soils
(Casler and Boe, 2003). There are two morpholbgicains of switchgrass: lowland ecotypes
and upland ecotypes (Porter, 1985). Lowland eastyse tall, vigorous, course-stemmed,
adapted to wet conditions, and light green (Lentwes.£2002; Porter, 1985). Upland ecotypes
are short, rhizomatous, relatively fine-stemmea@ypaed to drier conditions, and blue-green
(Lemus et al., 2002; Porter, 1985). Lowland ecetypave higher yield potentials than upland
ecotypes (Adler et al., 2006). There are four fpaimns based on ecotype and latitude of origin:
southern lowland with germplasm originating fronutd®rn and central Texas, northern lowland
with germplasm originating from Oklahoma, southephand with germplasm originating from
Oklahoma, and northern upland with germplasm oaigjiry from the Central Great Plains
(Sanderson et al., 1996). Northern populationsdloearlier than southern populations as
flowering is related to the latitude of origin senswitchgrass is sensitive to photoperiod (Lemus

et al., 2002). Switchgrass is suited as a biognemap because it produces high yields compared



with other herbaceous species, it requires lesggne manage because it is perennial, it can
grow in poor soils that are not producing cash srapd farmers are already familiar with

growing and harvesting grasses (McLaughlin and Ks2005).

3.2 SwitchgrassYields

The amount of switchgrass harvested will direaffict the amount of ethanol that can
be produced. Variety, location, time of harvestj aumber of harvests in a season all affect

switchgrass yields.

3.2.1 Comparison of Varieties

Research shows that the best variety of switclhgrélsbe dependent upon the location
of farms. Sladden et al. (1991) compared lowlacatype varieties Alamo and Kanlow and
upland ecotype varieties Blackwell, Cave-in-Roclknkas Native, Pathfinder, Summer, and
Trailblazer in Shorter, Alabama in 1989 and 199fands were planted in 1988. Switchgrass
was cut twice per year (a two-cut management)satia stubble height with the harvest after
anthesis when it was assumed that little furtheldyincreases would occur. Anthesis is the
flowering stage of a plant. The lowland ecotypeetges were harvested about a month after the
upland ecotype varieties both years. Both lowlacotype varieties yielded more biomass than
the upland ecotype varieties each year, and Alaeldad higher than Kanlow both years. The
upland varieties did not differ significantly ineydl (Sladden et al., 1991). Upland ecotypes are
not adapted to the climate in Alabama, whereasdoa/kecotypes are suited for Alabama and

should have higher yields.

Lemus et al. (2002) studied 20 switchgrass vasatiear Chariton, lowa from 1998 to
2001. Plots were planted in 1997. Varieties camgbavere Alamo, Blackwell, Caddo, Carthage,
Cave-in-Rock, Forestburg, Kanlow, Pathfinder, SheayrShelter, Sunburst, Trailblazer, IA-GT,

IA-LM, NL93-2CH, NU94-2CH, SU92-ISO, SU94-2CH, HDMD3, and HYLD-C3. Plots



were harvested on November 13, 1998, Septembdr98@, and October 15, 2001 with a cutting
height of 7.5 cm. The harvest for the 2000 crop delayed until early January 2001 and was
used for composition, but was not included for¢ighta. Comparison of varieties only showed
the average yield of the three years, as no culliygyear interaction was observed. The average
yield for all varieties was 9.0 Mg/ha. Kanlow hhaeé highest yield at 13.1 Mg/ha, which was
significantly higher than all other varieties excétamo (12.1 Mg/ha). Alamo yielded
significantly more biomass than most other vargetexcept Kanlow, NU94-2CH (11.2 Mg/ha),
and HDMD-C3 (10.5 Mg/ha). NU94-2CH and HDMD-C3 &th upland ecotype varieties.

The lowland cultivars Alamo and Kanlow yielded thest biomass, but the winters were mild

for lowa during these years (Lemus et al., 20@wland switchgrass cultivars are not suited for
cold winters. Kanlow and Pangburn, both lowlantdicars, failed to survive the first winter after

planting in Pennsylvania in 1968 (Berg, 1971).

McLaughlin and Kszos (2005) compared 9 switchgecadtsvars planted in 1992 at 18
sites across 13 states: Virginia, West Virginiapfiessee, Kentucky, North Carolina, Georgia,
Alabama, Texas, Arkansas, Louisiana, North Dakétaith Dakota, and lowa. The best
commercial varieties in terms of yield after 10ofiproduction were Alamo in the deep South,
Alamo and Kanlow at mid-latitudes, and Cave-in-Rokilblazer, and Sunburst for northern
latitudes (McLaughlin and Kszos, 2005). Casler Bod (2003) compared six upland ecotypes
of switchgrass at two locations: Brookings, Sou#tk@a and Arlington, Wisconsin. The
cultivars Cave-in-Rock, Dacotah, Forestburg, ShayBenburst, and Trailblazer were harvested
by a single cutting in August, September, and Ndvemnfrom 1998 to 2001 after a 1997 planting.
Shawnee ranked first in yield for 5 of the 8 yemzation combinations. Location of origin had an
effect as some cultivars did better at one locadiotine other. Cave-in-Rock originates from
lllinois and performed better in Wisconsin, wher&aailblazer originates from Nebraska and

performed better in South Dakota (Casler and Bo@32



3.2.2 Harvest Date Effect on Yield for Single-Management

Switchgrass should be fully grown for a single-gi@nagement because an earlier
harvest would greatly reduce yields. Lockert ()37arvested Summer variety switchgrass at
Brookings, South Dakota on June 17 at the vegetgtiowth stage, July 8 at late jointing, and
August 12 when grass was 100% headed (any pdregfanicle exposed above the flag leaf).
Yields were 1.5 Mg/ha in June, 6.7 Mg/ha in Juhyd 8.6 Mg/ha in August (Lockert, 1974).
McLaughlin and Kszos (2005) stated in a review gvatchgrass yields were maximized when
harvested by mid-September. Harvest after latéeBdper reduced yields by up to 20%. After
these initial losses, further loss over the wiagpeared minimal and the switchgrass often
benefited from conserved nutrients (McLaughlin &sdos, 2005). Sanderson et al. (1999)
found that in Dallas, Texas in 1993 and Stephexyvilexas in 1993 and 1995, a November
harvest date yielded less than either a Septennti@ctober harvest date. In 1994, yields at both
locations were higher in September than OctobeMNawémber (Sanderson et al., 1999).
However, some research obtained maximum yields S&ptember. In Stephenville, Texas in
1996, September harvest yielded lower than OctabéNovember harvests (Sanderson et al.,
1999). Casler and Boe (2003) harvested six uptantypes from 1998 to 2001 in August,
September, and October at Brookings, SD and AdimgiVl. Delaying harvest in 1998 lowered
yields. This trend gradually changed through 188@ 2000 to an increase in yield with delayed
harvest in 2001. Stands were planted in 1997 éCasid Boe, 2003). Sanderson et al. (1999)
planted stands in 1992 and harvested from 1998%96.1Similar to Casler and Boe (2003),
yields were also better for earlier harvests infitst few years after establishment and switched

to better yields for delayed harvest in the lastry# the study.

Researchers have also investigated delaying syvash harvest until the following
spring, leaving stands in the field over the wintAdler et al. (2006) found Pennsylvania

switchgrass yields were greater when harvesteugiffial (between mid-October and mid-



November) versus waiting until the following sprifetween early April and early May).

Spring yields were lower due to increased fielddws from cutting and bailing as well as from
ash content reduction. Including residue, sprilgiass yield was 11% lower than fall biomass
yield. Snowfall over the winter also affected dielt Rock Springs, Pennsylvania. In the winter
of 2001-2002, snowfall was 56 cm and yields wendlar between fall and spring. The

following two winters each had about 153 cm of sraowl average yield decreased almost 40%
over the winter (Adler et al., 2006). Makaju et(@013) harvested a mature Kanlow switchgrass
stand at Stillwater, Oklahoma once a month froméihlver to March for switchgrass grown in
2007, 2008, and 2009. A significant decreaseefdgifor the 2007 and 2009 crops was observed
as harvest was delayed, but no decrease in yieddbserved for the 2008 crop. No consistent

association between rainfall and decrease in yvalsl found (Makaju et al., 2013).

3.2.3 Harvest Date Effect on Yield for Multi-cutadagement

McLaughlin and Kszos (2005) stated that for a bsrynanagement with two cuts per
year, the first cutting needed to be in July oed&b sustain high yields in future years. Further
yields were maximized when the final cutting wastig-September. However, harvesting after
the first frost has the benefit of maximizing camtamd energy translocation to the root system

(McLaughlin and Kszos, 2005).

Lockert (1974) harvested switchgrass every 142dhdays after initial harvest through
September 9 in 1971 in South Dakota using thrderdift initial harvest dates and two cutting
heights: 6.4 and 25.4 cm. For an initial harvesef June 17 at the vegetative growth stage, the
14-day harvest interval yielded less biomass thar2B-day harvest interval. No effect was
observed between 14 and 28-day harvest intervags wie initial harvest date was delayed to
either July 8 at the late jointing stage or Augiistvhen grass was 100% headed. Total season

yields generally increased as initial harvest welayked. The one exception to this trend was at a



cutting height of 25.4 cm, where the initial hatvéate of June 17 with a 28-day harvest interval
yielded higher for the season than the initial kat\ate of July 8 for either the 14 or 28-day
harvest interval. Regardless of cutting heightamvest frequency, the initial harvest date of
August 12 yielded the highest for the season. dgiglere higher with a 6.4 cm cutting height

than a 25.4 cm cutting height (Lockert, 1974).

3.2.4 Single vs. Multi-cut Harvests

Sanderson et al. (1999) found in Stephenville aBethat Alamo switchgrass under a
single-cut management yielded more biomass thaw athree, or four-cut management every
year from 1993 through 1996. This was regardiésghether the final cut was in September,
October, or November. In Dallas, Texas, Alamo shgtass harvested in 1994 also yielded more
biomass under a single-cut management. In Dalla995, there was not a significant difference
between single and two-cut managements, whichyaettied higher than three and four-cut
managements. In Dallas in 1993 and 1996, theesitwgfl yielded the lowest (Sanderson et al.,
1999). However, in Dallas in 1993, 1995, and 19®@6yield exceeded 8 Mg/ha. Yields for
Dallas in 1994 and all years in Stephenville werenveen 10 and 21 Mg/ha for the single-cut
management (Sanderson et al., 1999). McLaughtirkazos (2005) reported the best yield in a
year was with a two-cut management in Alabama teithand variety Alamo switchgrass. The
upland variety Cave-in-Rock yielded higher thanlkowd varieties in some years in the Southeast
under two-cut management (McLaughlin and Kszos520t Pennsylvania, four-cut
management eliminated stands the following yeaCtxido, Summer, and Pathfinder varieties
cut in June, July, August, and September 1969 (B€gl1). It is difficult for switchgrass to
recover from multi-cut harvests due to the locatbits growing points. Growing points for
switchgrass are rapidly extended above cuttinghteigd are removed upon harvest (Porter,
1985). Lockert (1974) observed minimal regrowtkethe stem growing points were removed.

Frequent harvests have reduced the yield and parsesof switchgrass (Porter, 1985). These

10



studies have shown that exceeding two harvests@ason is not beneficial for switchgrass.
Two-cut management may only work in southern regiwith long growing seasons. Single-cut
management would use less fuel and put less weequipment each season than two-cut

management.

3.2.5 Harvest Date Effect on Stand Health

An August harvest in Wisconsin and South Dakotiuced stand density over time
compared with September and October harvests (CasleBoe, 2003). Adler et al. (2006)
observed similar results in Pennsylvania. Sandeesal. (1999) reported a reduction of yield in
May following a September harvest compared witlOatober or November harvest of Alamo
switchgrass in Texas. One reason for this observatay be due to nutrient loss over time.
Adler et al. (2006) states a mid-August harvestldioemove twice as much nitrogen and higher
amounts of other minerals compared to a fall haiwmeBennsylvania. Another reason is a
reduction in carbohydrate reserves. Switchgrapsmiis on carbohydrate reserves in the stem
base for regrowth and survival (Porter, 1985). t8lwgrass loses growing points and leaves
during harvest, which causes cut shoots to dier@migces photosynthetic area, thus reducing
carbohydrate reserves (Porter, 1985). Also, retir@fter harvest can consume carbohydrate
reserves without adequate time to replace thenmguhie remainder of the growing season
(Porter, 1985). Casler and Boe (2003) observéd tigrowth for September and no regrowth

for October harvests, indicating retention of canjmbrate reserves.

3.3 Switchgrass Storage

Ethanol production facilities would operate yeaurd to improve economic viability.
However, it is not feasible to harvest switchgngsar-round, so storage of harvested switchgrass

is necessary. Switchgrass can be harvested amdl $tobales, just as hay is traditionally stored.

11



It is also possible to ‘store’ switchgrass in tleddf over the winter, delaying the harvest until

following spring. Losses could occur from eitheesario, reducing ethanol yields.

3.3.1 Storage Moisture Content

Adler et al. (2006) stated excessive moistureardntan lead to microbial degradation of
soluble and storage carbohydrates and self-ign@f@witchgrass. Standard storage moisture
content of hay is 15 to 18% (w/w) (Adler et al.0B). Lewandowski and Kicherer (1997)
reported storage moisture content of switchgrasaldtbe less than 23% (w/w). Sanderson et al.
(1997) baled switchgrass at 19% and 11% withouttamperature rise over ambient

temperature, which indicates there was neitherahiaf respiration nor spoilage.

3.3.2 Harvest Date Effect on Moisture Content,itRess and Storage

Switchgrass moisture content is well above theag® moisture range until late in the
fall. Moisture content decreased between JulytZady heading and August 19 at anthesis in
Wisconsin for upland ecotypes Blackwell and Patdmfrom 74% (w/w) to 67% (w/w) in 1983
and from 67.5% (w/w) to 60% (w/w) in 1984 (Porte®85). Moisture content decreases as
above ground switchgrass tissue dies during senesae the fall. Ravindranath et al. (2009)
harvested upland switchgrass ecotypes BlackwellGawk-in-Rock in Oklahoma and Arkansas
each month from July to December. Moisture condectined for both varieties in Oklahoma
from about 50% (w/w) in July to about 9% (w/w) ir@mber. In Arkansas, the moisture
content increased from July to September for Cav@dack and decreased for Blackwell and
Cave-in-Rock from about 50% and 55% (w/w), respetyi in September to about 9% (w/w) in
December for both varieties (Ravindranath et 8l093. Switchgrass can be allowed to dry
between cutting and baling if the moisture contemnbo high at the time of cutting. However, if
switchgrass becomes too dry and brittle at the dhutting, losses during baling can occur. In

Pennsylvania, Adler et al. (2006) found residuehehind after baling increased from 21% (db)
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in November to 45% (db) in April for switchgras#t lstanding through the winter. The moisture
content of switchgrass fell from 35% (w/w) in Novieen to 7% (w/w) in April (Adler et al.,
2006). Sanderson et al. (1997) measured switchgeagdue after baling at 1.8% to 4.4% (db)
for three different October cuttings and 6.0% (fdin)Ja November cutting in Stephenville, Texas

over a three year span. Residues increased ia shegies for later harvests.

Further losses of biomass can occur after switdgis baled. Switchgrass stored in
bales left outside on sod for 12 months at StepienVexas lost 5.6% (db) of bale mass for an
October 1993 cutting and 6.0% (db) of bale masafdovember 1994 cutting (Sanderson et al.,
1997). Sanderson et al. (1997) observed redudeddsses when bales were stored either
outside on gravel or inside a building comparedhwittside storage on sod. The depths of the
visibly weathered layer of bales after 12 monthsawi€? and 13 cm for outside storage on gravel
and sod, respectively (Sanderson et al., 1997hofgh the depths of the weathered layers were
similar, bales stored on sod had a large rottea anethe bottom while bales stored on gravel did
not (Sanderson et al., 1997). Other data havesmouch smaller losses during storage of
switchgrass bales. Wiselogel et al. (1996) meakstire composition of Alamo switchgrass bales
after 6 months of storage in Stephenville, Texaafgrazed stand cut in October 1991 and an
ungrazed stand cut in August 1992. Structuralatarfirate losses varied little between the inside
and outside layers of bales. In 1991, inside arnside bale layers lost 5.6 and 5.8% (db) of
glucan, respectively, and 5.6 and 6.0% (db) of xytaspectively (Wiselogel et al., 1996). In
1992, inside and outside bale layers lost 1.2 ab%Zdb) of glucan, respectively; while very
slight increases in xylan were measured (Wiselegal., 1996). The only significant reduction
in structural carbohydrates was for xylan from 1881 cutting, which fell from 24.9 to 23.4%
(db) on an extractives free basis for the outegrigpf the bales (Wiselogel et al., 1996). The
extractives content also significantly decreasedHe 1991 cutting from 17.0 to 9.3% (db) for

the inner layers and 6.5% (db) for the outer lapéthe bales, however, extractives content only
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decreased from 14.2 to 12.4% (db) for the outezrmpf bales from the 1992 cutting (Wiselogel
et al., 1996). The larger loss in extractivestfier 1991 bales corresponds to a thicker weathered
layer. Wiselogel et al. (1996) found the visiblgathered layer depth of the bales after 6 months
to be 19 cm for the 1991 cutting and 8 cm for th82lcutting. Although the harvest date for the
1992 cutting was in August, the 1991 cutting indberr may have contained less mature
switchgrass due to grazing; combined with diffefervest years, it is not possible to conclude
an effect from maturity on storage. The preseovatif structural carbohydrates during storage
indicates that switchgrass can be effectively stafter harvest with little loss of potential

ethanol production.

3.4 Composition of Switchgrass

Plant cell walls contain cellulose and hemicekglpand some contain lignin (Mosier et
al., 2005). Cellulose microfibrils have hydrogemts to hemicellulose, forming the structural
backbone to the cell wall (Mosier et al., 2005kll@ose is further protected by lignin (Mosier et
al., 2005). Cellulose is a polymer of glucose rooles arranged in tightly packed, crystalline
structures (Mosier et al., 2005). These structaresvater insoluble and resistant to
depolymerization. Hemicelllulose is a branched/pwr of glucose or xylose, substituted with
glucose, xylose, galactose, arabinose, mannosso&e, glucuronic acid, or acetyl groups of

ferulate (Mosier et al., 2005).

3.4.1 Compositional Analysis Methods

3.4.1.1 Forage Fiber Analysis

Goering and van Soest (1970) developed a procédutetermine neutral detergent fiber
(NDF), acid detergent fiber (ADF), and acid detatdaynin (ADL). NDF is a measure of cell
wall material that is left after removal of congénts that are soluble and available as nutrients.

NDF is obtained by boiling ground biomass in a redudetergent solution for 1 h, followed by
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filtering and rinsing solids first with hot watenéthen with acetone. ADF is cellulose, lignin,
cutin, and acid insoluble ash consisting mainlgii€a. ADF is obtained after ground biomass is
boiled in sulfuric acid solution for 1 h, followdyy filtration and rinsing with hot water. An
estimate of hemicellulose is given by subtractimgFArom NDF, although it includes some
proteins attached to cell walls. ADL is lignin ticyt and acid insoluble ash. ADL is obtained by
pouring 72% sulfuric acid solution over the ADF gdenat room temperature and stirring at
regular intervals for 3 h, followed by filtratioma rinsing with hot water. Cellulose is calculated
by subtracting ADL from ADF. The ADL sample is thkeated in a muffle furnace at 500 to
550°C for 3 h. Lignin, including cutin, is calctéd by subtracting the ash from ADL. There is a
permanganate lignin method in the procedure thes @ot include cutin, which is a large fraction
in some seed hulls. However, the amount of cstimoit important in common forages (Goering

and Van Soest, 1970).

The permanganate lignin method removes lignin fAdd#, leaving cellulose and ash in
the remaining solid material (Goering and Van Sae$70). This method can be used instead of
determining ADL, which uses 72% sulfuric acid toneve cellulose from ADF. In the
permanganate lignin method, potassium permangandta lignin buffer solution are added to
the ADF sample at room temperature and stirredgtlar intervals for 1 h. The solution is
removed by filtration and the residue is washedh &ilemineralizing solution until residue is
white, followed by subsequent ethanol and acetamshes. Permanganate lignin is calculated by
the weight loss from ADF. The residue is heatea muffle furnace at 500°C for 3 h. Cellulose
is calculated by subtracting the ash weight froeréssidue weight (Goering and Van Soest,
1970). Cellulose and hemicellulose tend to beasténated and lignin underestimated from this

forage fiber analysis procedure (Dien et al., 200&elogel et al., 1996).
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3.4.1.2 Determination of Sructural Carbohydrates and Lignin in Biomass

Sluiter et al. (2004) developed a procedure ferNlational Renewable Energy
Laboratory titled “Determination of Structural CaHlydrates and Lignin in Biomass.” Extracted
biomass is analyzed for lignin and structural paysnof the sugars glucose, xylose, galactose,
arabinose, and mannose. Extracted biomass hasyon@ewvater and ethanol extraction to
remove non-structural components such as sucriisges, nitrites, protein, ash, chlorophyll,
and waxes. A two-stage acid hydrolysis (72% aed @0 sulfuric acid) separates the sugars
from the extracted biomass and hydrolyzes themrmanomers for analysis by high performance
liquid chromatography (HPLC). Lignin is separakteith both an acid soluble and an acid
insoluble fraction. The acid soluble lignin is bizad by UV-Vis spectroscopy. The acid
insoluble fraction is found by burning the remammaterial in a muffle furnace at 575°C. Total
lignin is the sum of the acid soluble and acid iabte lignin. The acetyl content can also be

measured if necessary via analysis of the ligudtfon on HPLC (Sluiter et al., 2004).

3.4.2 Harvest Date Effect on Composition

Porter (1985) observed an increase in NDF, ADFIL.A#hd cellulose from July 25 at
early heading to August 19 at anthesis in 19831884l in Wisconsin for upland varieties
Pathfinder and Blackwell. Switchgrass was als@assdpd and analyzed by section: lower stem,
upper stem, and leaves. Between early headingathesis, the percentage of leaf component
decreased, the percentage of lower stem increasddhe percentage of upper stem did not
change. In the lower stem, cellulose did not ckedmgween harvest times. In the upper stem,
cellulose increased from early heading to anttiesi®84, but not in 1983. For leaf tissue, NDF,
ADF, ADL, and cellulose did not change between gartimes. NDF and ADF increased from
early heading to anthesis for both upper and I@stem components. ADL did not increase

significantly during the same interval for eithgmper or lower stem components (Porter, 1985).
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Bals et al. (2010) harvested lowland variety Alaahd@wuburn, Alabama in July and
October 2005 and upland variety Cave-in-Rock at Eassing, Michigan in July and October
2008, though it was not clear if it was under @l&ror double-cut management. Larger
differences in composition were seen between htav¥esCave-in-Rock than for Alamo. Glucan
content increased from 30.6 to 33.6% (db), xylamewot increased from 19.4 to 25.3% (db),
lignin increased from 10.4 to 16.7% (db), and tetdracts decreased from 26.0 to 15.8% (db) for
Cave-in-Rock from July to October. Alamo switctggdrom July to October had glucan content
increase from 32.6 to 32.9% (db), xylan contentéase from 22.8 to 23.0% (db), lignin content
increase from 15.4 to 17.2% (db), and total exsrdetcrease from 18.1 to 15.0% (db). All
changes listed were significantly different exoglpican and xylan contents for Alamo (Bals et

al., 2010).

Lemus et al. (2002) harvested 20 different switabg varieties in lowa in November 13,
1998, September 30, 1999, and early January 2008&y found cell wall components increase in
later harvests, which they attributed to the Idsmore easily degraded plant components.
Cellulose content was significantly different f@ché harvest date: September 1999 (34.0%),
November 1998 (36.1%), and January 2001 (41.1%} November and January harvests had
more hemicellulose than the September harvest. wB4 different for all three harvest dates:
6.2% for September 1999, 7.0% for November 1998,5an% for January 2001(Lemus et al.,

2002).

Kim et al. (2011) also observed an increase ircsitral carbohydrates with delayed
harvest. Alamo switchgrass was harvested in Noeer007 and December 2006 at Ardmore,
Oklahoma from two different plots. Glucan contgttreased from 29.9 to 32.1% (db), xylan
content increased from 20.5 to 21.6% (db), ligrantent increased from 18.8 to 19.5% (db), and
water extractable sugar content decreased fronro%®% (db) from November to December,

though harvests were in different years and froffieidint plots (Kim et al., 2011). The
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composition of two northern upland varieties wds® @ompared, with Shawnee switchgrass
harvested in December 2006 in Stillwater, Oklah@amé Dacotah switchgrass harvested in May
2008 in Pierre, South Dakota. Composition wasctéfi more by harvest date than by variety,
year, or location. The May harvest from Dacotaitdwrass left standing over the winter had
very low water extractable sugar content at 0.8B9.(d5lucan content was 35.3% (db), xylan
content was 22.5% (db), and lignin content was%2@b) for the May harvest (Kim et al.,

2011).

Adler et al. (2006) found glucan and xylan concarans increased significantly from
October to April for Cave-in-Rock switchgrass liefthe field over winter at Rock Springs,
Pennsylvania in both 2002-2003 and 2003-2004. Welcarbohydrates decreased significantly
from fall to spring, 3.6 to 0.4% (db). Soluble quonents probably leached out over the winter.
Storage polysaccharides, which are starches iclsgviiss, also decreased significantly from fall
to spring, 0.9 to 0.3% (db). Starch loss was ¥ilele to seeds falling off over the winter.
Klason lignin increased from fall to spring (Adketral., 2006). Makaju et al. (2013) harvested
Kanlow switchgrass in Stillwater, Oklahoma onceanth from May through March of the
following year for three growing seasons, 2007-208®F, ADF, and ADL all increased
significantly during the growing season from MayQotober for each year. However, NDF,
ADF, and ADL did not change significantly from Nawber to March for all three years, except

for ADF for the 2007 crop, which increased sigrafidly (Makaju et al., 2013).

McLaughlin and Kszos (2005) found ash content redsiced by delaying harvest until
after the first frost, although yield was also reeldt Adler et al. (2006) observed a 30%
reduction in ash content from a fall to spring lesty Ash content reduction was due to element
loss from leaching in the winter (Adler et al., BO However, Makaju et al. (2013) found that
ash content did not change significantly from Notemto March for crops grown in 2007, 2008,

and 20009.
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3.4.3 Comparison of Composition of Switchgrassi&taas

Sladden et al. (1991) in Shorter, Alabama in 1f@@did lowland ecotype varieties
Kanlow and Alamo had significantly more cellulobarn upland ecotype varieties Blackwell,
Cave-in-Rock, Kansas Native, Pathfinder, Summaet,Taailblazer for initial harvest after
anthesis. Kanlow and Alamo were harvested on J@ilgnd September 21 in a two-cut system.
The other varieties were harvested June 6 and Addgus a two-cut system. No significant
difference in cellulose content was found betwdkwagieties for the second cutting. In the first
cutting, there were no significant differences @mticellulose contents among all varieties. In the
second cutting, Kansas Native was significanthhbigand Summer was significantly lower than
the other varieties in hemicellulose content. THwdand ecotype varieties had higher
permanganate lignin than all upland ecotype vasatixcept Summer for the initial harvest. No

difference in lignin was found for the second hatv&ladden et al., 1991).

Lemus et al. (2002) harvested 20 different vaggetn lowa in November 13, 1998,
September 30, 1999, and early January 2001. Huétsevere averaged for each variety. No
significant difference in cellulose was observethleen varieties. NU942 had the highest
hemicellulose content (33.5%), which was signiftbahigher than 13 other varieties. NU942
was followed by Alamo and Kanlow in hemicellulogmtent (both at 32.8%), which was only
significantly higher than 4 other varieties. NL9 2 NU942 had significantly lower ADL (5.3
and 5.4%, respectively) than all other varietiesegt Alamo (5.7%). Alamo had the lowest ash
content (5.2%), which was significantly lower thalhother varieties except Kanlow (5.4%). The

ash content of Kanlow was significantly lower tH&nother varieties (Lemus et al., 2002).

3.4.4 Effect of Fertilizer on Switchgrass Compiosit

In Wisconsin, Porter (1985) reported that nitrofgtilizer increased switchgrass yield

(Mg/ha) when harvested on July 25 at early headkeytilizing with nitrogen also increased
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NDF, ADF, and cellulose concentrations. HoweMee, ¢ellulose concentration of fertilized
switchgrass only increased at early heading, nahtitesis. Also, ADF increased to a greater
extent on July 25 at the early heading stage thafwugust 19 at anthesis stage. Nitrogen
fertilization increased ADL in 1983, but not in ¥28Nitrogen fertilizer increased upper and

lower stem percentage, but decreased leaf peree(Pagter, 1985).

3.5 Pretreatment

Lignocellulosic material needs to be pretreatedrgo enzymatic hydrolysis due to the
crystalline structure of cellulose and the sedigsfin (Mosier et al., 2005). Without a
pretreatment step, sugar yields from subsequent®atc hydrolysis are low (Kim et al., 2011,
Mosier et al., 2005). Pretreatment of lignocel@alisrupts cell wall structure and provides
enzymes access to cellulose and hemicellulose @vlesial., 2005). Pretreatment methods
include comminution, extrusion, alkali, concentdadeid, dilute acid, ozonolysis, organosolv,
ionic liquids, aprotic solvents, metal complexagy@onia fiber expansion (AFEX), soaking in
agueous ammonia (SAA), wet oxidation, microwaveasbund, carbon dioxide explosion, steam
explosion, and hydrothermolysis (Alvira et al., 20Kim et al., 2011; Mosier et al., 2005). The
effects of the pretreatment vary depending on tethad used. The pretreatment method will
affect downstream processing steps for converdidsipmass to ethanol (Alvira et al., 2010).

The pretreatment step will also affect the econornability of the process, as it is considered one
of the most expensive steps (Mosier et al., 2065)drothermolysis has been considered one of
the leading pretreatment methods, especially fasggs (Alvira et al., 2010; Kim et al., 2011,
Mosier et al., 2005). Hydrothermolysis producesl second highest glucose and highest xylose
contents in a comparison of AFEX, SAA, lime, dilstdfuric acid, and hydrothermolysis

pretreatment technologies using switchgrass (Kial.eR011).
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Hydrothermolysis is a liquid hot water pretreattnehere water is added to
lignocellulosic material and heated under pressarthe water remains in the liquid state (Mosier
et al., 2005). Hydrothermolysis depolymerizes disdolves some lignin, dissolves most of the
hemicellulose, and increases digestibility of debe by enzymes (Alvira et al., 2010). The
amount of biomass dissolved ranges from 40 to @@%sier et al., 2005). Temperatures for
hydrothermolysis range from 140 to 240°C for a tlareof 10 to 30 min (Alvira et al., 2010;
Mosier et al., 2005; Suryawati et al., 2009; Yalet2008). The combination of temperature and

time affect the severity of the pretreatment, aaml loe calculated by the severity equation,
R, =txelT19147] ‘\yhere tis time in min and T is temperatureGn(©verend and Chornet,

1987). The logarithm of &is typically reported (Yu et al., 2008). Duringefreatment, acetic
acid and other organic acids are formed by O-aeatgtluronic acid substitutions from
hemicellulose. These acids help to catalyze thadtion and removal of oligosaccharides
(Mosier et al., 2005). If conditions are too sevesugars will degrade into aldehyde compounds
that can inhibit fermentation organisms; hexosdsdegrade to 5-hydroxymethylfurfural (HMF)
and pentoses will degrade to furfural (Mosier et2005). Maintaining pH between 4 and 7
retains hemicellulose as oligomers and minimizesédion of monomers, which reduces sugar
degradation to fermentation inhibitors (Alvira & @010; Mosier et al., 2005). If the severity
factor is too low, the pretreatment will be incoetel and the digestibility of cellulose will be
impeded. A severity factor of loggR= 3.65 for switchgrass resulted in much lowerati
production during SSF than higher severity fac{@wyawati et al., 2009). Glucose yields from
rice straw dropped below 80% (db) for severity destof log(R) = 3.35 and less (Yu et al.,
2008). Suryawati et al. (2009) optimized milledtsthgrass hydrothermolysis pretreatment with
the conditions 200°C for 10 min (loggR= 3.94) to balance maximizing ethanol from calgd
fermentation, dissolving hemicellulose, retainimgpticellulose as oligomers, and minimizing

formation of inhibitors. Yu et al. (2008) optimizéydrothermolysis pretreatment of rice straw
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harvested in November 2006 in Japan and deterntieedptimum conditions were 180°C for 30
min (log(Ro) = 3.83). Rice straw pretreated at 200°C for 10 Inad a slightly higher severity
factor (log(R) = 3.94) than conditions at 180°C for 30 min (Rg) = 3.83); and both
pretreatment conditions produced nearly the samzogk yield from hydrolysis at two different
enzyme loadings, 10 FPU Acremonium/g substrate4d@iePU Acremonium/g substrate.

However, 180°C for 30 min produced lower inhibitoncentrations (Yu et al., 2008).

Hydrothermolysis allows for separation of soligdsiehed in cellulose from the liquid
fraction rich in hemicellulose through filtratioAlfira et al., 2010). Suryawati et al. (2008)
reported increasing glucan content of from 36.66®%% (db) and decreasing xylan content from
21.0 to 2.4% (db) in the solid fraction of switchgs by hydrothermolysis at 200°C for 10 min
with 10% (w/w) solids loading. Similarly, Fagaast (2010) increased glucan content from 34.2
to 53.2% (db) and decreased xylan content from 3236% (db) in the solid fraction of
switchgrass by hydrothermolysis at 200°C for 10 waitlhh 10% (w/w) solids loading. Yu et al.
(2008) increased glucan content from 36.4 to 53@8) and decreased xylan content from 19.2
to 2.8% (db) in the solid fraction of rice straw ipydrothermolysis at 180°C for 30 min with 9%
solids loading. The liquid fraction is referreda® prehydrolyzate (Suryawati et al., 2008). A
portion of the biomass will dissolve into the prdiglyzate during hydrothermolysis. Suryawati
et al. (2008) dissolved approximately 43.9% (diz) Baga et al. (2010) dissolved approximately
37.7% (db) of switchgrass into the prehydrolyzeberyawati et al. (2008) reported 4.6% (db)

glucan and 28.0% (db) xylan of switchgrass werevered in the prehydrolyzate.

While the prehydrolyzate contains sugars, it alo contain inhibitors to fermentation.
In vivo tests showed that acetic acid affects lghgholysis enzymes and NADH dehydrogenase
in the yeasBaccharomyces cerevisiae (Zhao et al., 2008). Ethanol production was iithibby
50% forS cerevisiae in the presence of acetic acid at two differemtosmtrations and pH values:

4.3 g/L acetic acid at pH 5.5, and 1.4 g/L acetid at pH 4.5 (Olsson and Hahn-Hagerdal,
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1996). However, Delgenes et al. (1996) found tredrsS. cerevisiae CBS 1200 at pH 5.6
produced 99% of ethanol as the control in the presef 5 g/L acetic acid and 73% of the

control at 10 g/L acetic acid. Undissociated waeikls such as acetic acid can diffuse across the
plasma membrane in microorganisms and dissocidteinytosol, lowering the cytosolic pH
(Palmgvist and Hahn-Hagerdal, 2000). More of thdissociated forms of weak acids are
present at lower pH values. Thus, acetic acidditibn of ethanol production via yeast
fermentation increases as the pH decreases. Hgmaaction forS cerevisae CBS 1200 was
reduced to 57% in the presence of 0.5 g/L furfaral 29% in the presence of 1 g/L HMF
(Delgenes et al., 19965 cerevisiae CBS 1200 was more sensitive to furfural than ositieins

of S cerevisiae (Delgenes et al., 1996).

3.6 Hydrolysisand Fermentation

After pretreatment, the cellulose and hemicell@loan be hydrolyzed by enzymes into
monomeric sugars for fermentation by microorganis®eparate hydrolysis and fermentation
(SHF) is the two-step approach where enzymes isteafilded and allowed time to generate sugar
monomers before the fermentation step. Simultasmieaacharification and fermentation (SSF)
combines enzymes and microorganisms to both hyzeatligomers and ferment sugar
monomers in the same step. Simultaneous sacdaiof and co-fermentation (SSCF) is an SSF

of both cellulose and hemicellulose together (Mosteal., 2005).

Both hydrolysis rates of glucan and final glucgsdds were found to be lower when
switchgrass was left in the field and harvesteddhiewing spring. Kim et al (2011) reported 1 h
glucose yields of May 2008 harvested Dacotah s@its$s to be half that of December 2006
harvested Shawnee and Alamo switchgrass after amarfibar expansion (AFEX), dilute acid,
and hydrothermolysis pretreatments, despite highean content in the Dacotah switchgrass.

The difference in glucose yields between harvestsidecreased with time of hydrolysis.
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Dacotah 168 h glucose yields were 5 to 20% legs $fewnee and Alamo for five different
pretreatments. The extent to which glucose yilld®acotah switchgrass were lower was
greatest for ammonia pretreatments. Shawnee aocot&raswitchgrass were subjected to the
same conditions for AFEX pretreatment, which difitfrom conditions for Alamo switchgrass.
Glucose yields, however, were similar for Shawneg Alamo, with a much lower yield for
Dacotah. This suggests that harvest date maydrge effect on glucose yields after AFEX
pretreatment, but the effect could be confoundesMaichgrass variety. Alamo and Shawnee
switchgrass were pretreated at the same condfiiors®aking in aqueous ammonia (SAA)
pretreatment, with different conditions for Dacogafitchgrass. Conditions varied among
ammonia pretreatments because optimum conditions ef@sen. Glucose yields for SAA
followed the same pattern as AFEX, with similargsefor Alamo and Shawnee versus a lower
yield for Dacotah. The lower glucose yield for SA#ay be due to different pretreatment
conditions, unknown effects from different switcags varieties, or it could also be an indicator
of reduced sugar yields for ammonia pretreatmdritger harvest dates. Conditions were the
same across switchgrass cultivars for dilute dgrdrothermolysis, and lime pretreatments.
Glucose yields for Dacotah switchgrass were cltasgtucose yields for Alamo and Shawnee
switchgrass for these three pretreatments, butwieeg still the lowest yields among the three
cultivars. The effect of harvest date may be confled by switchgrass variety in this study (Kim
et al., 2011). Adler et al. (2006) found in vigas production rate, an indication of SSF yields,
decreased 25% when harvest was delayed from fafiriag for Cave-in-Rock switchgrass at
Rock Springs, Pennsylvania from fall of 2002 tarsgpof 2005. There was no significant harvest

season by year interaction (Adler et al., 2006).

Bals et al. (2010) compared separate hydrolysiscafermentation after AFEX
pretreatment of July and October harvests of Alamibchgrass at Auburn, Alabama in 2005 and

Cave-in-Rock switchgrass at East Lansing, Michiiga2008. It was not clear if the harvests
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were under a one-cut or two-cut management. AFEXgatment conditions were optimized for
all four harvests, resulting in different optimaépeatment conditions for each harvest. Enzyme
loadings were then optimized for switchgrass peté&@ under the optimal conditions for each
harvest, comparing varying amounts of Accellerfisglucosidase Novozyme 188, Multifect
Xylanase, and Multifect Pectinase. Optimal amowdre a combination of Accellerase,
Multifect Xylanase, and Multifect Pectinase, eaghded at 5 mg enzyme/g dry switchgrass for
both Alamo harvests and the July Cave-in-Rock tervéhe optimal amounts for the October
Cave-in-Rock harvest varied from these amountsbiperease in Accellerase to 6.4 mg
enzyme/g dry switchgrass and a decrease in Multglanase to 3.6 mg enzyme/g dry
switchgrass. Glucose and xylose yields from hydislwere higher for July harvest (32.1 and
20.0 % (db) switchgrass, respectively) than Octtlaevest (22.3 and 18.7 % (db)) for Cave-in-
Rock switchgrass, while October harvest (23.7 &8 2 (db)) yielded more glucose and xylose
than July harvest (21.0 and 20.1 % (db)) for Alaawitchgrass. July harvest of Cave-in-Rock
switchgrass yielded much more glucose than the bidrwests. Sugar yields were determined by
g sugar/kg switchgrass, but it was not clear ifyileéds were in terms of untreated or pretreated
switchgrass. Cofermentation of glucose and xylysgaccharomyces cerevisiae 424A, a
genetically modified yeast that can ferment xylwsaddition to glucose, was conducted for
switchgrass from each harvest after pretreatmetiéuoptimal conditions with optimal enzyme
loadings. Solids loading was 20%, except for Oetdddamo switchgrass, which was at 10%
solids loading. Ethanol was still increasing wiementations were stopped at 96 hr, when
glucose was consumed, but xylose was still beiiigad. Ethanol yield for Cave-in-Rock at 96

h was higher for July harvest at 34 g/L than Oatdiagvest at 30 g/L, and also contained more
residual xylose which was still being consumed. eWhomparing varieties at July harvests,
Cave-in-Rock also had a higher ethanol yield th&m®, which produced 30 g/L. Comparison
of ethanol yield of October Alamo switchgrass te tither ethanol yields is difficult due to a

different solids loading in the October Alamo fentaion (Bals et al., 2010).
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3.7 Conclusion

A single-cut management will likely be used acnosgh of the United States for
switchgrass grown for ethanol production. Timirighee harvest will likely focus on maximizing
long term yield; minimizing a combination of stalods from earlier harvests and residue loss

from later harvests.

There is lack of a detailed carbohydrate compwsitif switchgrass throughout likely
harvest periods from the end of the growing sedlsmugh senescence. Further, there is a lack
of switchgrass hydrolysis and fermentation dataubhout this period. A comparison of
multiple harvest dates within the same harvestosefts a single variety of switchgrass grown at
the same location will aid in defining a harveshdow for switchgrass used for ethanol

production.
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CHAPTER IV

MATERIALS AND METHODS

4.1 Harvest and Sample Preparation

SwitchgrassRanicum virgatum, var. Kanlow) was used for all experiments. Kanis a
lowland cultivar. The switchgrass was from a matten-year old stand planted in 1998 in an
Easpur loam soil. The switchgrass received noiegtjoin of fertilizer, nutrients, or pesticides
both during and three years prior to the harvesthiis study. It was grown at an Oklahoma State
University research field near Stillwater, OK. \rea data for the switchgrass plot is provided
in the Appendix. Additional data for the switchggacan be found in Makaju et al. (2013), as

both that study and this study used the same syviisk plot.

Switchgrass was harvested near the 22nd of Julgust, September, October, and
November of 2008, dependent of weather. Theffiesize of the fall occurred in mid-November,
and the November sample was harvested after g#ezdr Thus the effects of a freeze on
switchgrass could be analyzed. Normally, anthaflSiswland switchgrass occurs in August in
Oklahoma. Senescence typically begins at the €Adgust in the leave blades and is completed
by November (Yangi Wu, personal communication)sidgle-harvest management was used.
Each harvest was the first cutting of the seasifferent plants within the same plot were
harvested each time. There were six samples tedlérom the plot each month. The plot was

divided into six zones, with a sample taken frorhezone. The samples were combined into a
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single bulk sample for each month. The bulk saplere dried for a week at 50°C, after which
the moisture content was 5 = 1% for all samplefterAdrying, each bulk sample was ground
from a bundle of whole stalks to particles thatldqass through a 2 mm sieve. A Thomas-
Wiley Laboratory Mill, model 4 (Arthur H. Thomas @pany, Philadelphia, PA, U.S.A.), was
used for grinding the switchgrass, which was ttieresl at room temperature in a plastic zip-loc

bag.

4.2 Percent Solids Deter mination

The dry solids content of the switchgrass wasrdeteed after grinding, after extraction,
after pretreatment, and before fermentation. ThgdNal Renewable Energy Laboratory
(NREL) Laboratory Analytical Procedure (LAP), “Sthiard Test Method for Moisture, Total
Solids, and Total Dissolved Solids in Biomass $iamd Liquid Process Samples” was used to
determine the dry solids content (Ehrman, 1994m8es and weighing tins were heated in an
oven (Lab-Line Instruments, Inc., Melrose Park,ULS.A.) at 105 £ 5°C. The dried samples and
weighing tins were cooled inside a vacuum desiccaithe mass of the samples and weighing
tins were measured using an analytical balancel@®3enver Instruments, Bohemia, NY,

U.S.A)) to the nearest 0.1 mg.

4.3 Pretreatment

A hydrothermolysis pretreatment was used to disghglignin structure and dissolve
hemicellulose, making the cellulose available foryematic hydrolysis. A Parr reactor (Series
4520, Parr Instrument Company, Moline, IL, U.SW3gs used to conduct the pretreatment. A
mass of 60 g of dry, ground switchgrass and 548ignized water (resistivity < 18 ffcm)
were mixed at 500 rpm and heated from approxima&etZ to 200°C. The temperature was
maintained at 200 + 2°C for 10 min. The severdgtér was log(B) = 3.94. These conditions

were chosen to optimize sugar recovery and ethaeld, while keeping inhibitor production low
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(Suryawati et al., 2009). The switchgrass and msltery was cooled to 40°C using an ice water

bath before opening the gas tight container; thasds of volatile compounds were minimized.

The liquid (also known as prehydrolyzate) anddspbrtions of the slurry were then
separated via vacuum filtration using a Whatmafilg#s (Whatman Schleicher & Schuell,
Maldstone, England) The mass of solids remainmghe filter and the mass of prehydrolyzate
were determined. The prehydrolyzate was measorgaH and then stored at 4°C. The solids
were washed four times with 500 mL of 60 to 63°@died water. The rinse water was
removed by vacuum filtration and its pH was measaféer cooling to room temperature. After
the fourth rinse, the solids were kept under vaclamg enough to remove most of the water. A
sample consisting of approximately 5 g of wet soiihs taken to determine dry solids content.

Washed solids were stored at 4°C.

A mass balance was attained by measuring the ofidiss solid and liquid material both

before and after pretreatment. The following waesasured:

mass of the switchgrass loaded into the Parrseaaty,

percent dry solids of switchgrass before pretreatrs %Solidg

mass of water loaded into the pretreatment ced},=

mass of the prehydrolyzate 3 m

mass of the wet solids remaining on filter aftierdtion, but before rinsing = {3

mass of wet solids after rinsing 40

percent dry solids of wet solids after rinsing Sébds,ss

The mass recovered after the pretreatment processalculated using the following equation:
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%recovered = (1)

The amount of grass dissolved into the water duthegpretreatment process was calculated by

the following equation:

m,s * (%Solids,/100)
(my * %Solids, ) * %recovered

% dissolved=1-

()

4.4 Compositional Analysis

Samples of each month’s switchgrass harvest wexrgzed for structural carbohydrates
and lignin. This analysis was performed both keefond after hydrothermolysis pretreatment.
The samples had to undergo either an extractigmedreatment process before constituents could
be determined. The extraction procedure followed the NREL LAP titled “Determination of
Extractives in Biomass” (Sluiter et al., 2007) rustural carbohydrates were then determined
using the NREL LAP titled “Determination of StrucaliCarbohydrates and Lignin in Biomass”

(Sluiter et al., 2004). Figure 4.1 shows an ovawof the analysis of the switchgrass.

Dried, ground switchgrass underwent a water etitnadollowed by an ethanol
extraction. The extractions were performed usim@ecelerated Solvent Extractor (Dionex
Corporation, Sunnyvale, CA, U.S.A.) Both the wated ethanol extractions used the following
method: 1,500 psi, 100°C, 5 min heat time, 7 mitictime, 150% flush volume, 120 sec purge
time, and 3 static cycles. Ethanol was alloweeMaporate from the ethanol extracts in a fume
hood. A sample of the water extracts was pullegtigar content analysis. The water was

evaporated in a 40°C oven from the water extracts.
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[Ground Dried Switchgraﬂs

[ Extraction } [ Hydrothermolysis Pretreatme}t

| |
[Compositional Analysiﬂ [Compositional Analysiﬂ [ SSF J

Figure4.1 Overview of Analyses. Compositional Analysis was performed on ground
switchgrass both before and after pretreatmentexraction was required before compositional
analysis for untreated switchgrass. Pretreatettkgriass was then processed by simultaneous

saccharification and fermentation (SSF).
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The extracts were calculated as a percent of sgridgs on a dry weight basis:

: mass.. ..
%Extractives = Sacves (3)
mass, ... * %Solids

grass

Glucose and sucrose contents of the water extesctiere determined with a High Performance
Ligquid Chromatograph (HPLC) (Agilent 1100 Serieana Clara, CA, U.S.A.). A Biorad
Aminex HPX-87P sugar column at 85°C with a deiodia@ter mobile phase at a 0.6 mL/min
flow rate was used for carbohydrate separatiomeffactive index detector (RID) (Agilent 1100

Series) was used for quantification of compounds.

Switchgrass was analyzed for lignin and structcaabohydrates after either extraction or
pretreatment. A two-stage acid hydrolysis with 7@¥uric acid at 30°C for 60 min and 4%
sulfuric acid at 121°C for 60 min was used to di$tignin and hydrolyze structural
carbohydrates. Each acid and grass suspensionawasm filtered using a filter crucible. Acid
insoluble lignin (AIL) was determined from the dnass of the acid insoluble residue (AIR) and
the ash in the solids. The following equation gittee percent of AIL on an extractives free

basis:

m,., —m
%Al LExtractiv&Free =R __5n + 100 (4)

rygrass
where n,ygassiS the dry mass of the switchgrass acid hydrolyzed

Dry mass was measured after heating in an ove®férand cooling in a vacuum desiccator.
Ash mass was measured after heating in an Isoteaggdmable Muffle Furnace (Fisher
Scientific, Dubuque, 1A, U.S.A.) using the followgmprogram: increase temperature to 105°C,
hold at 105°C for 12 min, increase temperaturest@’@ at a rate of 10°C/min, hold at 250°C for

30 min, increase temperature to 575°C at a raB®dT/min, hold at 575°C for 180 min, allow

32



temperature to decrease to 105°C. Acid solubteri¢ASL) was determined by measuring the
absorbance of the filtrate with a UV-Vis spectrofgmoeter (Cary 50 Bio UV-Visible
Spectrophotometer, Varian, Palo Alto, CA, U.S.A.aavavelength of 205 nm using a quartz
cuvette (Thammasouk et al., 1997). Acid solulgaifi on an extractives free basis was

calculated with the following equation:

UVabsorbance* Volume..,..... * Dilution
%As‘ExtractivsFree = Plrate * 100 (5)

*
2 mdrygrass

wheree is the absorptivity of biomass at a specific wangth (110 L/g cm) and diyrassiS the

dry mass of the switchgrass acid hydrolyzed. (Thasouk et al., 1997).

Total lignin content on an extractives free basihe sum of %AIL and %ASL. Acid filtrate was
neutralized with calcium carbonate and filtereatiyh a 0.2um filter. Structural carbohydrate
contents were determined from neutralized filtkatdHPLC analysis using the same method as
for extractive sugar content. Samples were andlf@ecellobiose, glucose, xylose, galactose,

arabinose, and mannose.

Lignin and structural carbohydrates were calcdlaie an as received basis to account for

the mass removed by extraction. The following ¢igua were used:

0 .

%Al LAsRecieved = %Al LEXTractivsFree * (1— %(?gtlvesj (6)
0 .

%Ag‘AsReceived = %As_EXtraCtivesFree * (1— %?S:WS) (7)

Acid insoluble lignin, acid soluble lignin, andsttural carbohydrates were calculated as a

percent of switchgrass on a dry weight basis.
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4.5 Simultaneous Saccharification and Fer mentation

Pretreated, rinsed switchgrass was convertechtmet through a SSF process. The
NREL LAP “SSF Experimental Protocols: Lignocellum8iomass Hydrolysis and
Fermentation” was followed with some modificatigbowe and McMillan, 2001). Two SSF
experiments were conducted, one with all five hsirdates and one using only July, September,

and November harvest dates.

4.5.1 Switchgrass Preparation

Switchgrass pretreated using the hydrothermofysigeatment described in section 4.3
was used in the SSFs. The solids from two batdndtlyermolysis pretreatments of each harvest
date were combined and mixed. After compositiamalysis, the combined pretreated
switchgrass solids were used in the SSF. Thediffaction from hydrothermolysis pretreatment
was not added to the SSF. The SSF of July, Septermbd November switchgrass used different
pretreated batches than the SSF of all five hadeatsts. The moisture content of the pretreated

switchgrass was determined one day before useiS$i-.

4.5.2 Yeast Preparation

The yeast straiBaccharomyces cerevisiae DsA was used for the fermentation. The yeast
was stored in a refrigerator at 4°C on an agat slamsisting of 3 g/L yeast extract, 3 g/L malt
extract, 5 g/L peptone, 22 g/L dextrose monohydiatd 22 g/L agar. Aseptic procedure was
used to inoculate liquid medium with yeast from shents. The liquid medium consisted of 10
g/L yeast extract, 20 g/L peptone, and 50 g/L ghecoThe medium was filter sterilized through a
0.22um bottle-top filter. A volume of 100 mL of liquishedium was poured into a 250 mL
baffled flask and inoculated with a loop of cellBhe flask was covered with a Bugstopper
(Whatman Inc., Florham Park, NJ, U.S.A.), whicloat aerobic conditions while maintaining a

monoculture through aseptic gas transfer. Thé fleess placed in a Max Q 4450 incubated
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orbital shaker (Thermo Scientific, Dubuque, IA, LAS at 37°C and 250 RPM. A higher
rotational speed was used for the aerobic growthefeast culture than the anaerobic SSF to

ensure adequate oxygen to the yeast culture, wh#res&5SF only need to be well-mixed.

A second flask was filled with 90 mL of liquid mach and inoculated with 10 mL of
well-mixed volume from the first flask. This wasrte 16 h after the first flask was inoculated.
The yeast were in the exponential growth phase #ifé¢ period of incubation. The second flask
was covered with a Bugstopper and incubated irrbitabshaker at 37°C at 250 RPM. The
optical density (OD) of the second flask was measto determine whether adequate cell growth
had occurred. The optical density was measureal y-Vis spectrophotometer (Cary 50 Bio
UV-Visible Spectrophotometer, Varian, Palo Alto, GAS.A.) at 600 nm. The absorbance
measurement was multiplied by the dilution factanich is the total volume divided by the

sample volume. This product is the optical densitthe yeast culture.

The volume of culture needed to supply the amofinells necessary for the SSF was
calculated based on the yeast culture OD, desiegting) OD of the SSF, the volume of the SSF,

and the number of flasks to be used for the SSF.

Volumesg x ODgg (i
OD

V0| urTﬂnoculum = X (numberwi _ flasks + 1) (8)

inoculum

Adding one to the number of flasks creates a dlidatger working volume. This is
advantageous as it is difficult to pipette the ffisthaplets remaining in a container; and the entire
volume would be required without adding one torthenber of flasks. The initial OD was 0.5 for
each SSF. There were 18 flasks for the SSF divalharvest dates and 7 flasks for the SSF of

July, September, November harvest dates.

The volume of inoculum that is calculated was tivithdrawn via pipette from the well-

mixed inoculum flask using sterile technique. Tb&ume was split between two 50 mL sterile
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centrifuge tubes. The inoculum was centrifuge8, @60 RPM for 6 min with a Sorvall Legend
RT centrifuge (Kendro, Asheville, NC, U.S.A.). Thihe supernatant was decanted. The cells
were resuspended in DI water to wash away resiglgdr. The cell suspension was centrifuged
at 3,750 RPM for 6 min. The supernatant was decaand the cells were resuspended in DI
water. The volume used to suspend the cells veasumber of flasks used plus one, in mL.
Since 18 flasks were used, the cells were suspandg&timL. This allows for each flask to

receive one mL of cell suspension with one mL exces

4.5.3 Enzyme

A commercial enzyme, Accellerase 1500 (Genenadg Rito, CA, U.S.A.), was used to
saccharify the switchgrass cellulose into monorfarghe SSF of all five harvest dates. Another
commercial enzyme, Fibrilase (logen, Ottawa, Capeda used for saccharification in the SSF
of only July, September, and November harvest dakbe activity of the enzyme was measured
in filter paper units (FPU) using NREL LAP “Measurent of Cellulase Activities” (Adney and

Baker, 1996).

4.5.4 Loading Quantities

Switchgrass comprised 8% of the SSF on a dry masis. SSFs are typically loaded by
glucan content, rather than dry mass. Howevekeaping with the objective, a comparison of
ethanol production among different harvest datsgth@n a dry mass basis is more suitable than
a comparison based on glucan content. Ethanolpth can be compared between different
harvest months based on yield per dry mass uihis yiield can be directly correlated to the yield
of dry mass of switchgrass per area of land. Caoinbithe two yields allows a comparison of
harvest dates based on ethanol per area of lamch &SF consisted of 100 g of material loaded

into a 250 mL baffled flask. Wet, pretreated shifass was loaded based on its moisture
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content to total 8 g dry grass. DI water was aldded on a mass basis according to the following

equation:

mass wet grass + 5 g citrate buffer at pH 4.5 ¢4 10X YP media + 1 g yeast + 1 g enzyme +

Dl water =100 g

The flasks containing wet switchgrass and DI waterre capped with Bugstoppers. Then the
mass of each flask was measured and recordedflaBke and a container of DI water were
sterilized at 121°C for 1 h by an autoclave. Tlhels were dried and allowed to cool. The mass
of each flask was measured again. The differemoegiss was attributed to evaporation of water
in the autoclave. The sterilized DI water was aldageptically to replace the evaporated water.
A 1.0 M citrate buffer solution was filter steriéid. A 10X yeast extract and peptone (YP)
nutrient solution was prepared with 100 g/L yeastaet and 200 g/L peptone and filter

sterilized. Citrate buffer was at 50 mM, yeastasttat 10 g/L, and peptone at 20 g/L for
fermentations. Volumes of 5 mL of 1.0 M citrateéfeuat pH 4.5, 10 mL of 10X concentrated

YP medium, 1mL of 100X concentrated yeast soluttorg 1 mL of enzyme were also added
aseptically. The time of the SSF started oncesttayme was added. The yeast was added
second to last and the enzyme was added lastSTReof all five harvest dates using Accellerase
enzyme contained 9 FPU/g glucan. The SSF of Sdgtember, and November harvest dates

using Fibrilase enzyme contained 14 FPU/g glucan.

4.5.5 SSF Conditions

Flasks were placed into a C25 Incubator Shakew(Bieinswick Scientific, Edison, NJ,
U.S.A)) after initial samples were taken. The temapure was held at 37°C and the shaker speed
was at 130 RPM. Anaerobic conditions were maiethinsing a one-way air valve and rubber
stopper to cap each flask. Each rubber stoppeaic@d a hole in the center. A one-way air

valve was inserted into this hole. Gases weravaklbout of the flask by the one-way air valve,
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which prevented excessive pressure from buildinghp gases were allowed into the flask,

which maintained the anaerobic condition and preagnontamination.

4.5.6 Sampling

Each flask was sampled aseptically at 0, 6, 2472896, 120, 144, and 168 h after
enzyme addition. Flasks were transferred to dlfyesterilized biosafety cabinet. The one-way
air valve was removed, the mouth of the flask fldntke flask was swirled to ensure a well-
mixed slurry, and a sterile pipette tip used togeenl.5 mL of sample. The samples were put
into 2 mL microcentrifuge tubes and centrifuged 2000 RPM for 10 min by an accuSpin
Micro microcentrifuge (Fisher Scientific, Hamptdwt, U.S.A.). The supernatant was filtered
through a 0.45 um nylon filter into an HPLC vidlhe pH of the flasks was measured after the
last sample at 168 h. The pH was measured ugitgmobe (ORION 310 pH meter, Thermo

Electron Corporation, Beverly, MA, USA; VWR symphoprobe, West Chester, PA, USA).

4.5.7 Analysis

The filtered SSF samples were analyzed by HPLd:termine the concentrations of
cellobiose, glucose, xylose, xylitol, succinic a@tycerol, ethanol, and acetic acid. The mobile
phase was 0.01 MA30,. An Aminex HPX-87H column was used for separatiboompounds.
RID was used to quantify the compounds. Extermaddards were used for the calibration.

There were three SSF flasks set up for each hatedstof switchgrass, as well as the control, for
the SSF of all five harvest dates. There were386 flasks set up for each harvest date and only
one control flask for the SSF of July, Septembed, ldovember harvests. Tukey’s test was used
to separate means between harvest dates at a 96tecce interval with SAS Release 9.3

(SAS, Cary, NC, U.S.A)).
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CHAPTER V

RESULTS AND DISCUSSION

5.1 Composition of Switchgrassthrough Harvest Season

5.1.1 Extractives Content

The percentage of total mass extracted decreasmaghout the harvest interval, from
13.8% (db) in July to 5.3% (db) in November. Figbrl shows the extractives as percent dry
mass. The amount extracted decreased over thestanterval for both the water and ethanol
extractions. Ethanol extractives include chlordphyaxes, and other minor constituents (Ruiz et
al., 2007). Water extractives include inorganidemal, non-structural carbohydrates, and

nitrogenous material (Ruiz et al., 2007). Watdraptives decreased faster after September.

Water extractives were analyzed for sugar corigiiPLC. Both sucrose and glucose
were detected. Extractable sucrose content oEbgiiaiss ranged from 2.43% (db) in August to
0.09% (db) in November. Extractable glucose cdmamged from 1.29% (db) in September to
0.18% (db) in November. A reduction in the amanfirgugar extracted was observed after
September, as shown in Figure 5.2. Adler et 8062 and Lemus et al. (2002) also observed that
soluble and storage sugars declined as plants &yaghrs are not produced by photosynthesis as
above ground switchgrass tissue dies during senesceExtractable glucose and sucrose peaked

near 3.5% (db) in August and September.

39



16 -

14 T

Content (% db)
(o]
-

R
——

0. 7 7

Total Extracts Water Extracts Ethanol Extracts

\l July @ August B September O October O November \

Figure5.1 Water and ethanol extractive content in switchgrass harvested during different

months.
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Figure5.2 Sugar content removed by water extraction in switchgrass harvested during

different months.
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5.1.2 Structural Carbohydrate Content

Structural carbohydrates were analyzed after etxraby water and ethanol. Contents
are expressed as a percentage of switchgrass dg/beéore the removal of extracts. Glucan
content increased over the harvest period; valoresgch month from July to November were
36.5, 37.1, 37.7, 39.7, and 41.4% (db), respegtivElgure 5.3 shows changes in structural
carbohydrate content over the harvest period. Meaddal. (2013) found a similar increase in
cellulose content over the same period for the samiiehgrass stand; cellulose contents were 41,
42,42, 44, and 44% (db) from July to Novemberpeesively. The cellulose content measured
by the method used by Makaju et al. (2013) tendsv&mestimate structural glucan content by 2
to 4% (Wolfrum et al., 2009). Bals et al. (201®asured a smaller increase in glucan content of
Alamo switchgrass over a similar period in Aubukh,in 2005, with 32.6% (db) for July and
32.9% (db) for October. However, the switchgrasauburn may not have senesced as much by
October as the Kanlow grass in Stillwater, OK dudifferences in climate and latitude. Bals et
al. (2010) did not observe a large decline in exivas in October as was the case in this study.
Porter (1985) observed a 4% (db) cellulose incré&ase July to August in Wisconsin for two
upland cultivars, more than the 0.6% (db) glucameut increase observed in this study for the
lowland cultivar Kanlow. Xylan content held steddym July through September at
approximately 22.5% (db), increased in Octoberdd % (db), and then decreased to 24.8% (db)
in November (Figure 5.3). In lowa, Lemus et a0(2) observed an increase in cellulose and
hemicellulose of 2.1 and 3.6%, respectively, fazrage values of both upland and lowland
cultivars from September to November, although éstsywere from different years. These
results from Lemus et al (2002) correspond to giuarad xylan content increases of 3.7 and 2.1%
(db), respectively, from September to Novembetti@ study. Dien et al. (2006) measured a 3.9
and 2.8% (db) increase in glucan and xylan conteapectively, for upland Cave-in-Rock

switchgrass from anthesis to post frost growthestdag 2003 at Mead, Nebraska.
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Figure5.3 Structural carbohydrate content in switchgrass harvested during different

months.
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Dien et al. (2013) measured changes in glucan giaeh xontent from anthesis to post frost
growth stages of Cave-in-Rock to be -0.7 and 1.8}, fespectively, and Kanlow N1 to be 2.2
and 0.7% (db), respectively, at Mead, Nebraskaes@&lgrowth stages correspond to August and
November harvests in this study where glucan atahxgontent increased by 4.3 and 1.4% (db),
respectively. Arabinan content ranged from 2.2.486 (db) and mannan content ranged from
0.7 to 1.4% (db) (Figure 5.3). Galactan conters leas than 1.0% (db) for all months (Figure

5.3).

Glucan content was more constant over the hapeggid on an extractives free basis
than on a whole plant basis, as shown in Figure Bhis indicates that most of the increase in
glucan content over the harvest period for totahptomposition is from the declining
extractives content rather than additional stradtaarbohydrates. If there are insignificant gains
in structural carbohydrates over the harvest petlwh the same mass of glucan can be harvested
at any time. Further, it is not necessary to presthe soluble sugars present in the extractives
because they would be degraded in almost all tgbpeetreatments. It is unlikely to be cost

effective to extract these sugars for fermentation.

5.1.3 Lignin Content

Lignin was analyzed in switchgrass after extracby water and ethanol. Lignin content
is expressed as a percent of switchgrass befar@ctigh. Lignin content increased from July at
17.8% (db) until September at 20.5% (db), afterchta very slight increase to 20.8% (db) in
November was observed. Figure 5.5 shows the ligmment of switchgrass over the harvest
interval. The acid insoluble portion of lignin wdee major lignin component and followed the
same pattern as the total lignin, ranging from 16.28.8% (db) from July to November.
However, the acid soluble portion of lignin decehfrom 2.6 to 2.0% (db) from July to

November.
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Figure5.5 Lignin content in switchgrass harvested during different months. AlL is acid

insoluble lignin and ASL is acid soluble lignin.
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Increases in lignin will decrease access to sirattarbohydrates. Depending on the
effectiveness and cost of pretreatment, an edrdierest may be advantageous to avoid increased

lignin content.

5.2 Effect of Switchgrass Maturity on Simultaneous Saccharification and Fer mentation

Yields

5.2.1 Composition of Switchgrass after Pretreatmen

Switchgrass was pretreated by hydrothermolystisipt lignin structure so that
enzymes could access cellulose during SSF. Thepeof switchgrass dissolved by
pretreatment begins to decline in October. Theedse in the percent dissolved is similar to the

decrease in the percent extracted from July to ke, shown in Figure 5.6.

The effects of the pretreatment on the compostifswitchgrass were analyzed. The
sample used to determine the dry matter conteswit€hgrass analyzed by acid hydrolysis was
lost for the November harvest sample. The aveoagiee other four harvest date samples was
used to estimate the dry matter content of the Ndpex sample. The standard deviation for the
dry matter content of the samples from the other farvest dates was 0.157%; therefore, it can

be assumed that the error introduced is very dinaati this factor.

Lignin contents of pretreated switchgrass are shiowigure 5.7. Lignin content
increased in switchgrass solids after pretreatroetydrothermolysis for all harvest dates
(Figures 5.5 and 5.7). Lignin mostly remainedhe $olid fraction, while other components were
dissolved into the liquid fraction. The resultamdss loss from dissolved components makes
lignin a larger constituent in the remaining saliddter pretreatment, the lignin content profile
over the harvest season changed. The highest ligmitent of pretreated switchgrass at 34.6%
(db) occurred with an August harvest date (Figur@.5The October and November harvest dates

had the highest lignin content before pretreatraé0.6 and 20.8% (db) (Figure 5.5), but the
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Figure5.7 Lignin content of switchgrass harvested during different months after

hydrothermolysis pretreatment. AL is acid insoluble lignin and ASL is acid soledignin.
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lowest lignin content after pretreatment at 32.8 aR.8% (db) (Figure 5.7). Acid insoluble
lignin content also increased in the solid fractbter pretreatment for all harvest dates, however,

acid soluble lignin decreased for all harvest dates

Glucan content increased in switchgrass solids &ftdrothermolysis pretreatment.
Figure 5.8 shows the structural carbohydrate comtetine pretreated switchgrass. Glucan
content ranged from 37.1 to 41.4% (db) before padtnent (Figure 5.3) and 56.3 to 59.8% (db)
after pretreatment (Figure 5.8). This increas#uis to the preservation of glucan in the solid
fraction and the removal of other components frantchgrass to the liquid fraction. Xylan
content was greatly reduced in the solid fractifiergretreatment. Xylan ranged from 22.7 to
26.5% (db) before pretreatment (Figure 5.3) and®2)7% (db) after pretreatment (Figure 5.8).
Nearly all galactan, arabinan, and mannan were vethtrom the solid fraction during
pretreatment. For August harvested switchgrag$p@db) galactan and 0.4% (db) mannan were
detected in the solid fraction after pretreatmé&igyre 5.8). No galactan, arabinan, or mannan

were detected in pretreated switchgrass solidarfgrother harvest date.

Figure 5.9 shows the preservation of structurddaaydrates in the solid fraction. For
glucan, 87.0 to 92.6% (db) was preserved in thesalfter pretreatment. A small amount of
glucan was dissolved into the liquid fraction. P&I1 to 6.8% (db) xylan was preserved in the

solid fraction after pretreatment. Most of theatywas dissolved into the liquid fraction.

Figure 5.10 shows the concentrations of sugattsahiquid fraction after
hydrothermolysis pretreatment of switchgrass afdaguent acid hydrolysis. The acid
hydrolysis was performed to convert sugar polynersonomers. The amount of glucose in the
liquid fraction increased from 3.2 to 3.6 g/L frauly to September harvests, and then declined

to 2.0 g/L for the November harvest. Xylose insezhfrom 11.0 to 14.7 g/L from July to
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Figure5.8 Structural carbohydrate content of switchgrass harvested during different

months after hydrothermolysis pretreatment.
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Figure5.9 Preservation of structural carbohydratesin solid fraction of switchgrass

harvested during different months after hydrothermolysis pretreatment.
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Figure5.10 Concentration of sugarsin liquid fraction after pretreatment of switchgrass

harvested during different months.
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October harvests, and then declined to 12.0 g/tthMNovember harvest. Galactose ranged

from 0.8 to 1.0 g/L.

Figure 5.11 shows the percent of structural cayites dissolved into the liquid
fraction during hydrothermolysis pretreatment. Bhgount of glucan dissolved into the liquid
fraction was between 4.4 and 8.7 % (db). The amoiuxylan dissolved into the liquid fraction
was higher, between 42.6 and 49.7% (db). The xgtextent recovered in the liquid fraction was
higher than other switchgrass pretreated undesdahee conditions. Suryawati et al. (2008) found

4.6% (db) of glucan and 28.0% (db) of xylan in liqeid fraction.

The liquid fraction after pretreatment by hydrothelysis contained inhibitors. A small
amount of glucose was degraded to hydroxymethylfaliHMF). Some of the xylose was
degraded to furfural during hydrothermolysis. Feg6.12 shows the inhibitor concentrations
formed by pretreatment over the harvest periodth BiMF and furfural increased from July to
August and then decreased through November. HMéehfrom 0.2 g/L in November to 0.7
g/L in August. Furfural ranged from 2.7 g/L in Neaber to 3.5 g/L in August. Acetic acid was

between 2.6 and 2.8 g/L for all harvest dates.

Suryawati et al. (2009) and Suryawati et al. (3d68nd similar acetic acid
concentrations at 3.4 and 3.7 g/L, respectivetyjlar HMF concentrations at 0.3 and 0.2 g/L,
respectively, and lower furfural concentration®.&and 0.9 g/L, respectively, for the liquid
fraction of switchgrass pretreated by hydrotherrsiglat 200°C for 10 min. However, Yu et al.
(2008) found a similar furfural concentration & 8/L and a similar HMF concentration at 0.4
g/L for the liquid fraction of rice straw harvestedNovember 2006 in Japan and pretreated by

hydrothermolysis at 200°C for 10 min.

The furfural and HMF produced can be metabolize&.lzerevisiae, but will cause a lag

phase in the fermentation (Palmqvist and Hahn-Hide2000). The 2.8 g/L acetic acid
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Figure5.11 Structural carbohydrate content dissolved into liquid fraction by

hydrother molysis pretreatment of switchgrass harvested during different months.
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Figure5.12 Inhibitorsin liquid fraction after hydrothermolysis pretreatment of

switchgrass harvested during different months.
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produced in these pretreatments can be expectatise less than 50% inhibition for ethanol
production byS. cerevisiae at pH 5.5 (Olsson and Hahn-Hagerdal, 1996). Hewndermentation
at pH 5.5 of the liquid fraction after hydrotheriygis of November harvested switchgrass with

glucose added to 20 g/L usifsgcerevisiae D5A did not produce ethanol (data not shown).

5.2.2 Simultaneous Saccharification and Fermeatati

Initial fermentation rates (0 to 24 h) slowed a#ichgrass aged. Initial fermentation
rates were calculated by dividing the 24 h ethaoakentration by 24 h. July harvested
switchgrass had the highest initial fermentatide i 0.470 g ethanol/L/h, with declining rates
for switchgrass harvested from each month througbelhber, when a rate of 0.370 g
ethanol/L/h was observed. These rates appearreldied to the lignin content of switchgrass
before pretreatment rather than the lignin corédtetr pretreatment. Lignin increased in
switchgrass throughout the harvest period, as shiowigure 5.5. However, lignin content of
switchgrass after pretreatment was lowest for Gatalbnd November, shown in Figure 5.7. The
disruption of lignin likely varied between harvelsites because the same pretreatment process
was used on varying lignin contents. A harshetrpagément could be used for increased lignin
content, but increased degradation of structurdlatgydrates may occur. Pretreatment
conditions for ammonia fiber expansion and soakirggueous ammonia have been adjusted for
harvest date and ecotype (Bals et al., 2010; Kial.e2011). Faster rates of fermentation will
allow for smaller or fewer fermentation vesselbdéoused to produce the same amount of ethanol,

thus reducing production cost.

Ethanol production appeared to have stopped byhXé4 July and August harvested
switchgrass, but production was continuing slowlly$eptember, October, and November
harvested switchgrass until 168 h. This is likdye to a less disrupted lignin complex for the

latter months of harvest, which slowed enzyme asb#isy to structural carbohydrates. Ethanol
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concentrations by harvest times from highest teelstwvere August at 18.0 g/L, July at 17.8 g/L,
October at 17.5 g/L, September at 16.5 g/L, andeRter at 16.4 g/L. Figure 5.13 shows the
ethanol production for the SSF over time. Ethaooicentrations for July and August harvest
dates were significantly higher than SeptemberNoeember harvest dates (p<0.05). October
ethanol concentration was not significantly diffar&om any other harvest date (p>0.05). These
ethanol concentrations were higher than those medstiter 96 h for SSF usii®cerevisiae

YR400 at 10% solids loading of Kanlow N1 switchgragrvested at anthesis and post frost
maturity stages, 13.8 and 13.2 g/L respectivelyjiclvborrespond to August and November

harvests for this study (Dien et al., 2013).

Ethanol yields were low after 168 h, between &hd 70.1% of maximum theoretical
yields based on glucan in pretreated solids. iBHikely due to a low enzyme loading of 9
FPU/g glucan. Figure 5.14 shows the percent thieateield throughout the fermentation. SSF
of August harvested switchgrass produced the higlesentage of maximum theoretical yield.
Pessani et al. (2011) found the optimum enzymeingatd be 58 FPU Accellerase 1500/g glucan
for SSF at 45°C witlK. marxianus IMB3 of post-frost November harvested Kanlow siWwgass

from the same stand as this study after pretredthyehydrothermolysis at 200°C for 10 min.

An SSF experiment using a greater enzyme loadidg &PU/g glucan was done in
duplicate with pretreated switchgrass from Julypt&ember, and November and produced 91.7,
87.8, and 85.9% of theoretical yield of the predasolids, respectively. Fibrilase was used for
the enzyme instead of Accellerase 1500. This éx@et shows results with a good theoretical
yield and supports data from the SSF using Acadkel 500 enzyme at a lower loading. The
initial fermentation rate in this experiment wascahighest for July harvested switchgrass, as
shown in Figure 5.15. Ethanol concentrations o 24L from July, 23.5 g/L from November,
and 22.3 g/L from September harvested switchgrase wot significantly different (p>0.05),

however, statistical significance between datairegumore separation for duplicate analysis than
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Figure5.13 Ethanol production of SSF using Accellerase enzyme at 9 FPU/g glucan.
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Figure5.14 Theoretical ethanol yield of SSF using Accellerase enzyme at 9 FPU/g glucan.

Theoretical yield was calculated from glucan contérpretreated switchgrass in each SSF.
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Figure5.15 Ethanol production of SSF using Fibrilase enzyme at 14 FPU/g glucan.
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triplicate analysis. Pessani et al. (2011) obsknearly the same percent theoretical ethanol
yield, about 87%, as this experiment for an SSRgiSB FPU Accellerase 1500/g glucan &nd

cerevisae DsA at 37°C.

There was a lag time for ethanol production duthmySSF using Fibrilase at a higher
enzyme loading. Ethanol production was 3.0 g/krabth for the SSF of all harvest dates, where
less than 0.6 g/L ethanol was produced after I the SSF with higher enzyme loading. It
should be noted that the SSF with higher enzyméitgawvas sampled at 0, 12, and 24 h, whereas
the SSF of all harvest dates with a lower enzyradiltg was sampled at 0, 6, and 24 h. The
glucose concentration peaked higher than 2.5 gll2 4t for the SSF with higher enzyme loading
during the lag time, while the glucose peak was tean 1.0 g/L at 6 h for the SSF of switchgrass
from all harvest dates. This indicates that mdtalgpowth stage of the yeast caused the lag time
for ethanol production during the SSF with higheryane loading. Yeast was likely not in the

exponential phase when it was used for inoculation.

Glucose concentrations were less than 1 g/L througSSF with the lower enzyme
loading, indicating continuous conversion of gluets ethanol. Figure 5.16 shows the glucose
concentration during SSF over time. Acetic aciodpiction was similar for the first 72 h of SSF,
but concentrations diverged by 168 h. Acetic gc@luction ranged from 0.9 to 1.4 g/L, with
declining concentrations for later harvest datégure 5.17 shows acetic acid production for the
SSF. Xylitol production ranged from 1.25 to 1.3R.gSuccinic acid production ranged from

1.64 to 1.75 g/L. Glycerol production ranged frorg9 to 0.65 g/L.

Ethanol yield in terms of liters of ethanol pertriteton of untreated, dry switchgrass
provides useful data to determine the best hadatst An October harvest date yielded the
highest among harvest dates with 167 L ethanoliMtchgrass. July, August, and November

harvest dates provided slightly lower yields thatewvithin 4 L ethanol/Mg switchgrass of the
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August harvest date. The September harvest ddta bansiderably lower yield at 150 L
ethanol/Mg switchgrass. July, August, October, ndember harvest dates yielded

significantly more L ethanol/Mg switchgrass thaa September harvest date (p<0.05). Table
5.1.A illustrates how yields were similar over thervest period, except for September, and how
those yields correspond to both the theoreticalimam yield and the percent of theoretical
maximum yield obtained based on glucan contenntreated switchgrass. Aside from
September, these yields were close consideringthewarlier harvest dates generally produced
higher ethanol concentrations. It appears Julgust, October, and November harvest dates had
such similar ethanol yields per metric ton of uateel switchgrass due to two factors. First, the
amount of switchgrass dissolved into the liquictfian during hydrothermolysis varied, as

shown in Figure 5.6. Less switchgrass was disgalging hydrothermolysis for October and
November harvests, leaving more switchgrass stidfermentation. Further, the amount of
glucan dissolved into the liquid fraction was l&msOctober and November harvests (Figure
5.11). Second, lignin contents of switchgrass v@ner for July and August harvests, (Figure
5.5), which likely increased ethanol yields for #ely months. The September harvest benefited
from neither the effect of lower dissolved solidsidg pretreatment nor the effect of lower lignin

content, which accounts for the decreased yiekttwinol per ton of untreated switchgrass.

Ethanol yield based upon the SSF using Fibrilasetegher enzyme loading for July,
September, and November harvested switchgrassabeditarger differences between harvest
dates. Table 5.1.B shows these results. Foeggeriment, a November harvest yielded 15 L
ethanol/Mg switchgrass more than a July harvebe September harvest yielded the lowest as it
did in the experiment of all five harvest dates| ldthanol/Mg switchgrass lower than the July
harvest. The November harvest yielded signifigamibre ethanol than the September harvest
(p<0.05). The July harvest was not significaniffedent from either the September or

November harvests (p>0.05). The larger differanagthanol yield observed in this experiment
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Table5.1 Comparison of ethanol yield between harvest dates based on SSF with (A)
Accellerase 1500 and lower enzymeloading and (B) Fibrilase and higher enzyme loading.
Ethanol yields with different letters are signifity different (p<0.05). Means were separated by

Tukey's test. Theoretical ethanol yield is basedjlmcan content in untreated switchgrass.

A
: Theoretical %
Harves! Ethf‘Lr/‘I‘\’/: y)'e'd ethanol yield | Theoretical
J (L/Mg) Yield
July 163 a 262 62.0
August 164 a 267 61.3
September 150 b 271 55.4
October 167 a 286 58.3
November 165 a 298 55.3
B
i 0)
Harvest Ethanol yield Theoretlf;al 0 :
Date (LIMg) ethanol yield | Theoretical
(L/Mg) Yield
July 223 a,b 262 85.1
September 212 b 271 78.1
November 238 a 298 79.9
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between July and November harvests than in theriexgat with all five harvest dates may be
due to several reasons. First, variation withiougd switchgrass samples may account for the
difference, as the two SSF experiments used diffdratches of pretreated switchgrass. The
glucan content for pretreated November switchgnass1.4% (db) higher for the SSF with
increased enzyme loading than the SSF with alkfhervest dates. The glucan content for the
pretreated July switchgrass was the same for BBEheXperiments. The glucan content for the
pretreated September switchgrass was 1.4% (dby limvéhe SSF with increased enzyme
loading than the SSF with all five harvest dat®scond, the increased enzyme loading may have
released more glucose during SSF from the Noveswigchgrass relative to the July
switchgrass than was released with the lower enzgading. Third, the Fibrilase enzyme used
in the SSF of increased enzyme loading may havetifred better on the November switchgrass
than the Accellerase 1500 enzyme used in the S&F lvdirvest dates due to differences between
enzyme cocktails, such as varying amounts of endaglases, exoglucanases, piglucanases.
SSF with Fibrilase at 14 FPU/g glucan from thigigtproduced nearly the same percent of
theoretical ethanol yield as SSF with Accelleras@0lat 58 FPU/g glucan using the same
switchgrass and pretreatment method (Pessani 04ll). Dien et al. (2013) found ethanol
yields via SSF of 193 and 184 L/Mg Kanlow N1 swgchss harvested at anthesis and post frost,
respectively, at Mead, Nebraska. These maturdiyest correspond to August and November
harvest dates for this study. The decrease imetlygeld from switchgrass observed by Dien et
al. (2013) at later maturity was not observed ia study for either SSF experiment (Table 5.1).
The SSF with Fibrilase had higher ethanol yields(€ 5.1.B) than those obtained using a

glucose and xylose fermenting strainSo€erevisiae (Dien et al., 2013).

The SSF experiment with Accellerase 1500 foundaly constant ethanol yield per ton
of untreated switchgrass for July, August, Octobad November (Table 5.1A), which would

allow for a wide harvest window from the standpahethanol production. The other SSF
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experiment with Fibrilase found a larger increasethanol yield by delaying harvest until late in
the fall (Table 5.1B). More weight can be giverthie SSF with Accellerase 1500 because the
experiment was performed in triplicate, while ti&FSwith Fibrilase was performed in duplicate.
This data needs to be combined with multiple factordetermine the best harvest date. Two of
the more important factors are the yield in terf®os of switchgrass per hectare and the
harvest date effect on stand persistence. A 1@edse in the mass of switchgrass harvested
over the harvest period would more than offsethilyber ethanol yields of October and
November from the two SSF experiments, and allowenethanol to be produced from a July
harvest. The percent difference from the lowesamol yield in Tables 5.2.A and 5.2.B shows
how much higher the yield was for each month ti@ndwest yield obtained from September
harvested switchgrass. The percent differencéhianel yields between harvest dates reveals
how much the mass yields of switchgrass need ferdif order to offset the ethanol yield to
produce the same amount of ethanol per area of [Bndexample, in Table 5.2.A, a July harvest
yielded 8.3% more volume of ethanol per mass ofchwgrass than a September harvest, so the
September dry mass yield would need to be 8.3%ehitjfan the July yield to obtain the same

volume of ethanol.

An estimate of revenue was calculated (Tabletka2d on the ethanol yields obtained
from these experiments for 350,000 tons (318,009 dfigwitchgrass, the annual estimated mass
of switchgrass needed for a 25,000,000 gal/yr @500 L/yr) ethanol plant
(http://lwww.abengoabioenergy.com/web/en/2g_hugqtonject/, accessed 4-23-14). A price of
$2.00/gal ethanol ($0.53/L ethanol) was used ferciculation; the price was estimated as a
future baseline price using a 10-year chart foaedhon the Chicago Board of Trade
(http://lwww.nasdaq.com/markets/ethanol.aspx?timedal 0y, accessed 4-23-14). This
calculation does not take into consideration castdrs such as transportation cost, which is

likely higher for earlier harvests due to highetragtives content.
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Table5.2 Comparison of revenue between harvest dates based on SSF with (A) Accellerase

1500 and lower enzymeloading and (B) Fibrilase and higher enzyme loading.

A
% difference dlffere_n cein revenue
Harvest production of L :
from lowest difference at
Date . ethanol/318,000
ethanol yield : $0.53/L ethanol
Mg switchgrass
July 8.3 3,977,000 $2,102,000
August 8.9 4,276,000 $2,259,000
September 0.0 0 $0
October 10.9 5,212,000 $2,754,000
November 9.8 4,678,000 $2,472,000
B
% difference d|fferep cein revenue
Harvest production of L :
from lowest difference at
Date . ethanol/318,000
ethanol yield : $0.53/L ethanol
Mg switchgrass
July 53 3,561,000 $1,882,000
September 0.0 0 $0
November 12.4 8,342,000 $4,408,000

69




CHAPTER VI

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

Much of the increase in structural carbohydratgeat over the harvest period was due
to a decrease in extractives content, rather tbditian of new structural carbohydrates.
Increasing lignin content through the harvest gkhHad a negative effect on fermentation rates
and yields. The lignin content after pretreatndtnot appear to correlate to fermentation rates
and yields as did the lignin content of untreatedchgrass. The decreased amount of
switchgrass dissolved during hydrothermolysis ateéhd of the harvest period had a positive
effect on ethanol yields. Ethanol yield in ternfiditers per ton of switchgrass for July, August,
October, and November harvest dates were not gignify different; a significantly lower yield

was obtained for the September harvest date.

6.2 Recommended Future Work

Repetition of this study for different years, sshigrass varieties, and locations is
recommended. The data obtained from such resedltckid to create a harvest guide across the
United States for switchgrass to be used in ethamaluction via fermentation. Further,
collecting switchgrass yield data in terms of m@essunit of land area for each repetition of this

study is recommended. Obtaining yield data withalfor a better optimization of the harvest
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period for producing ethanol from switchgrass.

Optimization of the pretreatments, such as hy@mtiolysis, at different harvest dates
should improve ethanol yields. Later harvest datas this study had lower inhibitor production
during hydrothermolysis and lower % theoreticabethl yields during SSF than earlier harvest
dates. It may be possible to achieve higher %r#tmal ethanol yields during SSF for later
harvest dates. Slight adjustments to the seviatyr, R, by varying temperature by a few
degrees and time by a few minutes can provideottisnization. The results of such a study may

help to better optimize a harvest period for swgtelss.
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APPPENDICES

Table A.1 Monthly average of the mean daily temperature at Stillwater, OK, from 2008
compar ed with 30-yr average (1971-2000).

air temperature, C

Month 2008 30-yr mean
January 3.1 1.4
February 3.7 4.4
March 10.2 9.6
April 14.3 14.9
May 20.6 20.1
June 25.5 25
July 27.9 27.9
August 26.3 274
September 21.1 22.7
October 15.2 16.3
November 9.3 9.3
December 3.1 3.6

Source: www.mesonet.org/index.php/weather/station_monthly _ summaries
and http://ggweather.com/normals/OK71.htm.

Adapted from Makaju et al. (2013).
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Table A.2 Monthly total precipitation at Stillwater, OK, from 2008 compared with 30-yr
aver age (1971-2000).

precipitation, cm

Month 2008 30-yr mean
January 14 3.3
February 6.6 4.1
March 10.5 8.2
April 14.6 8.8
May 16.2 13.7
June 125 11
July 12.7 6.8
August 3.4 7.7
September 4.2 10.5
October 5.3 8.2
November 6.5 6.5
December 2.3 4.4

Source: www.mesonet.org/index.php/weather/monthly_rainfall_table /stil and
http://ggweather.com/normals/OK71.htm.

Adapted from Makaju et al. (2013).
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Table A.3 Monthly total solar radiation at Stillwater, OK, from 2008.

solar radiation, MJ m-2

Month 2008
January 9.58
February 11.38
March 15.69
April 19.96
May 23.14
June 23.19
July 23.67
August 18.73
September 16.86
October 14.16
November 11.58
December 8.21

Source: www.mesonet.org/index.php/weather/station_ monthly_summaries.

Adapted from Makaju et al. (2013).

79



VITA
Michael Ernest Matousek
Candidate for the Degree of
Master of Science

Thesis: EFFECT OF SWITCHGRASS MATURITY ON ETHANGRRODUCTION

VIA SIMULTANEOUS SACCHARIFICATION AND FERMENTATION
Major Field: Biosystems and Agricultural Engineyi
Biographical:

Education:

Completed the requirements for the Master of Se@en®iosystems and

Agricultural Engineering at Oklahoma State Univisbtillwater, Oklahoma in

May 2014.

Completed the requirements for the Bachelor ofi®&&en Biosystems
Engineering at Oklahoma State University, Stillwa@klahoma in 2008.

Experience:
The Stover Group, Stillwater, Oklahoma
Professional Memberships:

American Society of Agricultural and Biological Engers



