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Abstract

Grain sorghum is the second major starch-rich raatemal (after corn) for bioethanol
production in the United States. Most sorghum feszksfor bioethanol production is normal
non-tannin sorghum. Waxy sorghum and tannin sorgarenarely used due to lack of scientific
information about waxy sorghum fermentation perfance and the way to increase
fermentation efficiency of tannin sorghum. The maloectives of this study were to investigate
the fermentation performance of waxy sorghum andjwove fermentation efficiency of tannin
sorghum using techniqgues such as germination armhatibn treatments. The ethanol
fermentation performance on both waxy sorghum amiih sorghum were evaluated using a
dry grind ethanol fermentation procedure. Fermantaefficiencies of tested waxy sorghum
varieties ranged from 86 to 93%, which was high@ntnormal (non-waxy) sorghum varieties.
The advantages of using waxy sorghums for ethanoldyction include less energy
consumption, higher starch and protein digestihibhorter fermentation time, and less residual
starch in distillers dried grains with solubles (G5). Results from germination study showed
germination significantly increased fermentatioficegncy of tannin sorghum. The laboratory
results were further confirmed by those from fiveld-sprouted grain sorghum samples.
Significantly increased free amino nitrogen (FAN)ntents in sprouted sorghum samples
accelerated the ethanol fermentation process. Rdsoin both laboratory-germinated and field-
sprouted samples demonstrated that germinationontyt increased fermentation efficiency
(higher than 90%) but also reduced fermentatiore tioy about 50%, which could result in
energy saving and increased production capacitiiontt additional investment. The excellent
performance of sprouted sorghums may provide fagnsernew market for field-sprouted
sorghum (poor quality as food or feed) in a badrydaprevious study showed ozone had a
strong connection to degradation of lignin macraunales. The hypothesis was that ozone
treatment may also reduce tannin activity and meeefermentation efficiency of tannin
sorghum. Results showed that the ethanol produg&formance (ethanol yield, fermentation
efficiency, and fermentation kinetics) of the ozdreated, tannin sorghum flours was
significantly improved compared with the untreatehtrol. The other effects of ozonation on

sorghum flour include pH value decrease, discalmnatnd inactivation of tannin. In summary,



these studies showed sorghum, no matter it was wWetg-sprouted, or tannin sorghum, can be
an excellent feedstock for ethanol production.
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Chapter 1 - Introduction

Problem Statement

The fuel ethanol production from plant-based materhas become dominant since
1970s and currently shows no sign of slowing doithanol has many advantages over gasoline
in reducing green house gas emission and creatimegewable energy base. Ethanol fuel as a
gasoline alternative has been experiencing a sgnif jump in production in the United States
in recent years. The availability of ethanol at finel pump is becoming more prevalent because
of U.S. mandates for mixing ethanol into gasolwéjch is creating strong demand and rapid
growth in the ethanol industry. For example, Thergg Independence and Security Act of 2007
expand the Renewable Fuels Standard (RFS2), whezhqgts the annual ethanol production will
grow to 15 billion gallons by 2012 and 36 billiomallgns by 2022. In the U.S., corn is the
dominant starch-based feedstock for bioethanol. é¥@n to meet the high demand for ethanol,
to sustain the environment, and to revive nati@gsnomy, other alternative feedstocks must be
sought for ethanol production.

Grain sorghum not only has similarity to corn comsifion in starch content, but also has
advantages over corn on drought and heat stresamnale, low fertilizer and pesticide input, high
yield ability, and established production systemthe Great Plains region from South Dakota to
Texas. Grain sorghum could be a reasonable fedd&ioethanol production and could make a
larger contribution to the nation’s fuel ethanajugement.

Historically, sorghum is used mainly for animaldea the U.S. with limited amounts for
human food. Some characteristics of grain sorghuah s high tannin content and sprouting
tendency limit its food and feed applications. Adomith these considerations, the use of tannin
and damaged grains and/or low food/feed value grpiovide additional feedstock sources for
ethanol production.

Tannin grain sorghum is desired for its resistaacbirds, insects, weathering and high
yield potential. From a sorghum producer’s perdpectannin sorghum is favored for planting
and storage. However, tannin sorghum for ethanal been reported to have difficulty in
liquefaction with abnormally high viscosity whenngpared with non-tannin samples during the
pretreatment for ethanol productigu et al 2007) Mullins and NeSmith(1986) studied the



ethanol fermentation from bird-resistant and nawHoesistant grain sorghum and reported high
tannin levels greatly reduce the rate of ethanatipction.

Sprouting caused by unpredicted rainy weather pt@rharvest and/or improper
postharvest storage conditions is another commohlgm for grain sorghum, which decreases
the quality of grain for food and feed applicatiofkfowever, the production of fermentation
ethanol requires applying and seeking new appreacm technology for conversion of
agricultural byproducts and wastes which do noflaztwith current food supplies.

Waxy or glutinous grain sorghum is a special genetiltivar for grain sorghum with
zero or low amylose content, and is reported teehragher starch digestibility than normal grain
sorghum. However, there is little information awbie on yield and efficiency for waxy
sorghum compared with normal sorghum.

To target these three traits of grain sorghum add®cks for bioethanol production, the
goal of this study was to study the effect of ggpet sprouting, and pretreatment on ethanol
yield and fermentation efficiency. In addition, oadion was used to treat tannin sorghum to

determine sorghum ethanol fermentation efficienuy welds.

Objectives
The goal of this research was to study the effegeootype (tannin and waxy sorghum),
field sprouting, and pretreatment (laboratory gesation and ozone treatments) of grain
sorghum on ethanol yield and fermentation efficienthe ultimate goal of this study was
achieved through the following specific objectives.

1) to investigate the fermentation performance of waxgin sorghum for ethanol
production as well as the relationship among plasiproperties, chemical
composition, and thermal properties on ethanobyaeld fermentation efficiency;

2) to investigate the effect of germination of tangmin sorghum on ethanol yield and
fermentation efficiency;

3) to investigate physicochemical and biochemical ati@ristics of field-sprouted grain
sorghum and its fermentation performance on ethgietd,

4) to investigate the effect of ozonation on physi®ultal properties of whole tannin
sorghum flours and their ethanol fermentation pentnce.



Related Current and Previous Research

Grain Sorghum as Feedstock for Fuel

Grain sorghum Sorghum bicolor (L.) Moench) is the third leading cereal crop et
United States just behind corn and wheat in plaatgds(USDA-NASS) In the United States,
sorghum is mainly produced in the Great Plainsaed@iom South Dakota to Texas (other states
include Kansas, Nebraska, Oklahoma, and Missdsoilghum is mainly used as a livestock feed
in the U.S. with only a small portion for human samption. However, sorghum has been used
in ethanol fermentation for a long time (e.g. bpeyduction in Africa and Mexico, and spirit
production in China). Sorghum can produce almastsdime amount ethanol per bushel as corn
(Rooney and Waniska 200bgcause sorghum is high in starch. Only in receats/has it been
used in large scale bioethanol production in th&.Un 2009, more than 30% of the grain
sorghum production in the United States was usedtlanol productior{Jessen 2010)its
ethanol by-product, distillers grains, is a valdeled, high-protein feed for animals.

Sorghum is a cereal of remarkable genetic varigbiMore than two hundred genes
characterize specific genotypic, phenotypic, angsnetic traits in sorghum. For instance, the
color, appearance, and quality of grain sorghumiritaenced by genes controlling pericarp
color (R andY) and thickness4), the presenceBf andB,) and or absencd{andb,) of a testa,
and endosperm color and structwe)((Rooney and Miller 1982)Two epicarp color geneR
andY, interact to produce a re®RRYY), yellow (rYY), or colorless or whiteRRyy and rryy)
sorghum. ZZor Zz will produce thin pericarp, whereas produces thick pericarp of sorghum;
B;B, produces a pigmented testa layer, in which tammilogated; whereaB;b,, biB,, or bib,
will cause a pigmented testa to be absent in songlBecause the appearance and quality of
sorghum are affected by its genetically controlidtwhracters along with other environmental
factors, ethanol production was reported to betedldo both the chemical composition and
physical properties of grain sorghy#han et al 2003)

It is difficult to classify sorghum due to its widkversity. However, the U.S. Federal
Grain Inspection Servic@JSDA-FGIS 1993)has classified grain sorghum into white, sorghum
(yellow), brown, and mixed classes based on gralarand pigmented testa. White sorghum
has a white or colorless pericarp without a pigreériesta. Nearly all of the sorghum marketed

in the United States is yellow sorghum, which cantain red, yellow, white, pink, and many



other variations in pericarp color and not morenth@% kernels with a pigmented testa. Mixed
sorghum contains mixtures of sorghum with and withmgmented testa. All sorghum kernels
with a pigmented testa are classified as brownhsorg, or tannin sorghungslahn et al 1984)
Grain sorghum cultivars have been classified intpé€rl, 1, and Il based on the tannin content
and the genes which controlRrice and Butler 1977ype | sorghum does not contain tannins;
Type Il and Il sorghum contain low and high tarsjimespectively. Tannin is the primary
nutrient-limiting component in grain sorghum. Hi¢gvels of condensed tannins can reduce
starch and protein digestibility up to 108eeson and Summers 199H®jullins and NeSmith
(1986) studied the ethanol fermentation from bird-resisend non-bird-resistant grain sorghum
and reported that high tannin levels greatly redbeaate of ethanol production.

The waxy genewx, causes the production of a waxy endosperm inhswng The normal
endosperm type of sorghum is approximately 75% apsdtin and 25% amylose, while waxy
endosperm mutants contain nearly 100% amylopekterowaxy sorghum contains less than
20% of amylose. Waxy and heterowaxy varieties galyehave higher fermentation efficiencies
than non-waxy varieties, because amylose is likelfjorm amylose-lipid complexes which are
resistant to enzymatic hydrolysis in seeds or dunrashingWu et al 2006) Waxy sorghum is
reported to have higher starch digestibility tharnmal grain sorghum in food applications.
However, there is little information available othanol yield and fermentation efficiency of
waxy sorghum compared with normal sorghum.

Starch is the major component followed by prot@irgiain sorghum. Starch content in
sorghum flour was a good predictor for ethanold/iglacerenza et al 2008; Zhao et al 2009)
Protein degradation from enzymes or other treatmentd provide nitrogen for yeast growth
during fermentation. Yeast only uptakes free amitocogen and short peptides not proteins.
Research has been conducted on protein and prigestibility for ethanol fermentation from
grain sorghun{Lacerenza et al 2008; Pérez-Carrillo and Serndi&al 2007; Pérez-Carrillo et
al 2008; Zhao et al 2008)ittle research has been conducted on effecteaf &mino nitrogen on
the conversion efficiency of sorghum varietiestimamol fermentation.

Germination, or sprouting, is a common problem doain sorghum when weather is
moist during harvest or the environment is humidirdy storage. Germination promotes the
development of cytolytic, proteolytic, and amylaygnzymes that are not active in dry kernels
(Bamforth 2006;Dewar et al 1997bKlose et al 2009and could cause significant changes in



kernel composition and physical propertiégiu and Palmer 1996; Beta et al 2000; Elmaki et al
1999; Iwuoha and Aina 1995; Lasekan et al 1995;idMand Bechtel 1998; Murty et al 1984,
Osuntogun et al 1989; Palmer 1991; Singh and BE®&gl; Swanston et al 1994%ermination
not only causes compositional changes in the songhtain, but also initiates a series of
biochemical and physiological changes. Intrinsizyenes such as amylases, proteases, lipases,
fiber-degrading enzymes, and phytases are activétedddisrupts protein bodies and degrades
proteins, carbohydrates, and lipids to simpler mulles, which increases digestibility of proteins
and carbohydrates in the kernel and makes nutriaméélable and accessible for enzymes
(Chavan and Kadan 1989; Dicko et al 2006; Ratnawaaith Ravi 1991; Subramanian et al 1992;
Taylor 1983) Therefore, field-sprouted grain sorghum might dfgnbioethanol production.
However, there is no information on ethanol ferraéoh from sprouted grain sorghum.

Sorghum germination and malting are not the saroggHim has been malted and used
for production of traditional alcoholic and nondictic beverages for centuri¢Bufour et al
1992) Malting conditions have to be controlled to ackiawniform and high quality sorghum
malts and ensure quality required for food prody€iswar et al 1997b)However, biofuel
ethanol production does not have the same requitesm€&he most important issues in industrial
ethanol production are vyield, efficiency, and egecgnsumption. Using germination-damaged
sorghum for industrial ethanol production mightbEneficial to the producer and end user in
expanding market uses for what has been histoyicalhsidered a low value commod(tyuresh
et al 1999) However, there is little information availabler fgerminated or sprouted grains for
bioethanol production.

Using grain sorghum for bioethanol production hasrbproceeding in our laboratory.
Decortication has been used to remove sorghum tarancrease starch loading to improve
sorghum fermentation performan@@orredor et al 2006)actors impacting ethanol production
from grain sorghum in the dry-grind process wekesgtigated byVu et al.(2007)

Physical and enzymatic treatment sorghum for ethBarmentation has been reported
(Pérez-Carrillo et al 2008; Pérez-Carrillo and SeBaldivar 200/ However, chemical
treatment on sorghum grain for ethanol fermentaisoacarce. Ozone is a strong oxidant with
oxidation potential 2.07 eV and is advantageousesihcan easily degrade ingredients and Kkill
microorganisms. Ozone has been used in waste-watment and corn and wheat steeping
prior to milling (Dhillon et al 2009; Ruan et al 2004revious studies have shown that ozone is



able to degrade macromolecules such as ligningjor@nd carbohydrategdVang et al 1999;
Wang et al 2008; Yosef et al 1994)zone treatment could be a good alternative amotal
treatment because it has been used in very lowgdogpm and does not leave residue in the
treated product. However, there is little informatabout ozone treatment of sorghum feedstock

for ethanol production.

Tanninsin Sorghum

Sorghum is uniqgue amorggreals because of relatively large amounts ofpiaypols in
the grain and plaritHoseney et al 1987Polyphenols widely distributed in plants are dioéctly
involved in any metabolic process and are constisexondary metabolites. They serve as
defense chemicals, protecting the plant from pglagttacks of herbivores, pathogenic fungi,
and parasitic weeds.

Polyphenols are named by the presence of moreaharphenol unit as their molecular
building block. Polyphenols have been divided ititiee categories: phenolic acids, flavonoids,
and condensed polymeric phen@@ung et al 1998)

Polyphenols are well-known to have specific atti@suin sorghum: to protect sorghum
seedlings from insect attack, to prevent sorghusade from premature germination and damage
due to fungal attack, and to resist bi(Bsitler and Roger 1985; Harris and Burns 1973; \&leani
et al 1989) Phenolic acids are present in sorghum eitherdrd®mund as esters and concentrated
in the outer layers of the grain. They inhibit gtbwf microorganismgHahn et al 1983)in fact,
tannic acid is one of phenolic acids but it is pasent in grain sorghum. Flavonoids (e.g. lignin
and catechin) in sorghum are called anthocyaniditsch are derivatives of the monomeric
polyphenol flavan-4-ol. Flavonoids are reporteddsist grain mold¢Jambunathan et al 1986)
and to resist birdgSubramanian et al 1983; Tipton et al 197B)avonoid monomers are
synthesized and then condensed to form oligomewarthocyanidins of five to seven units
during grain development. Gupta and Haslg@980) referred to sorghum tannins as
procyanidins (proanthocyanidins) that result froomaensation of flavan-3-ols and/or flavan-4-

ols. Total phenols can be measured using_the Kiboalteu reaction. Results are typically
expressed as gallic acid equivalents (GAE).
The termtannin was first introduced in 1796 to describe the chamegonstituents of

various plant extracts which were responsible fangforming fresh animal hides into leather



(Hulse et al 1980)Later, Bate-Smith and Swai(l962) defined tannins as water soluble,
polyphenolic compounds with molecular weights raggirom 500 to over 3,000. Serrano et al.
(2009) defined tannins as a unique group of phenolic noditels with molecular weights
between 500 and 30,000. Some very large condemasgihs are insoluble in water. Thus, all
plant phenols are not tannins but all sorghumsatomthenols.

Tannins are present in sorghums having a pigmeetgd layer, which is controlled by
two complementary dominant genes design&@gednd B, (Blakeley et al 1979)Based on the
distribution and location of tannins in sorghumigbmums are classified as Type | (no pigmented
testa layer and no tannins), Type Il (tannins igngnted testa), and Type Ill (tannins in
pigmented testa and pericarfaniska and Rooney 2000Jherefore, not all the sorghums
contain tannins. Only Type lll includes the wellekvn “bird-resistant” sorghums or tannin
sorghums.

There are two types of tannins in plants: hydrdiysaand condensed tannins. The
hydrolysable tannins can be hydrolyzed by enzynmes aids to release sugar molecules and
phenolcarboxylic acid; whereas the condensed tanoannot be hydrolyzed by enzymes.
However, the condensed tannins can be decomposedatidg to release small amounts of
anthyocyanidins other than sugar molecules. Sorgiho®s not contain hydrolysable tannins but
some sorghum cultivars contain condensed tannisnih sorghums have a wide range of seed
color, with light-colored varieties having potetigghigh tannin contenfWaniska et al 1992)

A number of methods have been used to determimeénsim sorghums qualitatively and
guantitatively. Qualitatively, the scratch testrajowith visual observations is a fast and direct
method for tannin sorghum classificatiGiVaniska et al 1992; Xiang 200Bleaching is another
relatively accurate, inexpensive, and rapid testhot that has been used for sorghum kernel
grading and classification.

Burns (1971) developed the vanillin hydrochloric acid (V-HCl)ethod for sorghum
tannins content determination. Maxson and Rodi€y 2) evaluated ten methods and modified
the V-HCI method (MV-HCI) by adding 1% HCI in exttéon solvent for sorghum tannin
determination and summarized another eight methodsitable for analysis of sorghum tannins.
These eight methods were: Snell’'s colorimetric ro@tf1953) the Folin-Denis two methods by
Burns(1963) the AOAC tannin in te&l965) the ferric ammonium citrate by Bur(is963) the
ferric ammonium sulphate by Mejbaum-Katzenellenlmogad Kudrewicz-Hubicg1966) the



Bate-Smith and Rasper’s methanolic-HCI metlipo€l69) the protein precipitation method by
Hagerman and Butlgd978)and Schandef[L970) A few years later, Price et 4lL978)studied
MV-HCI assay procedures in more detail and claimettw modified MV-HCI giving excellent
reproducibility for sorghum tannins. However, doehe complexity of tannins in sorghum and
the specificity of each of the quantitative methddsnins in sorghums were reported arbitrarily
(varied quantitatively and qualitatively). Catecl@iquivalent (CE) of tannin content mg/100mg
by the MV-HCI method has been used most for sorghammin measurement as a reasonable
reference standard. In summary, the colorimetrichow is the major method for tannin
guantitative test in sorghum.

Recently, sorghum tannins have been reported haamigxidant activity(Awika and
Rooney 2004; Hagerman et al 1998; Sikwese and Dao@ud) Rooney(2008)reported tannin
sorghum had promise to lower cholesterol in aninaald had anti-cancer compounds. Also, as
mentioned early, the presence of tannins is agsacwith decreased bird preference, resistance
to preharvest germination, insects and moldingeiased storage stability, and mass reduction.
The agronomic importance and advantages of tamilhsustain sorghum production. Effect of
tannins on sorghum proteins and carbohydrates

Clearly and evidently, tannins react with proteimannins have been used for over a
thousand years in the hide industry for conversadnraw animal skins to durable and
impermeable leather. Using gelatin to form preafgi$ with tannins has been one of the methods
for determination of tannins in sorghufilagerman and Butler 1978; Maxson and Rooney
1972)There are at least four modes of reaction posdieieveen tannins and proteins: 1)
hydrogen bonds between OH groups in the tanninseaeptor groups (e.g. NH, SH, and OH) in
the proteins Yan Buren and Robinson 1969) ionic bonds between anionic groups in the
tannins and cationic groups in the proteins; 3)rbgtdobic interaction; 4) covalent linkages
between tannins and proteif@utler et al 1984)A familiar characteristic of tannins is their bra
stringency, a trait that probably results from thedaction with the glycoproteins in saliva
(Loomis 1969; Haslam 1974)

Tannins bind to both exogenous and endogenousimpsoiecluding enzymes of the
digestive tract, affecting the utilization of primte (Eggum et al 1983; Hagerman and Butler
1980) Van Buren and Robinsof1969) pointed out that tannins interact with proteinddom
soluble and insoluble complexes and act as enzyaetivators, thus affecting the growth of



animals when fed tannin sorghum. Watgd®75) reported sorghum tannins inhibit enzymic
reactions and microbial activities which are regdiduring the brewing of beer. Dail{@®75a)
reported that the amylase solubility of bird-resmmstsorghum cultivars was the lowest compared
with those from non-bird-resistant sorghum cultsvand other sorghum cultivars without a dark
testa, a correlation of r = 0.981 between enzynmbition and total tannin content. Gomez-
Cordoves et al(2001) studied sorghum tannins on tyrosinase activity gwodvth of melanoma
cells and revealed that sorghum tannins have degrahility to interact with proteins causing a
consequential decrease in enzymatic activities.

Harris et al.(1970)determined the tannin content amdvitro protein digestibility of 43
varieties of sorghum and reported there was a ¥ighgnificant and negative correlation
between tannin content aimal vitro protein digestibility. Arora and Luthrél974)reported that
there was a significant negative correlation betwéannin content andn vitro protein
digestibility of 17 varieties of sorghum. They alsaund a significantly larger amount of
nitrogen in the residue from vitro protein digestibility of the tannin varieties thiarthe residue
from the low-tannin varieties suggesting that thretgin had become bound in the tannin
varieties. Recently, Elkin et a(1996) reported that condensed tannins were only payrtiall
responsible for variations in nutrient digestilyilaf sorghum grain cultivars.

Because tannins are present in a pigmented tegta dand pericarp of sorghum, some
physical methods (e.g. decortication) have beetieapio remove them to reduce their effect on
protein digestibility for food applications. You$s€1998) studied protein digestibility and
extractability from tannin and low-tannin varieties sorghum and reported that dehulling of
sorghum led to increased protein extractability digstibility. The protein digestibility is not
the only component affected by tannins. Digestipitif carbohydrates is affected by tannins as
well. Davis and Hosene{1979) studied the biological activity of condensed tasnof some
varieties of sorghum on starch and reported thaits isolated from bird-resistant sorghum
were shown not only to inhibi#t-amylase but also to bind grain starch to varyiagrdes. Dreher
et al.(1984)reported that the presence of tannins in the grantributed to the poor digestibility
of starch in some varieties of sorghum. Little nfiation is available on the effect of tannins on
digestibility of amylose and amylopectin and thechanism of interaction between starch and
tannins in sorghum. Rebolél994) reported that condensed tannins cause a declirg fib
digestibility and organic matter digestibility inminant nutrition.



Effect of Tanninson Grain Sorghum Fermentation

Tannins’ astringent taste, inhibition enzymes, aedative effects on protein and starch
digestibility limit their applications. Tannin ike primary nutrient-limiting component in grain
sorghum. High levels of condensed tannins can eedtarch and protein digestibility up to 10%
(Leeson and Summers 199The activities of intrinsic enzymes in tannin gsies were lower
than those in low-tannin genotyp@&atnavathi and Sashidhar 2000)

Since tannins are located in the testa layer op#recarp, milling processes can remove
them easily. Decortication was used to remove tenfiom tannin sorghum in order to improve
fermentation performanaé@erez-Carrillo et al 2008Pehulling also was used to reduce tannins
inhibition on proteases and increase protein digiést by Chibber et al.(1980).Wood ash is
used in traditional treatment in Africa to redute tlevel of tannin in brown sorghums and
improve the nutritional qualittMuindi and Thomke 1981 Hassan and El Tinail995)reported
that fermentation improved starch and protein dig#isies of tannin sorghum and decreased
tannin content. Waichungo and H@k995) studied the use of ammonium hydroxide to treat
tannin grain sorghum and found the level of asday#mnin in tannin sorghum decreased.
Germination was also found to decrease tannin abimesorghum(Osuntogun et al 1989)

Because tannins bind with proteins and inactivasdt ®nzymes, tannin sorghum is not
preferred and screened for sorghum malt producationost of Africa(Taylor and Dewar 2000;
Waniska et al 1992However, Daibef1975a)revealed that it was essential to inactivate tani
to prevent the subsequent inhibitory effects ohias during brewing. Daibgl975b)patented a
process of inactivating tannins by soaking sorghgrain in a very dilute solution of
formaldehyde for 4 to 6 hr at the beginning of pteg for tannin sorghum malting. Actually,
alkaline, and lime water, dilute aqueous ammonigehbeen used to inactivate tannins in
different regions where sorghum is used for stapkeal(Dewar et al 1997&Dkolo and Ezeogu
1996; Price and Butler 1979; Rizley and Suter 1977; Wangjo and Holt 1995)Mullins and
NeSmith(1986)studied the ethanol fermentation from bird-resis&nd non-bird-resistant grain
sorghum and reported high tannin levels greatlycedhe rate of ethanol production. Tannins

affect the availability of sufficient nitrogen fgeast and reduce the ethanol fermentation rate.
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Rationale and Significance

With the growth of population and the developmehindustry, needs for energy grow
and other sources of energy are sought. Todayetyolcioks at the sustainability of the present
model or resource consumption, and the use of rablewsources appears as a feasible
alternative. Ethanol fuel as a gasoline alternatiae been experiencing a significant increase in
production and production capacity in the Unite@t& in recent years. The availability of
ethanol at the fuel pump is becoming more prevalemause of U.S. mandates for ethanol,
which create strong demand and rapid growth irethanol industry. The Energy Independence
and Security Act of 2007 expanded the RenewablésFatandard (RFS2). The expected annual
ethanol production will grow to 15 billion gallobhy 2012 and 36 billion gallons by 2022. In the
U.S., currently corn is the dominant starch-bassstistock for bioethanol. However, to revive
the economy, to sustain the environment, and ta theehigh demand for ethanol in the U.S.,
alternative feedstocks for bioethanol have to haykbt

It is very important to select the feedstock fanagtol production from economic and
agronomic points of view. Currently, in the Unit&tates, ethanol is mainly produced from
starch-based crops — corn. In 2009, approximaté® 8f the 10.75 billion gallons ethanol was
produced from corfUSDA-NASS).However, to meet the high demand of renewable ethian
the U.S., the door is opened for other starch-bdsedstocks as alternatives for bioethanol
production.

Sorghum is an annual plant that can grow at halishate conditions, requires few
fertilizers and pesticides, and has minimal watequirement. In addition, it has a high
photosynthetic efficiency (2-3%) and high produityivSorghum as an ethanol feedstock is a
new and growing market in the U.S. Both producérsarghum and ethanol need to take
advantage of this tremendous opportunity in usirgngsorghum as an ethanol feedstock to
boost local and state economies and meet the mhtathanol requirement. The variability of
grain sorghum is large because the crop is grovdeiudiverse climate conditions which affect
the grain composition. Also, the varieties are manygrain sorghum (e.g. normal sorghum,
heterowaxy, waxy, tannin-free sorghum, low tanmirghum, and tannin sorghum).

Biological production of ethanol is accomplished fgast through fermentation of
glucose. All agricultural crops and crop residuestaining carbohydrates can be used in the

production of ethanol. Therefore, three types ofcadfural feedstocks are available for ethanol
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fermentation: sugar crops (e.g. sugarcane, sugds,b&veet sorghum); starch crops (e.g. corn,
wheat, barley, rye); and lignocellulosic residuesy( crop residues, forage crops, grass and
trees). Grain sorghum is one of starch crops thaldcbe used for ethanol production.

Sorghum can produce almost the same amount of @tipan bushel as corn using the
same production process — dry grind. Current ctiharel plants with dry grind process could
use grain sorghum as feedstock without any modidinan the ethanol production and could
decrease their input cost because sorghum is chehpge corn. Also, the states of major
sorghum production could establish sorghum ethptasits to support local farmers, to sustain
the local economy, and to boost the nation’s ethdemand.

Theoretically, germination and natural sproutingildoprovide plenty of free amino
nitrogen for ethanol fermentation. Yeast is a workle for ethanol production. Yeast needs
nutrients to keep it working for ethanol conversi@urrently, almost 100% of industrial scale
ethanol production uses yeast to convert sugans $tarch-rich or sugar-rich biomass to ethanol.
The availability of yeast food is vital to yeastogth and working efficiency during
fermentation. Frear-amino nitrogen (FAN) is an essential nutrient j@ast growth during
fermentation(Pickerell 1986; Taylor and Boyd 1986During fermentation, yeast takes up
fermentable sugars for ethanol production as wsllnatrients (amino acids, mineral and
vitamins) for its own invertase and permeases, lwhre responsible for sugar transportation and
conversion. In this case, the fermentation efficienf germinated/sprouted grain sorghum will
be much higher than normal sorghum grain feedstbe&refore, the fermentation process could
be shortened to save energy input, which providessfic information for ethanol industry.

Sorghum has a large variable genus with many eultivA large number of varieties of
sorghum exist and more are being developed thropigint breeding for selecting and
concentrating desired characteristics in new viagdor food and feed applicatio(Rooney and
Serna-Saldivar 2000New sorghum cultivars could be developed for mbhéermentation when
the scientific information is correct. Thereforepn®m research has to be done on different
cultivars of grain sorghum as ethanol feedstocks.

More studies should be conducted to 1) investitfe@dermentation performance of waxy
grain sorghum for ethanol production as well asréiationship among the physical properties,
chemical composition, and thermal properties oamthyield and fermentation efficiency; 2) to
investigate the effect of germination on tanninigrsorghum ethanol yield and fermentation
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efficiency; 3) to investigate physicochemical andchemical characteristics of field-sprouted
grain sorghum and its fermentation performance tram®l yield; and 4) to evaluate the

performance of pretreatment on improvement of grsamghum as feedstock for ethanol
fermentation. The proposed research would proviiengfic information and knowledge which

will benefit both sorghum breeders and the sorghumaindustry. Results from this research
would lead to capabilities to improve the efficignof sorghum bioconversion processes;
increase sorghum bioconversion yield to biofuefsj anhancement of the economy and rural

development, especially across the many sorghunviggostates.
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Chapter 2 - Evaluation of Waxy Grain Sorghum for Ethanol

Production®

Abstract

The objective of this research was to investightefermentation performance of waxy
grain sorghum for ethanol production. Twenty-fivaxy grain sorghum varieties were evaluated
using a laboratory dry-grind procedure. Total staand amylose contents were measured using
colorimetric procedures. Total starch and amylasgent ranged from 65.4 to 76.3% and 5.5 to
7.3%, respectively. Fermentation efficiencies werdhe range of 86-93%, corresponding to
ethanol yields of 2.61-3.03 gallons/bushel. Theaatlyges of using waxy sorghums for ethanol
production include less energy consumption during tooking process, higher starch and
protein digestibility, higher free amino nitrogenntent, and shorter fermentation times. The
results showed a strong linear relationship betwesamino nitrogen content and fermentation
rate. Fermentation rate increased as free aminogeib content increased, especially during the
first 30 hr of fermentation (= 0.90). Total starch content in distillers drigrins with solubles

(DDGS) was less than 1% for all waxy varieties.

Introduction

Unlike wheat, corn, and rice, grain sorghum is acst-rich cereal that can be grown
economically in the semi-arid regions of the wotldthe United States, sorghum is the second-
ranking feed grain and is cultivated primarily hetGreat Plains, including the Midwest and the
Southwest. Although it is primarily used as feedhe United States, grain sorghum has been
reported in wide uses such as wall board, fermebé&x@rages, traditional foods (porridges and
flat breads), conventional pan bread for glutee-inearkets Qwuamal997; Rooney and Serna-
Saldivar 2000; Schober et al 2005; Taylor et al&0&orghum utilization by the ethanol
industry has been growing in the United Statestent yearsRFA 2007; Sarath et al 2008
Currently, about 95% of the US fuel ethanol is et from corn and ~4% is from sorghum
grain, which uses 30-35% of the total sorghum petida in the United StateK(becka 2011,

! Manuscript has been submitted to Cereal Chemistry.
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USDA-NASS, 201) Sorghum could make a larger contribution to tiagion’s fuel ethanol
requirementsKarrell et al 2006; Rooney et al 2007; Wu et al7200

Overall, sorghum composition is similar to cornargh is the major grain component
followed by protein. Most sorghum starches confF30% amylose and 70-80% amylopectin,
but waxy and heterowaxy sorghums contain 0-15% aseyand 85-100% amylopectiRqoney
and Serna-Saldivar 2000Starch content in grains is a good predictor ébhanol yield
(Lacerenza et al 2008; Zhao et al 200Bhe presence or absence of amylose may influence
ethanol yield and conversion efficiency. Wu et 20q7 reported that low amylose content in
sorghum grain may be associated with increasedetltanversion efficiency. One of the aims
for this study, which was conducted on 25 varietiEsvaxy grain sorghum, was to investigate
further whether ethanol yield and fermentation céficy were influenced by the ratio of
amylose and amylopectin in waxy grain sorghums.

Both ethanol yield and fermentation efficiency habeen studied to evaluate the
performance of grain sorghum in ethanol producfidiu et al 200). Recent research has shown
that the key factors affecting the ethanol yielshirgrain sorghum include grain hardness, starch
content, starch digestibility, level of extractalpeoteins, protein and starch interaction, mash
viscosity, amount and types of phenolic compourrdsgnt in sorghum, amount of amylose, and
formation of amylose-lipid complexes during mashifWu et al 2007; Wang et al 2008; Yan et
al 2009; Zhao et al 2008Sorghum as a raw material can be convertedhanet with a wide
range of efficiency\(Vu et al 200Y.

Currently, almost 100% of industrial ethanol is guwoed by yeast from starch-rich or
sugar-rich biomass. The availability of yeast fa®dital to yeast growth and working efficiency
during fermentation. As such, most yeast fermemasystems need nutrient supplementation.

Yeast uptakes not only fermentable sugars for ethproduction, but also nutrients (amino
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acids, mineral and vitamins) for its own growth afuthctional maintenance (e.g. levels of
invertase and permeases), which are responsiblsufpars transportation and conversion. Free
a-amino nitrogen (FAN) is an essential nutrient yeast growth during fermentatioRi¢kerell
1986; Taylor and Boyd 1986Protein is the second major component in grangtsum. Protein
degradation could provide nitrogen for yeast grodthing fermentation. Recent research has
found that ethanol yield and conversion efficiergignificantly increased as freg-amino
nitrogen increased in laboratory-germinated anldlfprouted grain sorghuny#én et al 2009;
Yan et al 201 Yeast can only utilize free amino nitrogen ahdrs peptides, not large intact
proteins. Much research has been conducted onimpratel protein digestibility for ethanol
fermentation from grainLacerenza et al 2008; Pérez-Carrillo and Sernaih&al@007; Perez-
Carrillo et al 2008; Wang et al 2005; Wu 1989; Zleaal 2008, but little research has been
conducted on the effect of free amino nitrogentendonversion efficiency of sorghum varieties
in ethanol fermentation.

Sorghum is a large, variable genus with many cailivA large number of varieties of
sorghum exist and more are being developed thrglat breeding to select and concentrate
desired characteristics in new varieties for foodl deed applicationsRooney and Serna-
Saldivar 2000; Mace and Jordan 2p1We believe genetically improving the quality grain
sorghum for ethanol production could increase tilezation of sorghum for ethanol production
in the near future.

The main objective of this research was to investighe fermentation performance of

waxy grain sorghum for ethanol production
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Materials and Methods

Grain Sorghum

Twenty-five waxy grain sorghum varieties were frahe USDA-ARS-NPA, Grain,
Forage, and Bioenergy Research Unit (Lincoln, NH)e origin of these waxy varieties was
collected from ten different countries around therld and the seeds of these accessions were
increased by the USDA-ARS in NebrasliRe(ersen et al 20R7Detail sample information is
listed in Table 2.1. The samples were manuallyrddaby removing plant debris and foreign
materials, and then were ground to flour using ay tyclone sample mill (Udy, Fort Collins,

CO) with 1.0 mm screen.

Preparation of Mashes and I noculation of Yeast

Liguozyme SC DC, a heat-stabdeamylase fromBacillus licheniformis was used for
liquefaction (Novozyme, Franklinton, NC). The lidtenzyme activity was 240 KNU/g (one
Kilo Novo Unit, or KNU, is the amount of enzyme thaeaks down 5.26 g of starch per hr at
Novozyme’s standard method for determinationaedmylase). Spirizyme Fuel (Novozyme,
Franklinton, NC), an amyloglucosidase fréspergillus niger, was used for saccharification. Its
listed enzyme activity was 750 AGU/g (one AGU ig timount of enzyme that hydrolyzes 1
umol of maltose per minute under specified condg)orEthanol red active dry yeass (
cerevisiae), a gift from Fermentis (Milwaukee, WI), was uded simultaneous saccharification
and fermentation (SSF). Before inoculation, drysyemas activated by adding 1.0 g of dry yeast
cells into 19 mL of preculture broth (containing @@lucose, 5.0 g peptone, 3.0 g yeast extracts,
1.0g KH,PO, 0.5 g MgSQ@H,0 per liter) and shaking at 200 rpm in a 38°C iratab for 30
min. The activated yeast culture had a cell comaéinh of roughly 1x1dcells/mL.

Thirty grams (db) of sorghum flour for each samptes dispersed in 100 mL of water
(containing 0.1 g KKPO, and preheated to about 60°C) in a 250-mL Erlenmitgsk. Twenty-
puL of high-temperature-amylase (Liquozyme, 240KNU/g) was added into theglsum flour
slurry. The flasks were transferred to a 70°C whtdh shaker operating at 170 rpm. The water-
bath temperature was gradually increased from 7@@5°C over a 30 min period. The
liquefaction process continued at 85°C for anoG@min. The flasks were then removed from
the water-bath shaker and cooled to room temperablaterials sticking to the inner surface of

the flasks were scraped back into the mash withatuta, then the inner surface was rinsed with
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2-3 ml of distilled water using a fine-tipped palyglene transfer pipette. The pH of the mashes
was adjusted to 4.2-4.3 with 2N HCI. After pH adiment, 10QuL amyloglucosidase (Spirizyme
Fuel), 1 mL of activated yeast broth, and 0.3 g/@dst extract (1 mL of fresh prepared 30%
yeast extract solution) were added to each flaklk. ioculated flasks were then sealed with S-
shaped airlocks and transferred to an incubatokeshéor ethanol fermentation (SSF). All

samples were run in duplicate.

Fermentation and Distillation

Ethanol fermentation was conducted at 30°C in anbator shaker (Model 12400, New
Brunswick Scientific, Edison, NJ) operating at Iptn for 72 hr. The fermentation process was
monitored by measuring the weight loss from evolutiof carbon dioxide (C£ during
fermentation. The weight loss was related to ethgied during fermentation (§H:.05 —
2C,HsO + 2CQ"). The ratio of ethanol to carbon dioxide is théicadly 51:49.

After 72 hr fermentation, finished mash in each g80flask was entirely transferred to a
500-mL distillation flask and the Erlenmeyer flasks washed 4 times with 100 mL (25 mLx4)
of distilled water. Two drops of antifoam agent 20ds added into distillation mash to prevent
foaming during distillation. The contents were llessti on a distillation unit and the distillates
were collected into a 100-mL volumetric flask thaas immersed in ice water. When the
distillates in the volumetric flask approaching theOmL mark (<0.5 mL to the mark), the
volumetric flask was removed from the distillationit and the distillation process was stopped.
The distillates in the volumetric flask were eduidited for a few hrs in a 25°C water bath, then
brought to the 100 mL mark with distilled waterh&nol concentrations in the distillates were
analyzed by HPLC with a Rezex RCM column (Phenomenerrance, CA) and refractive
index detector\(Vu et al 200%

Morphological Structure of Waxy Grain Sorghum

The microstructures of waxy sorghum kernels wemmgred using a scanning electron
microscope (SEM) with an accelerating voltage @& kv (Hitachi S-3500N, Hitachi Science
Systems, Ltd., Japan). Samples were vacuum-coaiiddavmixture of 60% gold and 40%
palladium particles using sputter coater-Desk Utsg/etch unit (Denton Vacuum, LLC, NJ).
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Single Kernel Characterization and Particle Size Analysis

Kernel hardness, kernel weight, and kernel sizeafy sorghum samples were analyzed
by using the single kernel characterization systé@0 (SKCS) (Perten Instruments, Springfield,
IL) controlled by Microsoft Windows software SK4100he reported data were the means of
300 kernels.

The patrticle size of ground sorghum flour were meas by an LS 13 320 single
wavelength Laser diffraction particle size analytB6A) with Tornado dry powder system

(Beckman Coulter Inc., Miami, FL). Samples were muduplicate.

Pasting Properties

Pasting properties of the sorghum flour sampleseweeasured using a Rapid-Visco-
Analyzer (model RVA-3D, Newport Scientific Ltd., Atralia). For sample preparation, 4 g of
sorghum flour (14% moisture basis) and distillederg25 mL) were added to an aluminum
canister at room temperature. A plastic paddle wsarted into the canister, jogged and rotated
manually for about 30 sec to break up any lumpe. @dddle (with the sample canister) then was
attached to the electric motor in the head of RVAe sample was premixed by initially running
the motor at 960 rpm for 10 sec, then, the mot® slawed to a speed of 160 rpm for the rest of
the test. The standard 23-min profile of AACC Metht6-21 AACC International 200Pwas

followed for sample testing. Each sample was aralya duplicate.

Thermal Properties
Differential scanning calorimetry (DSC-Pyris 1, HKarElmer, Norwalk, CT)

measurement was conducted and calibrated with nmdiBorghum samples were weighed
accurately (~10 mg) into stainless steel pans wsingcrobalance. Deionized distilled water was
added carefully with a micropipette into the sampd&. The weight ratio of water to dry flour
was 3:1. The pans were sealed and allowed to oestlfout 1 hr. Samples were analyzed at
heating and cooling rates of 10°C/min. The tempeeategime consisted of heating from 25°C
to 150°C with an initial 1-min hold. Data from tH@SC scans were analyzed using Pyris
software for Windows (v.7.0). Enthalpies are repdron a dry flour weight basis. Each sample

was analyzed at least in duplicate.
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Protein Digestibility
Protein digestibility was determined by followinget method of Mertz et all984) with

modification: 200 mg of sorghum samples were sudpenn 35 ml of pepsin solution (1.5g of
enzyme/L of 0.1 M potassium phosphate buffer, pgbj and incubated with vigorous shaking at
37°C. Pepsin (Sigma P-7000; activity 924 units pey of protein) digestion was stopped by
addition of 2 mL of 2 M NaOH at the end of 2-hr esjon course. After centrifugation at 4,000
xg for 15 min, the supernatant was discarded, anddbielue was washed in 10 mL of 0.1 M
phosphate buffer (pH = 2.0) and centrifuged as reefd\fter the second washing and
centrifugation, the residue was frozen, then lybpdil. The freeze-dried residue was then

weighed and analyzed for nitrogen content.

Analytical Methods

AOAC Official Methods were used to analyze sorghdiour samples for dry
matter/moisture (930.15), crude protein (990.08) €42.05), crude fiber (962.09), and crude
fat (920.39) AOAC International 2000 Total starch and amylose contents were measisied
colorimetric assay procedures (Megazyme total Btarc amylose/amylopectin kits, procedures
are available at URLs http://secure.megazyme.comitimds/en/data/K-TSTA.pdf and
http://secure.megazyme.com/downloads/en/data/K-ANdEL). The presence of amylose in the
waxy sorghum kernels was qualitatively examinedngisthe iodine staining techniques
(Pedersen et al 20p4-ree amino nitrogen (FAN) was analyzed by usirgEuropean Brewery
Convention (EBC) methodEBC 1987 with modification. One hundred fifty mg grain ghum
flour was mixed with 1.5 mL deionized distilled watin a 2.5-mL microcentrifuge tube and
vortexed 5 times in 10 min, then centrifuged ad@Q,rpm for 20 min. The supernatant was then
ready for FAN analysis. A tannin bleach test folkmvthe Xiang method2009. Glucose,
glycerol, and ethanol in samples were determinediByC (Shimadzu Scientific Instruments,
Columbia, MD) according to the method describedMnGinley and Mott 2008. The column
used was a Rezex ROA column (Phenomenex, Torr&®eand the detector was refractive
index detector (model RID-10A, Shimadzu) maintaim¢d0°C. The mobile phase was 5 mM
sulfuric acid at a flow rate of 0.6 mL/min and tbnen temperature was 65°C. HPLC data were
analyzed using Shimadzu EZStart 7.4 software. Fetatien efficiency was calculated as a ratio
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of the actual ethanol yield (determined by HPLC)thie theoretical ethanol yield (calculated
from the total starch content in the sampkar{ et al 200

Statistical Analyses

All experiments were performed at least in dupkcdathe tabular results presented were
the mean values of repeated experimental data.

Results and Discussion
As clearly indicated by the major components ofgamples from proximate analyses,
the waxy sorghum samples used in this project leag diverse genetic background and physical
and chemical properties and such . Normal cultiearthe market have starch content of 72-
76% (db) and protein content of around 12% (dbg Starch content of these samples ranged
from 65% to 76% (db), their protein content wasrird2% to 15.8% (db). Details of the
proximate analysis results are listed in Table 2.1.

Effect of Starch on Ethanol Production

Figure 2.1 shows correlation between total starohtemt and ethanol yield from
fermentation of 25 waxy grain sorghum samples. ithgield (gallons/bushel) was linearly
correlated with total starch content®#®.7946). This result is in agreement with thogeoreed
by Wu et al 2007 and Lacerenza et aP@08. Sorghum cultivars with high starch and low
protein contents are cultivars of choice for fublamol production. Wu et aPQ08 reported that
higher starch content means higher ethanol yiadtieb processing efficiency, and less residues
after fermentation, therefore, total starch contégnvaxy grain sorghum can be a predicator for
ethanol yield. Average ethanol yield from waxy grabrghum is similar to corfLemuz et al
2009) Although the sorghum samples tested in this stualye diverse genetic backgrounds,
which translate into different starch and proteamtents, the ethanol yields ranged from 2.6 to
3.0 gallons per bushel, with an average of 2.8galper bushel.

Endosperm of waxy grain sorghum contains littlenoramylose when tested by rapid
iodine staining technique®¢dersen et al 20R4f enough amylose is present in the grain, iedin
will bind with amylose in the endosperm of a griérnel and turn its color into dark blue; while
waxy grains contain no or little amylose, it willrh reddish brownRedersen et al 20p4The

iodine test results showed that kernels of mostywsorghum samples do not have enough
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amylose, a few samples had a little higher amylosatents that the staining method barely
detected. The Megazyme amylose assay and DSC mnedgsilts further confirmed the iodine
staining results. All 25 tested cultivars of waxsaig sorghum had small amount of amylose,
ranging from 5.5% to 7.3%. Fortunately, amylosetenohin waxy grain sorghum had no
significant effects on ethanol yield {R 0.1341, Figure 2.1). This is probably becausglase
contents in the tested samples were all very loiw3d%) and within a narrow range (from 5.5%
to 7.3%, Table 2.1). The chances for such smalluanof amylose to complex with lipids in
waxy grain sorghum were lower than in normal gsarghum.

DSC results confirmed that only four sorghum sampR220636, P1217897, PI548008,
and P1562758) out of the 25 tested waxy cultivdiewsed an amylose-lipid complex enthalpy
peak at temperatures around 100°C (Table 2.2). &mation efficiencies of those four cultivars
(with amylose-lipid complex peaks) were lower thdnose of the other cultivars (without
amylose-lipid complex). Actually, two of these fogsamples (P1562758 and PI548008) had the
lowest fermentation efficiencies of 86.0% and 87.@%ong all the 25 tested samples. The
average efficiency of all the 25 samples was 89.B%vious research conducted on different
ratios of commercial amylose and amylopectin ftiaabl production showed that high amylose
content led to low ethanol yiel&\u et al 200% In normal wheat, corn and sorghum, amylose is
located in amorphous region of starch granulesaemgopectin is in crystalline region of starch
granules. When amylose content is high in star@nges, amylose readily can leach out of
starch granules when the granules are absorbingrw@n the other hand, higher amylose
content also provides increased amylose-lipid cemfdrmation that inhibits swelling of starch
granules. In waxy varieties, amylose content is, lamd there is little amylose leaching out from
starch granules when they are absorbing water., @rmglose in waxy grain sorghum flour does
not significantly affect starch granules among waxyieties. RVA pasting profiles of waxy
grain sorghum flour showslawer pasting temperature and higher peak viscdbiy normal
sorghum starch. Hence, the small amount of amyleseaxy grain sorghum does not have
significant effect on the dry grind ethanol procasd final ethanol yield.

Two common phenomena were observed when waxy goaghum kernel was scanned
with SEM (Figure 2.2). One was the feature of ketagture (low magnification, 500x) and the
other was features of starch granules (high magatin, 5000x). Figure 2.2A shows there are a
lot of cracks on the kernel, the cracks may remwdaxy grain kernels easier to be ground and
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generate more damaged starches in the flour. TH&SS#d PSA data showed that the hardness
index (average of 88.6) of waxy sorghum was sintdahat of normal sorghum (87.Hddersen

et al 1999 and significantly lower than that of corAl{delrahman and Hoseney 1984nd can

be more easily ground into fine particles, whiclplies less energy consumption for grinding
and higher conversion rate in mashing and ethaiedd yn fermentation. In previous research,
Abdel-Aal et al 2002 reported there were more damaged starches in whggat and waxy corn
flour than those from normal wheat and corn. WassgBum starches probably share the same
properties with waxy wheat and waxy corn. FigureB2shows many holes in waxy starch
granules, which obviously make waxy starch granubese susceptible to enzymatic digestion
because water and enzymes can more easily enteh sfeanules through these pores. The
results are in agreement with the conclusion draywSullins and Rooneyl@75. That is, waxy
starch granules were more susceptible to enzymgsadigtion than non-waxy starch granules.
Sullins and Rooney (1975) also found waxy graingsom had a less dense peripheral
endosperm than non-waxy grain sorghum. The waxghson flours, however, absorbed
significantly more water than did normal sorghuraufis, which could be explained by the
presence of pores on the waxy starch granules. W\l @007 reported that waxy sorghum
cultivars had higher conversion efficiency in thédratory dry-grind ethanol process than non-
waxy cultivars because waxy starches were mordyehgdrolyzed and gelatinized during
mashing process. Data from this study came toaheesconclusion as Wu et al dgDQ7).

Effect of Free Amino Nitrogen on Ethanol Production

Researchers have found one of the factors limithigy production of high levels of
ethanol by brewing yeast to be nutritional deficier(Casey and Ingledew 19B6When a
nitrogen source is supplemented in the fermentasigstem, the nutritional supplement can
promote the rapid fermentation to higher ethanetllevithout the need to genetically improve
yeast. Therefore, free amino nitrogen in the odafsample is crucial to yeast performance. A
strong positive linear relationship between ferragah efficiency at the 30th hr of fermentation
and free amino nitrogen content in the original gl&® was observed in this study (Figure 2.3),
but by the end of fermentation, no linear correlativas found between free amino nitrogen
contents in the original samples and the final &rtation efficiency. Sufficient free amino
nitrogen in the fermentation mash is critical tagtecell growth and proliferation during the
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early stage of fermentation. The higher the freenamitrogen levels in finished mash, the faster
the fermentation process. Because almost all tharsun the tested samples were converted into
ethanol, the final fermentation efficiencies amdahg samples at the end of fermentation were
very close. Our previous research strongly suppbesffects of free amino nitrogen on ethanol
fermentation efficiency from field-sprouted sorgh@vian et al 2010 Casey et all984 made
the same conclusion about the effect of free amitrogen on fermentation efficiency of high-
gravity brewing from wheat. Therefore, free amintragen content in a sample could be a
useful indicator of a sample’s performance in ethadermentation. Data from our previous
studies Yan et al 2009, 20)0showed similar results, which agree with resoégorted by
several other investigatorsgkkas et al 2005; Casey et al 198¥lullins and NeSmith1987)
studied ethanol fermentation using tannin sorghuah @evealed that the addition of nitrogen

accelerated ethanol fermentation rate.

Effect of Protein Digestibility on Ethanol Production

Protein digestibility has been used as a qualiticator for human foods and animal
feeds. A protein with high digestibility potentilhas better nutritional value than those with
low digestibility. The protein digestibility of sghum has been studied extensivielyitro using
pepsin because tha vitro pepsin digestibility results correlate well with vivo digestibility
results Maclean et al 1981 which make sense because human and animal grquemsin in
their digestion tracts. In contrast, yeast does puaiduce any exoprotease for ethanol
fermentation. However, Wang et &008 reported a strong linear correlation betweenginot
digestibility of some normal grain sorghum samgled their fermentation efficiency in ethanol
production. The same protein digestibility methadyl was applied in this study for waxy grain
sorghums. The ethanol fermentation data on waxghson samples showed that fermentation
efficiency in the laboratory dry-grind process diot show any linear correlation with protein
digestibility (R* = 0.0093) (Figure 2.4). The presence of tannirsoime of the sorghum cultivars
used in this study could be the main cause for sudivergence. Tannins have been related with
lowering starch digestibility by inactivating amgés Davis and Hoseney 19Y9The same
phenomenon of enzyme inactivation may be applied be pepsin in protein digestibility test.
Protein hydrolyzing activity of pepsin in the digbgity test could have been inhibited by the
tannins in the tested samples. A qualitative tartest (bleach test) revealed that 16 of the 25
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tested waxy cultivars contained tannins. Althougtast itself does not produce exoproteases
during normal fermentation process, addition oft@rases during mashing or the SSF process
nevertheless can generate favorable results (isiageéermentation rate, cell tolerance to ethanol,
and final ethanol yield) because hydrolysis of @it in the raw materials might help with the
release of more starch granules from the proteimixn@nd increase free amino nitrogen content
in the mashRerez-Carrillo et al 2008homas and Ingledew 1990vhich will facilitate yeast

growth, increase ethanol fermentation rate andnetifarmentation efficiency.

Effect of Tannins on Ethanol Production

Sorghum tannins have attracted great attention mammber of researchers because of
their effects on product yield and quality, proeeggproperties, starch and protein digestibility,
and healthBeta et al 2000; Dlamini et al 2009; Serrano €2(f19; Wang et al 2008Wu et al
(2007 claimed that sorghum tannins retarded the liqutefa process during mashing and
resulted in high viscosity mash, slow starch-tocgke conversion, and lower conversion
efficiency. The data showed that ethanol yields #erthentation efficiencies of tannin waxy
sorghums were 2-3% lower than those of waxy sorghwithout tannins. Mullins and NeSmith
(1986 studied ethanol fermentation from bird-resist@md non-bird-resistant grain sorghum and
reported that high tannin levels greatly reducedrite of ethanol production. Evidently the rate
of ethanol production was much slower from birdstst grain sorghum than from non-bird-
resistant grain sorghum because tannins partiatiipited the activities of amylases and glucose
was generated at a much slower rate in the biidtegg grain sorghum mash. On the other hand,
tannins could cause sorghum protein crosslinkingnduheating or cooking and prevent starch
granules from absorbing water and enzymatic degiadé@uodu et al 2008

Chemical Composition of Disgtillers Dried Grains with Solubles (DDGS)

DDGS is a by-product from ethanol production antymcally used as animal feed. The
nutritional composition is critical to buyers. Tal.3 shows the major components of DDGS
from waxy and non-waxy grain sorghum varieti€&ander and Rosentrater 2009; Stein and
Shurson 2009; Urriola et al 2009; Wu and Sexsoml98esidual starch contents in industrial
corn or sorghum DDGS are around 5%. DDGS from nbgran sorghums using a laboratory
dry-grind ethanol process had 1-2% starch. Thedwasistarch contents in DDGS from waxy

grain sorghum samples in this study were much lpwely around 0.5%, which means that
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starch in waxy grain sorghum was more efficientged for ethanol production than that in
normal grain sorghum. Researchers have shown #vaf eereals contain elevated lipid and ash
contents compared with their normal counterparecaBise waxy sorghum generally has higher
protein content than corn and normal sorghum aartistin waxy sorghum is more efficiently
utilized in ethanol production, DDGS from waxy saugn will have higher crude protein, crude
fat, and ash content than DDGS from normal graBeu(iders and Rosentrater 2D(Because
the major market for DDGS right now is the aninedd industry, higher protein content means

better quality, broader application, and possilditdr market price.

Conclusion

This ethanol production study on waxy grain sorghuameties demonstrated that ethanol
yields from waxy sorghums were essentially propodi to their starch contents. Amylose
contents in the tested waxy sorghum samples weyelow and had little effect on ethanol yield
and fermentation efficiency. Ethanol yields frone ttested waxy grain sorghums were around
2.8 gallons/bushel, which is similar to that repdrfor corn. The fermentation efficiency was
greatly affected by free amino nitrogen contentvaxy sorghums, which had a strong positive
linear correlation with early stage (the first 3®-8r) fermentation efficiency. Tannins were
found in most of the tested waxy sorghums and heghtive effects on ethanol yield and
fermentation efficiency. DDGS from waxy sorghumsdhlaigher protein but lower starch
contents, which implies better quality and makesgroducts more attractive to the animal feed

industry.
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Figure 2.2. SEM images of waxy grain sorghum endosgA) showing cracks and starch

granules (B) with many fine pores.
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Table 2.1. Sample information and contents of megonponents (%, db) from proximate analysis

Accession # Local name Origin GBSAllele  Amylose StarchProtein* Fat Fiber Ash Effic. Tannin
P1 220636 Nai-Shaker Afghanistanno wx¥'  6.6+0.57 66.80 14.46 6.561.56 2.64 88.4 +
Pl 23231 Brown Kaoliang China yes fwx 6.8#0.38 67.46 13.75 5.022.22 2.01 89.4 +
P1 548008 Huang Ke Jiao China no “*wx5.5+0.70 68.74 15.09 4.981.52 254 87.7 +
P1 563576 LV 129 China no Wx 6.9+0.87 68.38 15.80 5.701.59 2.38 89.8 -
P1 563670 L 1999B-17 China yes fwx 6.2#0.20 76.34 11.22 3.781.75 1.85 88.3 -
P1563671 L 1999B-18 China yes fwx 5.8#0.90 72.41 12.40 3.601.98 1.94 90.3 -
P1 586524 IS 27929 China no $wx 6.2+0.35 69.88 13.53 5.211.86 2.16 89.6 +
P1 586526 IS 27931 China no Wwx 7.0£0.15 69.48 12.40 5.371.75 1.89 90.6 +
P1 586529 IS 27935 China no Wwx 6.720.45 66.79 14.29 5.691.55 1.72 92.2 +
Pl 455543 ETS 3634 Ethiopia no Wwx 6.6+0.15 70.76 13.60 5.351.53 2.01 89.4 -
P1586448  Cody Hungary no fux 5.8+0.64 75.19 12.02 4.811.77 1.96 89.9 -
P1 586454 Leoti Hungary no Wwx 6.840.72 67.71 14.17 5.111.80 2.12 89.1 +
P1217897 305 Indonesia yes fwx 5.9+0.20 68.94 12.02 5.181.61 1.71 89.9 +
Pl 234456 Unknown Japan no %wx 6.4+1.12 71.30 12.15 4.941.58 1.75 90.2 +
P1 82340 Kaoliang-WX Korea no Wwx 6.5+0.30 72.30 12.34 4.231.89 2.09 88.3 +
Pl 87355 Bomususu Korea no wx 6.1+0.40 69.71 1440 5.171.88 2.14 89.9 +
P1 88004 Susu zairai shu Korea no “wx6.1+0.59 69.23 13.68 5.041.63 2.16 88.8 +
P1 563015 Kaura Mai Faran Kona Nigeria no 2wx6.6+0.51 65.36 15.46 5.641.75 1.93 88.4 +
P1567803  Yungju South Kore: no w¥'  7.0+0.35 67.19 1351 5.461.57 2.06 91.7 +
P1 567809 Unknown South Kore: no w¥'  6.6+0.38 67.55 14.29 5.271.51 1.82 90.9 +
P1 567811 Unknown South Kore: no w¥'  7.3+0.20 66.80 13.43 5.091.70 1.97 91.3 +
P1 562758 Basuto Red Q2-1-29 USA no ®wx6.2+1.02 72.18 16.75 4.282.03 2.28 86.0 -
P1 563068 IS 8303 USA no Wx 6.2+0.83 71.53 14.30 3.002.25 2.06 88.5 -
P1 563402 IS 10497 USA no vx 6.1+0.10 69.94 15.04 3.781.94 2.49 89.6 -
Ellis USA, wild no wx 6.3+t0.10 72.86 13.28 4.44.91 1.71 90.5 -

*: Protein contents were calculated by 6.25x N eat# from the Leco method (AOAC method 990.03)icEffefficiency; + indicates

presence of tannins; - indicates absence of tannins
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Table 2.2. Differential scanning calorimetry prapes of waxy grain sorghum flour

Onset Temp Peak Temp Conclusion 2nd Peak Tem Enthalpy of gelatinization

(°C) (°C) Temp (°C) (°C) (AH,J/g)

Min 69.91 75.59 81.47 99.00 8.19
Max 73.51 78.13 94.38 102.6 11.88
Mean 71.58 76.54 84.27 100.1 9.62

Values are average of two measurements.

Among 25 varieties, only 4 had the 2nd peak--- assdlipid complex.
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Table 2.3. Chemical composition of distillers drgrdins with solubles from waxy and non-

waxy grain sorghum varieties (%, db)

Sample ID Starch Protein Lipids Fiber Ash
Waxy 0.44-0.72 33.3-42.0 9.5-16.3 3.2-6.0 5.8-7.9
Non-waxy 2.0-5.7 30.3-36.6 10.8-12.5 7.5-11.6 23-5
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Chapter 3 - Germination-Improved Ethanol Fermentation
Performance of Tannin Sorghum in a Laboratory Dry-Grind

Proces$

Abstract

A tannin sorghum cultivar with 3.96% tannin contevds used to study the effects of
germination on its ethanol fermentation performaimca laboratory dry-grind process. Tannin
sorghum sample was germinated for 3 and 4 daygir@ti and germinated samples were
analyzed for tannin, starch, protein, free amirtcogen (FAN), and glucose content. Endosperm
structures and flour pasting properties of gerneidatnd non-germinated sorghum samples were
examined using a scanning electron microscope (SBM) rapid visco analyzer (RVA).
Germination reduced tannin content from 3.96% wligible levels. The free fermentable sugars
(glucose, maltose, and maltotriose) in the gerrethagamples were significantly higher than
those in the non-germinated control. Judged bysthech (starch plus dextrin) and free amino
nitrogen contents in the mashed samples, germmatiproved degree of hydrolysis for starch
by 13-20% and for protein by 5- to 10-fold duringshing. Germination significantly shortened
the required fermentation time for ethanol productiby 24-36 hr, increased ethanol
fermentation efficiency by 2.6-4.0%, and reduceel tbsidual starch content in the distillers
dried grains with solubles (DDGS) compared with tloe-germinated control. Ethanol yield for
the 3-day germinated samples was 2.75 gallons/busthéch was 3.1% higher than the 2.67
gallons for the non-germinated control. Ethanoldyitor the 4-day germinated sorghum was

2.63 gallons/bushel due to excessive loss of s@ucdng germination.

Introduction
In recent years, there has been increasing inteémegiroducing ethanol from grain
sorghum to meet the massive demand for renewableSorghum is one of the most important
crops in the United States; it is the third mospamiant cereal crop after corn and wheat based
on production and it is more drought-tolerant thaheat and cornU.S. Grains Council,

http://www.grains.org/ sorghumpBecause of climate diversity and continuing dexlof water

2 This chapter has been published in 2009 in Cereal Chgra&&97-600.

47



resources, the use of our dry land for sorghumwvation is becoming increasingly important
and can help ensure sustainable economic develd@mdmational economic distribution.

Tannin is the primary nutrient-limiting componemt grain sorghum. High levels of
condensed tannin can reduce starch and proteirstdigigy up to 10%(Leeson and Summers
1997) Ratnavathi and Sashidhg000) reported that activities of intrinsic enzymes amrin
genotypes were lower than those in low tannin ggrest Zhan et al(2003) reported that
extrusion reduced tannin content and increasedhsargdigestibility, ethanol yield, and
fermentation efficiency. Germination has been ugedhcrease starch and protein digestibility
for food applicationgEvans and Taylor 1990§ermination of sorghum could activate intrinsic
enzymes in sorghum seeds, facilitating the breakdoiv starch and protein matrices, and
resulting in increased levels of monosaccharidegpsaccharides, and free amino acids. Free
amino acids are essential nutrients for yeast dramd are beneficial to ethanol fermentation
(Ratnavathi and Ravi 1991; Taylor 1983; Thomas &mgledew 1990) Using germinated
sorghum to produce ethanol may have advantagestowerormal process using sorghum meals
and could achieve higher ethanol yield and ferntemtaefficiency because of activated intrinsic
enzymes, decreased tannin content, and increaam®th sligestibility in the germinated sorghum.
A negative effect of germination is lossfefmentable sugars in respiration of the seedsduri
germination.

The objective of this research was to investigdfeces of germination on sorghum

fermentation efficiency and ethanol yield.
Materials and Methods

Grain Sorghum and Germination

A sorghum cultivar with 3.96% tannin was used. Geation was achieved by rinsing
sorghum seeds with tap water. Seeds, covered authldyers of wet gauze, were rinsed with tap
water for 3 min then germinated at room temperafare3 or 4 days. During germination,
samples were rinsed at 2-hr intervals with tap wiamiel min during daytime. After germination,
sorghum samples were dried in an oven at 50°C 8dnr4o achieve a final moisture content of
10% (wb). Samples for chemical analysis were mitle@ugh a 0.25-mm screen in a cyclone
mill (Udy, Ft. Collins, CO). Samples for ethanotrfeentation were ground into flour in a grain
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mill (Magic Mill 1ll plus, Magic Mill Products & Appliances, Monsey, NY) with particle size of

<1 mm.

Microorganism and Preparation of Mashes

Yeast strain. The Saccharomyces cerevisiae strain ATCC 24860 was used for ethanol
fermentation and was maintained on yeast extrguidpe/dextrose (YPD) agar slants sealed
with sterile mineral oil at room temperature. This was subcultured to YPD agar slants and
incubated at 25°C for 3 days before being cultured preculture broth (containing 20 g/L of
glucose; 5.0 g/L of peptone; 3.0 g/L of yeast eotgal.0 g/L of KHPO,, and 0.5 g/L of
MgSQOy- 7H,0) for final inoculation. The 48-hr yeast culturadha cell concentration 6f2.5 x
108 cell/mL.

Liquefaction. Sorghum samples (31.0—-34.0 g containing 21.00 gtaxtth) mixed with
distilled water (100 mL) in 250-mL Erlenmeyer flastwere liquefied using a thermostalle
amylase, Liqguozyme (240 KNU/qg) froBacillus Licheniformis (Novozymes, Franklinton, NC).
Mash liquefaction occurred in two phases. Firstsines were combined with Liquozyme (0
~3 KNU) and held at 95°C in a water bath shaker [jbatmicroprocessor, Melrose Park, IL) for
45 min with a rotation rate at 160 rpm. Subseqyentiash temperature was reduced to 80°C at
which liquefaction was continued for another 30 rafter the addition of more Liquozyme (10
uL, =3 KNU) to each flask.

Saccharification. After temperature of the liquefied mash was redut¢ed60°C,
glucoamylase (Spirizyme, 750 AGU/g, frof niger, Novozymes) was added to each flask at
150 AGU/g of starch. Flasks were kept at 60°C fomndn in a water bath shaker rotating at 160
rpm. Flasks with finished sorghum mashes were remdvom the water bath and cooled to
~30°C. Mashes were adjusted to pH 4.2—-4.3 WNHHZ| before inoculation with yeast.

Fermentation

Sorghum mashes were inoculated with 5 mL of yeastysture (cell concentration of
~1.5 x 107 cells/mL), which was prepared as Wu €2a06) described. Ethanol fermentation
was performed at 30°C for 72 hr in an incubatokeh&model 12400, New Brunswick Scientific,
Edison, NJ) operating at 150 rpm. Flasks were deaf¢h S-bubblers filled withe2 mL of
mineral oil. Fermentation was conducted in dupécdthanol concentrations in fermentation

broths were determined at different time intervahsl were also monitored by measuring the
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total weights of the fermentation flasks becaugsewibight loss by C@evolution is proportional
to the amount of ethanol produced during ethanohéatation following the method of Wu et al
(2006)

Pasting Properties of Sorghum Flour by RVA

A rapid visco analyzer (model RVA-3c, Newport S¢igo Ltd., Warriewood, Australia)
was used to determine pasting properties of sordghams. Sorghum flour (4.0 g, 14% mc) and
water (25 mL) were mixed at 50°C; the slurry wakl s that temperature for 1 min then heated
from 50 to 95°C. The hot paste was held at 95°Qf6rmin, cooled to 50°C, and held at 50°C
for 2 min. The total process was 13 min.

Morphological Structure of Sorghum Endosperms

Endosperm microstructures of germinated and nosoajhum seeds were examined
using a scanning electron microscope (SEM) (Hit&B500N, Hitachi Science System, Japan)
with an accelerating voltage of 5.0 kV. Sampleseveacuum-coated with a mixture of 60%

gold and 40% palladium particles.

Analytical Methods

Sample moisture, starch, and crude protein conteet® analyzed by using AOAC
official methods 925.10, 996.11, and 990(B®AC International 200Q)respectively. A factor
of N x 6.25 was used to calculate crude proteintasdn Free amino nitrogen (FAN) was
analyzed by the European Brewery Conven{ieBC 1987)method. Tannin was assayed using
the method of Price et 4ll978) Glucose, maltose, maltotriose, glycerin, and mthan the
samples were determined by HPLC according to théhadedescribed by Wu et #2006)
Analysis of variance (ANOVA) and least significadifference (LSD) atP < 0.05 were
conducted using statistical software (SAS Instjt@ary, NC).

Results and Discussion

Ethanol Production from Germinated Grain Sorghum
Germination had a significant effect on ethanolld/iend conversion efficiency when
tannin sorghum samples were used for ethanol ptmhucGerminated sorghum produced higher

ethanol concentrations than non-germinated sorgi8u3 and 8.27%, wl/v, for 4-day and 8.12%
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for 3-day germinated samples in the finish beerh wolumes of 120-125 mL, which were
equivalent to 13.16, 13.11, and 12.56%, v/v, stedided per 100 mL, respectively) and required
less time to reach the highest concentrations (3@rhgerminated sorghum vs. 72 hr for non-
germinated). The conversion efficiency was caladaby dividing the actual ethanol yields
measured using HPLC by the theoretical ethanoldyi@ssuming 1 g of starch could be
hydrolyzed into 1.11 g of glucose, and each gramlatose could generate 0.511 g of ethanol).
Conversion efficiencies of germinated sorghums v@&.81% for the 3-day germinated sorghum
and 87.14% for 4-day germinated sorghum, which \2e8e4.0% higher than the 83.20% for the
non-germinated sorghum (Figure 3.1). Increasesiméntation rate may be due to enzyme
activity. Germination increased enzyme activitiesorghum seeds. Enzymes such-asnylase,
B-amylase, and other glucanases are important #ochsthydrolysis. Among these malting
enzymesg-amylase is the most important in sorgh(lRatnavathi and Ravi 1991Proteinase
and carboxypeptidase activities may also be aetvaluring germination, which could have
contributed to the favorable resu{isvans and Taylor 1990Actions of proteinases break down
protein matrices, which not only releases morechis and leads to more available starch and
higher ethanol yield but also generates FAN, rasylin high fermentation ratéEvans and
Taylor 1990; Taylor 1983)Results of chemical analysis (Tables 3.1 and &) SEM images
also confirmed these results. Ethanol yields pshbuwould be 2.67 gallons for non-germinated
sorghum, 2.75 gallons for 3-day germinated, whicsva 3.1% improvement. Although the
fermentation efficiency for the 4-day germinatedgbam was higher than both the 3-day
germinated and non-germinated sorghum, the ethdal for the 4-day germinated sorghum
was 2.63 gallons/bushel. The reason for the lovikar®l yield for the 4-day germinated
sorghum could be the excessive loss of starch glggmmination (Table 3.1).

Effect of Germination on Chemical Composition and Physical Properties of Sorghum

Chemical composition change. Table 3.1 shows changes in starch, glucose, maltose
maltotriose, tannin, FAN, and total nitrogen comgewluring germination. Tannin content
decreased significantly in germinated sorghum ghaicreases in glucose, maltose, maltotriose,
and FAN in germinated samples may be due to aetviof activated enzymes during
germination, mainly amylases and proteases, whigakodown starches and proteins into

smallermolecules during germination.
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Total starch content decreased as germinationitioteased from 3 to 4 days. This could
result from development and growth of embryos dyrgermination that consumed some
generated glucose and released carbon dioxide ater.wAlthough free amino acid content in
the germinated samples was significantly highen tiat in the original non-germinated sample,
total nitrogen content essentially did not changleich implies the proteins converted between
different forms (structural, functional, or degrdderms) but was not lost during germination

Pasting properties of sorghum flour. The effect of germination on viscosity is shown in
Figure 3.2. Germinated sorghum had a higher pesdosity than the non-germinated sorghum,
and germinated samples took less time to reach yisaksity. In contrast, the non-germinated
sorghum did not show a trough viscosity during imgaand holding periods but did show a
gradual increase during the course of heating,ihgland cooling because non-damaged starch
granules continue to swell as the water moves tiraine granule slowly, inhibited by the
structure, which has no damage by the intrinsigyens. The final viscosity of non-germinated
sorghum flour was much higher than that of gern@idatorghum flour. Results indicated that
starch in germinated sorghum flour is much easieswell and breakdown than that in non-
germinated sorghum flour. Also, starches in gerteii@aorghum may undergo some hydrolysis
during pasting because of the activities of acidaamylases. Setback viscosities of non-
germinated sorghum were much higher than thoseewhigated sorghum. The higher setback
viscosity of the non-germinated sorghum was mastylicaused by the leached amylose, and the
lower setback viscosity of germinated samples cdwédthe result of partial hydrolysis of
starches by the activated intrinsic amylases.

Morphological structure of sorghum endosperms. Figure 3.3A shows the endosperm of
non-germinated sorghum seed, where intact stamhutgs are wrapped in relatively thick cell
wall, whereas Figure 3.3B and C shows endospergeohinated sorghum seeds, where starch
granules are wrapped in relatively thin cell wallany tiny holes on starch granules of
germinated seeds were observed. Starch granulesdosperm of 3-day germinated sorghum
were attacked less severely than those of 4-dayigated sorghum. Starch granules around the
germ (Figure 3.3D) of the germinated seed wereclegth more significantly than those in the
endosperm. These results agree with the resulthamical composition change in Table 3.1.
The 4-day germinated sorghum had lower starch &id ¢ontents and relatively higher content

of simple carbohydrates from hydrolyzed starch caeg@ with 3-day germinated seed.
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Therefore, germinating sorghum seeds could be d g@ay to activate intrinsic enzymes to help
degrade starches and proteins and to increaseogtyiald and conversion efficiency. However,
longer germination time might have a negative ¢féecethanol production because of excessive
loss of starch. Probably 3-day or less germinaisotme optimal option for the conversion from
starch to ethanol.

Compositional changes during mashing and after fermentation. Table 3.2 shows
differences in starch, glucose, maltose, maltog;iB&N, and total nitrogen contents in sorghum
mashes andlistillers dried grains with solubles (DDGS). Totthrch in thenon-germinated
sorghum mash was higher than that in germinatgdhum mashes, and starch content in mash
from 3-day germinatedgorghum was higher than from 4-day germinated sorglAlthough
total starch content in germinated sorghum wereetaWwan that of non-germinated sorghum,
ethanol concentration frorthe same amount of 4-day and 3-day germinated sorghwas
greater (8.43 and 8.27% in the finish beer, w/gntlthat (8.12%w/v) from non-germinated
sorghum. Germinated sorghum mbave some mechanism to compensate for starchuosigd
germinationand make more efficient use of resources during ftlew-up mashing and
fermentation processes. Activation of timrinsic enzymes could be the main cause for this.
Higher fermentablsugars and FAN contents in the germinated sorghndisate the actions of
such enzymes during germination (Table 3The more fermentable sugars (glucose, maltose,
and maltotriosein mashes and less residual starch in DDGS of gexteil sorghum@Trable 3.2)
suggested that germination helped release msareh granules from germinated sorghum and
improved digestibilityof sorghum starch.

In addition to improvement in starch digestibilitgermination also increased protein
digestibility of sorghum. Free amino nitrogen conite mashes from germinated sorghums was
much higher than that in mash from non-germinamglaum (Table 3.2). This indicates that
more proteins were hydrolyzed by the activatedrisit proteases in the germinated sorghum
(during germination and mashing) than in the nomrgeated sorghum. This damaged protein
matrices, released more formerly embedded staaruggs, and resulted in better digestibility of
both starch and protein in germinated sorghum. Aigker contents of fermentable sugars and
free amino acids in mashes of germinated sorghgmifiiantly improved performance of the
yeast and contributed to the faster fermentatiote, rhigher ethanol concentration, and
fermentation efficiency (Figure 3.1). This agreashwesults of a previous study by Pickerell
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(1986, the higher the initial content of FAN, the gexathe rate of ethanol production, but the
rate is greatly affected by amount of sugar innfash.

In summary, germination is a possible way to trainin sorghum to improve its
performance in ethanol production. This treatmestdrelased tannin content, activated intrinsic
enzymes to break down the protein matrix and reléasmerly embedded starches, increased
ethanol yield, enhanced efficiency of fermentatomversion, and shortened fermentation time.
Actions of activated intrinsic enzymes in the gerated sorghum improved digestibility of
starch and protein and compensated for the starst dlue to respiration of seeds during

germination.
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Figure 3.3 SEM images of sorghum seeds. A, Endosperm of momigated sorghum. B,
Endosperm of 3-day germinated sorghum. C, Endospdrd-day germinated sorghum. D,

Endosperm close to germ of 4-day germinated sorghum
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Table 3.1. Chemical composition changes during gextion

Starci Glucose Maltose Maltotriose Tannin  FAN Total nitrogen Ethanol

Sample _

(%) (%) (%) (%) (%) (mg/L) (%, Protein) (%, v/v)

Control 66.43a 0.36 0.07 0.57 3.96a 86.65c 11.24 10.56
Germinated 3D 65.61b 1.10 0.53 0.64 0.0113b 252.7a 11.89 13.11
Germinated 4D 62.47c 2.19 1.25 0.84 0.0121b 114.7b 12.11 13.16

@ Total starch includes glucose, maltose and oliggsarides;
Data in the same column followed by different lettare different at the 0.05 level.
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Table 3.2. Chemical composition changes during mgsind after fermentation

Mashed Samples DDGS

Composition Non-germ 3day-germ4day-germ Non-germ 3day-germ 4day-germ
Starchi (%) 10.16a 6.85b 3.81c 2.31a 1.40b 0.94c
Glucose (%) 27.15 31.12 34.46 0.08 0.07 0.10
Maltose (%) 10.18 4.49 4.21 1.63 1.49 1.61
Maltotriose (%) 2.93 1.37 1.37 0.58 0.48 0.54
FAN (mg/L) 100.7 648.6 1,113 147.6 297.1 834.9
Total nitrogef

. 11.68 11.85 12.23 31.29a 31.74ab  30.69b
(%, Protein)
Ethanol
concentration 10.56 13.11 13.16
(%, viv)

2 Starch data in mashed samples were measured afsbing twice with 10 mL of water and
centrifuging at 20,000 g for 10 min.

P Results of 6.25*nitrogen from Leco analysis. Datthe same row under the same category
(mashed samples or DDGS) followed by differeneletiare significantly different at the 0.05
level.

* mashed samples were collected for analysis a¢tigeof mashing.
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Chapter 4 - Properties of Field-Sprouted Sorghum aa Its

Performance in Ethanol Productior?

Abstract

The objective of this research was to investigatgsigochemical and biochemical
characteristics of field-sprouted grain sorghum dsdfermentation performance in ethanol
production. Five field-sprouted grain sorghum vise® which received abnormally high rainfall
during harvest, were used in this study. Enzymavities, microstructure, flour pasting
properties, kernel harness, kernel weight, kerizel, $lour size and patrticle distribution of field-
sprouted grain sorghum were analyzed. The effegeahination (i.e., sprouting) on conversion
of grain sorghum to ethanol was determined by uaitaboratory dry-grind ethanol fermentation
procedure. Sprouted sorghum had increaseghylase activity; degraded starch granules and
endosperm cell walls; decreased kernel hardnesselkeeight, kernel size, and particle size;
and decreased pasting temperature and peak andicasities compared with non-sprouted
grain sorghum. The major finding is that time regdi for sprouted sorghum to complete
fermentation was only about half that of non-spedusorghum. Also, ethanol yield from
sprouted sorghum were higher (416-423 L/ton) tiam from non-sprouted sorghum (409 L/ton)

on a 14% moisture basis.

Introduction

The U.S. demand for ethanol has increased shampigcent years. Currently, feedstock
for fuel ethanol production is ~95% corn grain an&gbrghum graifRFA 2007) Researchers
and ethanol producers consider grain sorghum devaaid renewable feedstock (i.e., technically
acceptable, fits the infrastructure, and can ben@wically viable) for ethanol, and sorghum
could make a larger contribution to the nation’slfathanol requirement$-arrell et al 2006;
Rooney et al 2007; Wu et al 2006, 2007)

Both ethanol yield and fermentation efficiency hakeen used to evaluate the
performance of feedstocks in ethanol productioncelRe research shows that key factors

affecting ethanol yield and ethanol fermentatioficefncy of sorghum include starch content,

3 This chapter has been published in 2010 in Journaérgal Science 51:374-380.
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starch digestibility, level of extractable proteipsotein and starch interaction, mash viscosity,
amount of phenolic compounds, ratio of amylosemylapectin, and formation of amylose-lipid
complexes in the masfWang et al 2008; Wu et al 2007; Zhao et al 2008)addition to
chemical and physical properties of grain sorghitan et al. (2009) studied the effect of
germinated sorghum on ethanol fermentation and datation efficiency. Results from
laboratory-germinated, tannin-containing grain sorg (i.e. sorghum with a pigmented testa)
showed that germination not only decreased tanmienit and improved sorghum fermentation
performance, but also activated intrinsic enzynres shortened fermentation time. To a certain
degree, germination of feedstocks may not be neg&dr ethanol fermentation.

Germination, or sprouting, is a common problemda@in when weather is moist during
harvest or the environment is humid during storayeen kernels absorb moisture from their
surroundings to a sufficient level, the embryo andosperm are hydrated. Hydration switches
on the metabolism of the embryo, which sends hoahsignals to the aleurone layer, triggering
the synthesis of enzymes responsible for digestogponents of the starchy endosperm.
Germination promotes the development of cytolygigteolytic, and amyloytic enzymes that are
not active in dry kernelBamforth 2006; Dewar et al 1997; Klose et al 2088) could cause
significant changes in kernel composition and ptalsiproperties(Agu and Palmer 1996;
Bamforth 2006; Beta et al 2000; Dewar et al 199medki et al 1999; Iwuoha and Aina 1995;
Lasekan et al 1995; Muria and Bechtel 1998; Muttyalel984; Osuntogun et al 1989; Palmer
1991; Singh and Bains 1984; Swanston et al 198é&ymination not only causes compositional
changes in the sorghum grain but also initiateseides of biochemical and physiological
changes. Intrinsic enzymes such as amylases, pestehpases, fiber-degrading enzymes, and
phytases are activated; this disrupts protein Isodied degrades proteins, carbohydrates, and
lipids to simpler molecules, which increases digdgl of proteins and carbohydrates in the
kernel and makes nutrients available and acces$iblenzymes(Chavan and Kadan 1989;
Dicko et al 2006; Ratnavathi and Ravi 1991; Subraaraet al 1992; Taylor 1983; Yan et al
2009). Balogun et al.(2006) reported thatin vitro fermentability of sorghum grain was
significantly higher when grain was germinated. é&&sh on baby food also showed that
germination can activate enzymes, decrease thé ¢é\antinutritional factors (tannins, phytic

acid), and increase digestibility of macronutrierii®availability of minerals, and content of
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essential amino acid€orreia et al 2008; Dicko et al 2006; Subramarearal 1992; Taylor
1983; Taylor et al 1985)

Sorghum has been malted and used for productiortraxfitional alcoholic and
nonalcoholic beverages for centur{@&ufour et al 1992)Malting conditions must be controlled
to achieve uniform, high-quality sorghum malts am$ure quality required for food products
(Dewar et al 1997)Biofuel ethanol production does not have the seegeirements. The most
important issues in industrial ethanol productioa weld, efficiency, and energy consumption.
Our laboratory results in terms of ethanol yieldd agthanol fermentation efficiency from
artificially germinated tannin sorghum suggest thage potential energy savings exist in
production of ethanol from germinated sorghum grllising germination-damaged sorghum for
industrial ethanol production might benefit thequwoer and end user by expanding market uses
of what has been historically considered a low-satommodity(Suresh et al 1999; Yan et al
2009)

The objective of this research was to investigatgsigochemical and biochemical
characteristics of field-sprouted grain sorghum dsdfermentation performance in ethanol

production.
Materials and Methods

Grain Sorghum

Five field-sprouted sorghum varieties (DK5400, DK&%3 Asgrow567, Pio8313, and
Pio82G10) from south central Texas, which receigbdormally high rainfall during harvest,
were used in this study. The received dry sampbes Visible shoots but no visible mold-
contamination. Non-sprouted DK5400 was used asné&ralo Samples were carefully cleaned,
and foreign materials were removed manually. Sasnwiere ground to flour with a Magic Mill
Il plus grain mill (Magic Mill Products & Applianes, Monsey, NY.) set at the level IV for
fermentation. Samples for chemical composition ysial were ground with a Udy cyclone

sample mill (Udy, Fort Collins, CO) with a 0.5-mmrrsen.
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Particle Size Analysis
Size distributions of sorghum flour were measurdithan LS 13 320 single wavelength
laser diffraction particle size analyzer using Tfeenado dry powder system (Beckman Coulter

Inc., Miami, FL). Samples were run in duplicate.

Morphological Structure of Field-Sprouted Grain Sorghum

Microstructures of field-sprouted sorghum kernetsd acontrol grain sorghum were
examined with a scanning electron microscope (SBAMN an accelerating voltage of 5.0 kV
(Hitachi S-3500N, Hitachi Science Systems, Ltdpalg. Samples were vacuum coated with a
mixture of 60% gold and 40% palladium particles bging a Sputter Coater-Desk I
SPUTTER/ETCH UNIT (Denton Vacuum, LLC, NJ).

Measurement by the Single Kernel Characterization System

Kernel hardness, kernel weight, and kernel siz&eddi-sprouted sorghum samples and
the control were measured with a single kernel attarization system (SKCS) 4100 (Perten
Instruments, Springfield, IL) controlled by Micrds@indows Software SK4100 as optimized
for sorghum(Bean et al 2006 Data presented are the mean values of 300 kernels

Analysis of Enzyme Activity and Flour Pasting Properties

A Megazyme alpha-amylase assay kit was used toureasamylase activity (CU/qg).
Flour pasting properties were determined with abBraler Visco-Amylo-graph (VAG, C. W.
Brabender Instruments Inc., NJ). For VAG samplearation, 14 g of sorghum flour with 14%
moisture content and distilled water (100 mL) wakledd to the amylograph bowl at room
temperature. A 20-min measurement profile with attveol rate of 7.5°C/min was used as
follows: increase the slurry temperature from raemperature to 95°C in the first 6 min, hold at
95°C for 5 min, decrease from 95 to 50°C in 5 raimg hold at 50°C for 2 min. Each sample was
analyzed in duplicate.

Microorganism, Preparation of Mashes and | noculation
Dry alcohol yeast Saccharomyces cerevisiae, Red Star Ethanol Red) provided by
Fermentis (Milwaukee, WI), was used for simultaree@accharification and fermentation.

Before inoculation, dry yeast was activated by addiL.0 g of cells into 19 mL of preculture
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broth (containing 20 g glucose, 5.0 g peptone, Bykeast extracts, 1.0g KAQ,, and 0.5 g
MgSOy-H,O per liter) and incubated at 38°C for 30 min iniacubator operating at 200 rpm.
The activated yeast culture had a cell concentratfaoughly 1x18 cells/mL.

Liguozyme SC DC (Novozyme, Franklinton, NC), a k&tablea-amylase fronBacillus
licheniformis was used for liquefaction. Enzyme activity was Z&0U/g (One Kilo Novo Unit,
KNU, is the amount of enzyme that breaks down §.26 starch per hr at Novozyme’s standard
method for determination od-amylase). Spirizyme Fuel (Novozyme, FranklintonC)Nan
amyloglucosidase fromspergillus niger, was used for saccharification. Enzyme activityswa
750 AGU/g (One AGU is the amount of enzyme thatrblyges 1umol of maltose per minute
under specified conditions).

Whole sorghum flour (30 g, db) was dispersed irb@ &L Erlenmeyer flask with 100
mL of fermentation broth containing 0.1 g KD, (preheated to about 60°C), and 20 pL
Liguozyme (240 KNU/g) were added to the flask. Tlasks were transferred to a 70°C water
bath shaker operating at 170 rpm. The water batipeéeature gradually increased from 70°C to
85°C over about 30 min. After 60 min at 85°C, flaskmoved from the water bath shaker and
cooled to room temperature. Materials sticking loa inner surface of the flasks were scraped
back into the mash with a spatula, and then therisarface was rinsed with 2—-3 mL of distilled
water by using a fine-tipped polyethylene trangipette. The pH of the mashes was adjusted to
around 4.2-4.3 with 2N HCI. After pH of each masasvadjusted, 100L amyloglucosidase,
0.3 g yeast extract, and 1 mL activated yeast bfbti( cells/mL) were added to each flask.
Inoculated flasks were sealed with S-bubblers/elidoand transferred to an incubator shaker for

ethanol fermentation. Each sample was run in datgic

Fermentation and Distillation

Ethanol fermentation was conducted at 30°C in anbator shaker (Model 12400, New
Brunswick Scientific, Edison, NJ) operating at Ipén for 72 h. The fermentation process was
monitored by measuring the weight loss of evolvadbon dioxide (Cg) during fermentation.

At the end of fermentation, all fermented mashanhe250-mL flask was transferred to a
500-mL distillation flask. Each Erlenmeyer flask svevashed with distilled water four times
(4x25 mL). The washing water was pooled in theiliisbn flask, and then the distillation flask

was distilled on a distillation unit. Distillatesene collected in a 100-mL volumetric flask
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immersed in ice water. When distillates in the woddric flask was approaching the 100-mL
mark (~0.5 mL below the mark), the distillation pees was stopped. Distillates in the
volumetric flask were equilibrated to 25°C and atjd to 100 mL with distilled water if
necessary. Distillates were analyzed for ethanolabhimadzu HPLC with a Rezex RCM

column (Phenomenex, Torrance, CA) and refractidexndetecto(Wu et al 2006).

Analytical Methods

Methods for the analyses of dry matter/moisturatcét, crude protein, ash, crude fiber,
and crude fat of samples were AOAC Official Meth®@®§€.15, 996.11, 990.03, 942.05, 962.09,
and 920.39A0AC International 200Q)respectively. Free amino nitrogen (FAN) was aradly
by the European Brewery Convention met{@&BC 1987)with modification. Grain sorghum
flour (150 mg) was mixed with 1.5 mL deionized dlistl water in a 2.5-mL microcentrifuge
tube, vortexed five times within 10 min, then cénged at 12,000 rpm for 20 min. At this point,
the supernatant was ready for FAN analysis. Glyaglgeerol, and ethanol in the finished beers
were determined by HPLC (Shimadzu Scientific Insteats, Columbia, MD) according to the
method described by McGinley and M¢&008) The column used was a Rezex ROA column
(Phenomenex, Torrance, CA), and the detector fdrGiRas a refractive index detector (model
RID-10A, Shimadzu) with the detection unit maintdnat 40°C. The mobile phase was 5 mM
sulfuric acid at a flow rate of 0.6 mL/min and ttreen temperature was 65°C. HPLC data were
analyzed with Shimadzu EZStart 7.4 software. Fetatem efficiency was calculated as a ratio
of actual ethanol yield (determined by HPLC) toditetical ethanol yield (calculated from the

total starch content in the sample).

Statistical Analyses
All experiments were performed at least in dupicdiabular results presented are mean
values of repeated experimental data. An ANOVA e@sducted to determine the significant

differences at a 5% significance level< 0.05).
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Results and Discussion

Chemical Composition of Field-Sprouted Grain Sorghum and Control Grain Sorghum
Table 4.1 shows chemical composition of the fieddfisprouted samples and the control
(non-sprouted, DK5400C). The FAN in the non-sprdusample was lower than that in the
sprouted samples even though the non-sproutedwsorgample had the highest protein content.
Enzymatic degradation of protein by activated it proteases during sprouting resulted in an
increase in FAN contents and short peptides, whictounted for the significant increase in
FAN levels of field-sprouted sorghum samp{égu and Palmer 1996; Evans and Taylor 1990;
Ogbonna et al 2003; Taylor 1983)hese activated intrinsic proteases have optiemperatures
of around 50°C and retain much activity at 70°C some time(Ogbonna et al 2004FAN
contents in the mashes of sprouted sorghum samgllefsirther increase during the slurry and
liquefaction process. Alsa-amylase activity in the non-sprouted control wasdr than that in
sprouted grain sorghum, which agrees with resef®nted by Murty et a1984) The diverse
values of FAN andr-amylase activity also revealed that samples hgmkeranced different
degrees or durations of field sprouting. All fieddrouted samples had high starch content (>
66% whb).

Results from SKCS and Particle Size Analyzer

The SKCS originally was designed to analyze wheahdds but has been modified to
measure grain hardness, kernel size, and kernghtviar sorghun{Bean et al 2006)The SKCS
can provide rapid measurements of sorghum gragrnmdtion based on the variability present in
the samples. Non-sprouted sorghum had higher vdbrelsernel hardness, kernel weight, and
kernel diameter than field-sprouted sorghum (Tdblg. Hardness is one of the most important
traits for grain milling; it affects grain millingjuality and parameters such as particle size,
damaged starch, and flour water absorption. Théneas index (HI) obtained from the SKCS is
inversely related to particle size less than a6@ Grains with higher HI values had a lower
percentage of small particle size. The field-speduPio sorghum varieties had higher HI than
other samples. With the same setting on the rhidl, dample with high HI had a larger portion of
particles with diameters bigger than 20@. In contrast, the portions of smaller particle2Qq0
um) in sprouted DK sorghum samples was higher thanibt the Pio samples. The non-sprouted

DK5400C had the highest HI, highest amount of Igzgdicles (>20Qum), and lowest amount
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of small particles (<20@m). The particle size distribution curve (Figurd)4of the control
sample had two pronounced peaks around 18 anqd5@vhereas those of the field-sprouted
samples had 3 peaks-- an extra peak at about B2ontbeside the 18 and 4%0n peaks. The
samples with higher HI also had larger particleegesgas samples with a low HI had smaller
particles. These results are in agreement withetmeported by Beta et dl1995)and Lee et al.
(2002) In addition, Lasekan et gl1995)reported that sorghum variety affected germinasiod
sugar production from sorghum malts. Our HPLC dageee with the above trends (data not
shown). One purpose of this study was to evaluatendntation performance of sprouted
sorghum for ethanol production. Naidu et @007) reported that particle size significantly
affects ethanol yield. Our results showed thatreghgield was inversely related to kernel HI (a
linear regression equation witlf R 0.855). This is probably because sorghum wighéi HI
had a higher percentage of large particles. Previegearch has shown a negative relationship

between particle size and ethanol yiNidu et al 2007; Kelsall and Lyons 2003)

Morphological Structure of Field-Sprouted Grain Sorghum

Figure 4.2 shows SEM images of endosperm closeetm,gendosperm, and whole
kernels of field-sprouted and non-sprouted sorghstarch granules in endosperm close to germ
(Figure 4.2A) had many more holes than those irogperm (Figure 4.2B). These holes indicate
that starch granules were degraded or attackedctiyated enzymes during field sprouting.
Grain contains abundant enzymes in the germ. nden kernels are dry, enzymes are inactive
(because of enzyme inhibitors) and will remain stil umoisture content of the kernels is high
enough to trigger germination. The new shoot arat vall emerge from the kernel when the
embryo begins to germinate. As the intrinsic enzyifeeg., proteases, amylases, and lipases) in
sorghum kernels are activat¢@orreia et al 2008)the reservoir chemical constituents (e.g.,
proteins, starch, and lipids) are degraded by teeggmes into simple compounds that are used
to make new compounds (i.e., shoot and root). Berai water intake rate and germination,
macromolecules in and around the germ are brokem dhy enzymes more rapidly than those in
the endosperm (Figure 4.2A, 4.2B, and 4.2C). M@k%77) studied the rate of moisture
movement into the kernel using autoradiography.r@iveas an initial rapid movement of water
into the germ and along the edge of the endospegion. Because of rapid movement, the
effect of germination/sprouting is more pronouncad the germ than on the endosperm.
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Enzymes are working not only on starch granulesatad on protein and cell wal{€orreia et al
2008; Glennie et al. 1983figure 4.2 shows starch granules and cell wéllpmuted sorghum
kernels (Figure 4.2A and 4.2B); relative positiohemdosperm, germ and root of sprouted
kernels (Figure 4.2C); and starch granules andwals of non-sprouted grain sorghum kernels
(Figure 4.2D). These SEM images clearly indicatd trarious degrees of damages occurred to
starch granules both around the germ and in thespeadm of sprouted sorghum kernels (Figure
4.2A, 4.2B and 4.2C). Cell walls of the sproutedgbom kernels also were degraded by the
activated intrinsic cell-wall-degrading enzymes apparently were thinner than cell walls of
non-sprouted sorghum kernels. These intrinsic eesymainly convert part of the insoluble
polymers in sorghum kernels into soluble smalletemales, which makes the sprouted sorghum
a better feedstock for ethanol production. Aftetdisprouted grain sorghum is harvested, shoots
and roots of some field-sprouted kernels might lb@tnoticeable if they have shrunk during
drying. Therefore, total mass of field-sproutedigrsorghum kernels might not change. In a
laboratory germination test, the significant deseean mass was due to the loss of solubles
during rinsing and loss of shoots or roots durimgrdy (Yan et al 2009)In industrial biofuel
production, field-sprouted grain sorghum may be ateb feedstock because of its easy
digestibility of enzymatically damaged starch gilasu thin cell walls, and higher content of

readily available sugars.

Pasting Properties of Field-Sprouted Sorghum Flour

The effect of sprouting on viscosity was analyzeth\a Brabender Visco-Amylo-graph.
The visco-amylo-graph curves of field-sprouted sorg were significantly different from those
of non-sprouted sorghum in terms of peak viscoditylding strength, final viscosity, peak
temperature, and peak time (Figure 4.3). In gendiedt-sprouted sorghum flour had a short
peak time (took less time to reach the peak visgpstlear holding strength, and low final
viscosity (low setback). In addition, field-sprodtsorghum required less time to begin pasting
than non-sprouted sorghum, indicating that starchthie sprouted flour swelled easily and
consumed less energy during the cooking processip@eed with field-sprouted samples, non-
sprouted sorghum had no peak viscosity but a sogmifly higher final viscosity. This is due to
the difference iri-amylase activity and high content of damaged Btgranules in the sprouted
sorghum compared with the non-sprouted sorghum. pgaoaad with intact starch granules in
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non-sprouted sorghum, enzyme-damaged starch gsasulell readily and easily break down
into small fragments, resulting in low peak andafiniscosities in the field-sprouted sorghum
pasting profile.

On the other hand, differences in peak viscosityding strength, and final viscosity also
were observed among the field-sprouted sorghunetr@s; which could be due to degree of
sprouting and differences in kernel hardness tsulted in different particle sizes and degrees
of damaged starch. Obviously, HI of the non-sprdernels was significantly higher than that
of all sprouted samples. There were an inverseeladion between peak viscosity and kernel HI.
Among the five sprouted samples, DK5400 had theegiwdl and highest peak viscosity and Pio
82G10 had the highest HI and lowest peak viscogityong all samples, DK5400C had the
highest final viscosity and lowestamylase activity, whereas Asgrow567 had the loviiest
viscosity and highesti-amylase activity (Table 4.1). This indicates tlg@routed sorghum
samples originally had very different hardness andéere at very different stages of the
germination process because differences in time durdtion of exposure to high moisture
conditions before harvest (e.g., unfavorable wedththe field) would result in sprouted kernels
with different enzyme activities and related degchdproducts(Evans and Taylor 1990;
Ogbonna et al 2003).

Ethanol Production from Field-Sprouted Grain Sorghum

Figure 4.4A shows ethanol yield of five field-spted sorghum varieties and the non-
sprouted control. The ethanol fermentation proessentially was completed within 36 h for the
sprouted sorghum, and ethanol yield did not in&esgnificantly after the 36h, indicating the
fermentation process using field-sprouted sorghomiccbe stopped at the Béh after yeast
inoculation in the beginning of fermentation. Thesult agrees with results from a study on
laboratory-germinated tannin sorghiiifan et al 2009and further confirms that using sprouted
grain sorghum for ethanol production could shotten fermentation time without significantly
decreasing ethanol yield. Grain damaged by sprgutiay lose value for food applications but
may not affect ethanol production and final ethaneld. In this study, ethanol yield from field-
sprouted sorghum actually was slightly higher thaat from the non-sprouted control sorghum

(Figure 4.4A). The actions of cell-wall-degradingzgmes in the field-sprouted sorghum might
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have contributed to this high yield. The fermemtatprocess for sprouted grain could be much
shorter than that required for normal gr@iviu 1989; Yan et al 2009)

Fermentation course varied among sorghum varietitise 18" to 30" h (Figure 4.4A).
The two Pio varieties had lower ethanol yield thha other three varieties within the same
fermentation period (at 24 h). This might be dukdmel hardness, particle size, and availability
of nutrients for yeast in the mash. The hardertmamghad larger particles, which might prevent
nutrients from being released rapidly to the mashing this period. However, as the
fermentation process proceeds in the mash and waiginues penetrating into larger particles,
the structures of larger particles eventually wooéddisrupted and nutrients would be released
into the mash. On the other hand, availability ANFfor yeast might affect fermentation course
and rate. Pio82G10 had the lowest FAN, highestaHt| lowest ethanol yield during the™&
30" h (Table 4.1 & Figure 4.4A).

One of the most important physicochemical chanbas eccurs during germination is
degradation of the proteinaceous matrix that hatsch granules within the cells in the
endosperm and conversion of these substances ohibles peptides and amino acids, which
contribute to the increased FAN and provides natsidor yeast growth. The effect of FAN on
the fermentation process was further confirmed by presence of yeast extracts during
fermentation (Figure 4.4B). Sorghum mashes witheddgeast extract (solid lines in Figure
4.4B) had a much faster fermentation rate and tesk time (36 h vs. 72 h) to complete
fermentation than sorghum mashes without yeasaex{dashed lines in Figure 4.4B). These
results support previous findings that FAN is aifes factor for the fermentation process
(Pérez-Carrillo and Serna-Saldivar 2007; Pierce2,19887) Saccharomyces cerevisiae can
assimilate amino acids and low-molecular-weighttiges but not proteins. The non-sprouted
control sample, DK5400C, had the lowest FAN amdrg samples (Table 4.1) and the lowest
ethanol yield at the end of the 72h fermentatiothbwith and without added yeast extract.
Without the addition of yeast extract, fermentatiates depended on the availability of FAN in
the mashes. Sprouted DK5400 had the highest FAenbamong three samples and the fastest
fermentation rate and highest ethanol yield botthveind without added yeast extract. This
further supports the idea that FAN is importantyfeast growth and fermentation rate, especially
for yeast proliferation. Sprouted sorghum with higAN content benefits ethanol fermentation

efficiency and reduces fermentation time.
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The HPLC analysis of finished beer showed a sigaifi amount of sugar left in the
finished beer (72 h fermentation) when fermentatieess conducted using sorghum mashes
without added yeast extract (Figure 4.5). There lite sugar left in the finished beer when
yeast extract was added to the sorghum mashedditios, the amount of sugar remaining
varied among the three samples (peak area is propalrto the sugar concentration). Among
three samples without added yeast extract, thespomdted control sample (DK5400C) had the
most amount of residual sugar left and the fieldbsfed sample of the same sorghum variety
(DK5400) had the least residual sugar. The thregpbkes appear in the same order when ranked
in terms of FAN content and ethanol level: DK5400P®82G10 > DK5400C (Table 4.1 and
Figure 4.4). This finding is in agreement with poes observation@ierce 1982, 1987).

Conclusion

Field sprouting damaged starch granules, proteitricea, and cell walls in sorghum
kernels, consequently decreasing kernel hardnessekweight, and kernel size. Field sprouting
also changed the chemical composition and pastiogepties of field-sprouted grain sorghum,
which could shorten fermentation time without dasieg ethanol yield. Field-sprouted grain
sorghum had relatively high FAN content. The FAN\pded efficient buffering capacity and
optimal yeast performance, and field-sprouted samghad a more rapid fermentation rate than
non-sprouted sorghum. FAN played a key role inaasmg conversion efficiency for ethanol
production. Using weathered and/or sprouted sorgfram regions affected by unusually high
moisture events during grain fill and harvest meyvmle an opportunity for ethanol producers to
maintain ethanol production efficiency, while slemihg processing time. This could offer
sorghum producers an opportunity to receive a premior at least a fair market, value for

sorghum when such environmental events occur.
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Figure 4.1.Average particle size distribution for field-spredtsorghum and control sorghum
flours. Average hardness index is listed after esahple ID in the legend. Note that the control
sample has two pronounced peaks at about 18 angmbWhereas the field-sprouted samples
have three peaks, one of which is at around 125t 5Also, note that the samples with higher

hardness index values have larger particle sizes.
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Figure 4.2. Scanning electron microscope imagesawnth granules: A: Endosperm close to
germ of field-sprouted sorghum. B: Endosperm dtifsprouted sorghum. C: Cell walls of field-
sprouted grain sorghums. D: Non-sprouted sorghum.
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Figure 4.3. Pasting properties of flours from ffiedd-sprouted sorghum varieties and a non-

sprouted control (DK5400) on a Brabender Visco-Amagtaph using a 20 min standard
procedure.
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A. Relationship between ethanol yield (L/ton) aadhientation time
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Figure 4.4. Ethanol yields from five field-sproutsatghum variety samples and a non-sprouted
sorghum sample (DK5400C) (A) and Effect of yeastaet on ethanol yields (B).
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Figure 4.5. Ethanol yield and residual glucose eotstin the finished beers (DKC: non-sprouted
DK5400C; P: field-sprouted Pio82G10; DK: field-spted DK5400; +YE: with yeast extract; -
YE: without yeast extract).
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Table 4.1. Chemical composition, kernel hardnesiskannel size of grain sorghum samples

Sorghum Chemical composition (% wb) AN a-an.1yllase Hardness Ke'rnel I.<ernel
samples MC> Ash Protein Fiber Lipids Starch (mg/L) I index weldht - diameter
(CU/g) (mg) (mm)
DK5400C  10.38 1.62 1159 115 322 6450 162.0 5.60 78.97 30.0¢" 1.98
DK5400 12.28 1.1 6.66 212 227 6730 221.9 12.03  49.12 24.76 1.68
DK5311 12.97 119 7.02 224 229 6678 2348° 1260  52.56 25.42° 1.73°
Asg567 11.92 1268 7.60 207 23fF 67.80° 2843 15.79 56.75 25.53 1.76
Pio82G10 1271 1.1¢ 7.2F7 1.95% 240° 69.28° 1895 1339  68.3¢ 25.98 2.0P
Pi08313 1252 118 6.96 191" 249 69.6% 2584° 1318  66.19 26.00 1.7¢8

1 FAN = Free amino nitrogen.

2 MC = Moisture content (wb).

Different superscript letters in the same colundidate significant differencd>(< 0.05).
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Chapter 5 - Ozone Treatment on Tannin Grain Sorghunftlour and

Its Ethanol Production Performance

Abstract

Grain sorghum lines containing tannins have beeorted to have increased resistance
to drought, birds, mold, preharvest germinatiorg aigher grain yield than non-tannin grain
sorghum lines However, tannins have been considaneddverse factor in the utilization of
sorghum as a feedstock for bio-ethanol product@eone is a strong oxidant and is capable of
degrading macromolecules such as lignins. Thusypethesized that ozone treatment may also
reduce tannin activity and increase fermentatiditiehcy of tannin sorghum lines. Therefore,
the objective of this research was to study thesjgmghemical properties of ozone-treated whole
tannin grain sorghum flour and its fermentationf@enance in ethanol production. Results
showed that the ethanol yields from ozone-treagguhih grain sorghums were significantly
higher than that from the untreated flour. The femtation efficiency of ozone-treated tannin
grain sorghum was approximately 90%, which was & hgher than that of untreated samples
at the 36th hour of fermentation. At the end ofhitir fermentation, the efficiencies of ozone-
treated sorghum flour were 2-5% higher than thairdfeated samples. Measured tannin levels
of ozone treated samples decreased significantiyn frl3.8% to 2.7%. Gel permeation
chromatography indicated that starch in ozonedefiours was degraded. Rapid visco analyzer
data show that the setback of viscosity of ozoaatéd flour was lower than that of untreated
flours. Therefore, ozonation could be a novel asefuwl method to improve ethanol yield and

fermentation efficiency of tannin grain sorghum.

Introduction

The use of ethanol as a gasoline alternative has beperiencing a significant increase
and ethanol production and production capacityh@ United States are still growing. The
availability of ethanol is increasing because of f¢feral government mandates mixing of
ethanol in gasoline, which has created a large ddnfiar ethanol and a rapid growth of the
ethanol industry. As required by the Energy Indeleexce and Security Act of 2007 and the
expanded Renewable Fuels Standard (RFS), annuaiattproduction will grow to 15 billion
gallons by 2012 and to 36 billion gallons by 2022urrently, ethanol is mainly produced from
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crop-based starch-rich grains in the United StaBgain sorghum has been one of the primary
feedstocks for ethanol production. In 2009, mo@ntB0% of the US grain sorghum crop was
used for ethanol production. As a major sorghumvgrothe state of Kansas used approximately
50% of its 2010 sorghum crop for ethanol product{&gri-Energy Solutions 2009; Jessen

2010.

Grain sorghum is a viable feedstock for ethanotpotion {Vang et al 2008aand the
performance of grain sorghum in ethanol productias been studied and evaluated recently
(Monk et al 1984; Wu et al 2007, 2Q1@Ethanol conversion efficiency has been intergive
studied because of the importance and public cangkenet energy gain in ethanol production.
Due to the fact that virtually all of the currem@nemercial sorghum lines in the US are tannin
free, most of the previous research involving sarghhas been focused on normal grain
sorghum types. Little research has been conduateettmnol production from tannin sorghum
lines. Interest in tannin sorghum utilization haxreased with the recent health benefits
associated with tanninsAyika and Rooney 20Q4and tannin grain sorghum lines have
agronomic benefits such as resistance to drougils,lbmold, insects, disease, and higher grain
yield than normal, non-tannin grain sorghum (Halma &ooney 1986; Reichert et al 1980).
Though growing tannin sorghum has the advantagdessf production and storage cost, and
higher grain yields, the production of tannin saenghand its use for ethanol production and
animal feed are not desired. This is largely dught® adverse effects of tannin on enzyme
activity, starch and protein digestion, and ethdaohentation efficiency. For identity preserved
and specialty markets however, the use of tanmighsmn is very attractive.

Tannins are a group of highly hydroxylated phenocbmpounds and are very common in
plants. Sorghum tannins have been actively stuitiedome time now with regards to food or
feed uses. Tannins may impact the processing, ptophality, and nutritional values of sorghum
(Kobue-Lekalake et al 2009; Awika and Rooney 200&inEet al 1996. Sorghum tannins are
located in the outer layers of the kernel, ben¢aéhpericarp in the pigmented testa layer of
sorghum grain. Tannins protect sorghum grains frattacks by birds, insects, mold and
preharvest germinatiorHéhn and Rooney 1986; Reichert et al )98&cause of their negative
nutritional effects in animal nutrition, many stadihave been conducted to remove or deactivate
tannins from sorghum. Chibber et 4B79 reported that mechanical abrasion/decortication o
sorghum coat layers could reduce tannin contersipajhum flour for food uses by physically
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removing the tannins. Reichert et 4980 reported that anaerobic storage of grain sorghum
treated with water or HCI solution decreased tamoimtent in grain sorghum. Daiber and Taylor
(1982 steeped sorghum seeds in dilute formaldehydetisnliand dilute NaOH to decrease
tannin levels. These methods likely degraded ossztimked the tannins making them inactive.
Germination of grain sorghum is another way to oediannin contentReichert et al 1980; Yan
et al 2009. Deactivation of tannins during germination wasikr to the reduction reported
during anaerobic storage of water-treated sorghiihe deactivation mechanism in both
processes may be the same, i. e., enzymatic deigraddan et al 2009

Mullins and NeSmith X986 studied ethanol fermentation from bird-resist@et tannin
containing) and non-bird-resistant (i.e. non-tahgrain sorghum and reported that high tannin
levels greatly reduced the ethanol production Mata.et al 2007 reported that tannin content
was one of the major factors affecting ethanol eosion efficiency of grain sorghum in lines
containing tannins. Ethanol yield and fermentatefficiency increased when tannins were
removed or inactivated’én et al 2001

Ozone is a strong oxidant with oxidation potentP.07 eV. Ozone has the power of
quick degrading vital components in living cellsdakilling microorganisms. It works at low
dosage levels and leaves no residues in the treateldict. Because of these many advantages,
ozone has been used in water treatment, food mioce&im et al 1999, and in corn and wheat
steeping prior to milling@hillon et al 2009; Ruan et al 200#revious studies have shown that
ozone is able to degrade macromolecules such am l[{ugimoto et al 2009 protein and
carbohydratesWang et al 1999; Wang et al 2008b; Yosef et al 1.99do et alZ007) reported
chitosan could be depolymerized by ozone treatn¥énis the hypothesis of the current project
was that ozone treatment may degrade/inactivaghsar tannins and reduce its adverse activity
during fermentation, thereby increasing the ferragom efficiency of tannin sorghum.
Deactivating sorghum tannins prior to ethanol fertaBon would provide additional uses for
tannin containing sorghum lines grown for speciség) i.e. nutraceuticals, or in areas of the

world where tannin containing sorghums are stitlely grown.
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Materials and Methods

Grain Sorghum

Tannin grain sorghum used in this study was cleanaadually and ground to flour with a
Magic Mill 111 plus grain mill (Magic Mill Products& Appliances, Monsey, NY) set at the level
V for fermentation use. Samples for chemical coritmrs analysis were ground with a Udy

cyclone sample mill (Udy, Fort Collins, CO) witila®d mm screen.

Experimental Design and Ozonation Treatment

A factorial design was used in this study. Flowerahd treatment time were two factors
and were investigated to determine the main etiect the interaction between the two factors
during ozonation. Each factor was run at two levaisroom temperature. Ozonation was
conducted using a randomized design and each teatwas run in replicate. Flour samples
(500 g each treatment) were tumbled in a metal diMt®G, Braunschweig) equipped with
motor-rotation. Ozone gas was generated by a pdate ozone generator (Clear Water Tech,
Inc., San Luis Obispo, CA, USA; donated by Dr. pbsdontecalvo, California Polytechnic
State University) using oxygen from a SeQual oxygencentrator (SeQual Technologies, Inc.,
San Diego, CA, USA) at the set flow rates. The dtezone production as a function of time
(10, 20, 30, 36 and 40 min) was measured usingdometric methodRakness et al 1996
Ozone concentration (y in ppm) at the oxygen irffmwt rate of 0.06 L/min is linearly correlated
with ozonation time (x in min): y = 0.08x - 0.454R 0.95)(Chittrakorn 2008 Ozone was fed
into a rotary metal drum containing 500 grams ahta sorghum flour. The residual ozone from

the exit of the rotary metal drum was entrappelnpotassium iodide solution plus starch.
Starch I'solation from Tannin Grain Sorghum Flour

Twenty-five gram of whole tannin grain sorghum flgazone-treated and untreated) was
dispersed into 200 ml distilled water in a flaskheTpH was adjusted to 4.0-4.2 with
hydrochloride acid, and 0.4% (v/v) protease GC1Gengencor International, Inc. NY) was
added to hydrolyze protein and facilitate starctraetion. To prevent microbial contamination,

100 puL of 10% NaN was added to each flask. The flasks with mixedrflsuspension were
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incubated in a 45°C water-bath shaker for 72 hhwinstant agitation. The content from the
flask was sieved through a No. 200 wire sieve (oEef75 um) and the retained overs were
washed twice with 200 mL (2x200 mL) distilled waterrecover starch. The washed overs were
discarded, whereas the throughs were collected pasded through a No. 200 wire sieve
(opening 75um). Again, the overs were discarded, and the thrswgere centrifuge at 3000gx

for 30 min. Each time after centrifugation, the euqatant and tailings were removed and
discarded. The prime starch was washed with didtNvater and centrifuged at 300@ *or 30
min for a total of 10 times to obtain clean print@sh. The prime starch was freeze dried for gel

permeation chromatography test.

Gel Permeation Chromatography (GPC)

Four milligrams of whole grain sorghum flour wasxed with 4 mL dimethyl sulfoxide
(DMSO) and stirred in a boiling water bath for 24 The sample was filtered through a 2 um
filter and then 200 pL was injected into a PL-GPZD hstrument (Polymer Laboratories, Inc.,
Ambherst, MA, USA) equipped with three Phenogel ouhg of different pore sizes (100A, 10-
3A, & 10-5A, Phenogel™ GPC, 10m, 300 x 7.8 mm), a guard column (Phenomenex, Inc.,
Torrance, CA, USA), and a differential refractiveléx detector. The eluent system was DMSO
containing 5.0 mM NaN@at a flow rate of 0.8 mL/ min. The column oven parature was
controlled at 80°C. Standard dextrans (Americaryfel Standards Co., Mentor, OH, USA)
with different molecular weights (MW) were used YV calibration.

pH Value Measurement

The pH of whole sorghum flour samples was meastaigulving the AACC method 02-
52.01 AACC International 200P Ten gram flour was added to 100 mL of distilledter. The
flour suspension was stirred on a stirring platelfd min. Flour samples were allowed to stand
for 10 min after removed from the stirring plateen, the supernatant was decanted and used for

pH measurement.
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Pasting Properties of Sorghum Flour by RVA

A rapid visco analyzer (model RVA-3D, Newport Sdiga Ltd., Warriewood, Australia)
was used to test pasting properties of the sorghaums. Sorghum flour (4.0 g of 14% mc, 3.44
g dry mass) and water (25 mL including water frdva sample flour) were mixed at 50°C; the
slurry was held at 50°C for 1 min then heated fi&dno 95°C. The hot paste was held at 95°C
for 2.5 min, cooled to 50°C, and held at 50°C fania. The total process was 13 min.

Microorganism, Preparation of Mashes and | noculation

The dry yeast Saccharomyces cerevisae, Red Star Ethanol Red) was provided by
Fermentis (Milwaukee, WI), and was used for simétaus saccharification and fermentation
(SSF). Before inoculation, dry yeast was activatgdadding 1.0 g of cells into 19 mL of
preculture broth (containing 20 g glucose, 5.0 ptpee, 3.0 g yeast extracts, 1.0g Ry, and
0.5 g MgSQ-H,0 per liter) and incubated at 38°C for 30 min iniacubator operating at 200
rpm. The activated yeast culture had a cell comagan of approximately 1xf@ells/mL.

Liguozyme SC DC (Novozyme, Franklinton, NC), a k&fablea-amylase fronBacillus
licheniformis, was used for liquefaction. Enzyme activity of thquozyme SC DC was 240
KNU/g (One Kilo Novo Unit, KNU, is the amount of &yme that breaks down 5.26 g of starch
per hr at Novozyme’s standard method for deternunabf a-amylase). Spirizyme Fuel
(Novozyme, Franklinton, NC), an amyloglucosidasentrAspergillus niger, was used for
saccharification. Enzyme activity of the SpirizyrReel was 750 AGU/g (One AGU is the
amount of enzyme that hydrolyzeshol of maltose per min under specified conditions).

Whole sorghum flour (34 g, as is) was dispersea #50-mL Erlenmeyer flask with 100
mL of fermentation broth containing 0.1 g KD, and 20 pL Liqguozyme (240 KNU/g). The
flasks were transferred to a 70°C water bath shalperating at 170 rpm. The water bath
temperature gradually increased from 70°C to 957€r a period of 90 min. After 90 min, flasks
were removed from the water bath shaker and cdoledom temperature. Materials sticking to
the inner surface of the flasks were scraped battk the mash with a spatula, and the inner
surface was rinsed with 2-3 mL of distilled wateing a fine-tipped polyethylene transfer
pipette. One hundregl. amyloglucosidase, 0.3 g yeast extract, and 1 otivated yeast culture
(1x10 cells/mL) were added to each flask. Inoculatedskia were sealed with S-
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bubblers/airlocks and transferred to an incubat@ker for SSF ethanol fermentation. Each

sample was run in duplicate.

Fermentation and Distillation

Ethanol fermentation was conducted at 30°C in anbator shaker (Model 12400, New
Brunswick Scientific, Edison, NJ) operating at Ip@n for 72 h. The fermentation process was
monitored by measuring the weight loss of eactkffemam evolved carbon dioxide (GPduring
fermentation.

At the end of fermentation, the finished mash inhea50-mL flask was transferred to a
500-mL distillation flask. Each Erlenmeyer flask svevashed with distilled water four times
(4%x25 mL). The washing water was pooled in theiltiton flask, and then the distillation flask
was distilled on a distillation unit. Distillatesewe collected in a 100 mL volumetric flask
immersed in ice water. When distillates in the waddric flask approaching the 100 mL mark
(~0.5 mL below the mark), the distillation procesas stopped. Distillates in the volumetric
flask were equilibrated in a 25°C water bath foleasst two hr before adjusting the total volume
to 100-mL with distilled water. Distillates wereayzed for ethanol using a Shimadzu HPLC
with a Rezex RCM column (Phenomenex, Torrance, &# refractive index detectoN( et al
2009.

Tannin Measurement

Tannin contents in the control whole sorghum fland ozone-treated whole sorghum
flours were determined by following the modifiedhubn assay procedures for measurement of
condensed tannirP(ice et al 1978 Pure catechin (Sigma, St. Louis) was used aaralard for
calibration curve. The whole sorghum flours forrnentest were freshly ground using a Udy

cyclone sample mill (Udy, Fort Collins, CO) wittDb-mm screen on the day of assay.

Free Amino Nitrogen Determination

Free amino nitrogen (FAN) was analyzed using theopean Brewery Convention
method EBC 1987 with modification. Grain sorghum flour (150 mggagmixed with 1.5 mL
deionized water in a 2.5-mL microcentrifuge tubbeTmixture was vortexed five times within
10 min, then centrifuged at 12,000 rpm for 20 mirpgiktion of the supernatant was sampled for
FAN analysis.
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Color Measurement

The L*, a*, b* color spaces system was developed in 1976 and edidpy the
International Commission on Illumination (CIE), whibecame a joint ISO and CIE standard
(ISO 11664-4:2008(E)/CIE S 014-4/E:2007 and I1SO #15&009(E)/CIE S 014-5/E:20D9._*
is a measure of the lightness with values of fack and 100 for whiteg* describes red-green
color. Positivea* values indicate redness and nega#i@alues indicate greenness; describes
yellow-blue color, Positiveb* values indicate yellowness and negathe values indicate
blueness. A Minolta chroma meter (model CR-210eEntinc., Carrollton, TX) was used for
color determination. The instrument was calibratéth a white calibration tile. The colorimeter
was set to an illuminant condition C and a 2° staddbserver. Each sample was placed in the
standard sample holder for color measurement. Wast done in replicate. In this study, the

effects of ozonation on sorghum color were measagaihst the untreated control sample.

Analytical Methods

Moisture content was determined using the AACC appd method 44-15AAACC
International 200Q Total starch content was measured using Megazgtakstarch test kits and
the DMSO procedures according to AACC approved oeeit6-13 AACC International 2000

Results and Discussion

Effect of Ozonation on pH Values of Sorghum Flours

Figure 5.1 shows pH-value changes of the tannighgon flours after ozone-treatment.
Compared with the pH of the control sorghum flqa-values of all the ozone-treated sorghum
flours were lower following treatment. The pH-vaduef the same sorghum flour decreased as
ozonation doses increased (higher ozone flow ratel$or longer treatment time). Statistically,
the pH-values were significantly different amongatments with ozone flow rates at 0, 0.02 and
0.06 L/min (P< 0.05). pH-values of ozone-treatedysom flour were significantly different
from the control. However, No significant differenavas found between pH values of the 15
min and 30 min ozonated flours (P< 0.05).

Decreasing in pH-values after treatment means nfidi¢ ions in the water slurry
systems from treated flours. It has been reported the increases of carboxyl and carbonyl

contents in ozone treated starches were propottioribe doses of ozon€lan et al 2009 The
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increase in carboxyl groups in the oxidized stasohere the results of oxidative break down of
starch polymeric molecules. In whole sorghum fladditional carbohydrate polymers such as
hemicelluloses and cellulose beside starches matyiloote to the formation of carboxyl groups
during ozone treatment. This could be one explanafor the behavior of pH decrease in

ozonated sorghum flours depicted in Figure 5.1.

Effect of Ozonation on Sorghum Tannins

Measured tannin levels in ozone treated sorghunrdlalecreased by more than 20%
compared to that of the untreated control (Figu®).5The tannin content decreased as ozone
levels increased. At either treatment time (15 wirB0 min), the tannin contents in sorghum
flours treated at higher ozone flow rate (0.06 In)hwere significantly lower than those treated
at lower flow rate (0.02 L/min). However, no sigo#nt difference in tannin contents was found
between treating time of 15 min and 30 min at bmtbne flow rates. The combined effect of
flow and time dose might be the reason for sucfewtifit results. At either treating time, the
combined ozone doses tripled when the flow rate raésed from 0.02 L/min to 0.06 L/min;
whereas, the combined ozone dose only doublestrerdiow rate when the treatment time
increased from 15 min to 30 min. If triple dosad®mge is the minimum required to cause
significant changes in tannin content, then doutdenbined ozone doses might show the
decreasing trend in tannin content, but not endaglause significant changes in tannin content.

As previously reported, ozone can degrade macramul@s such as lignin, starches etc.
similar degradation could happened to tannins inoaone treated sorghum flours. SEC (HPLC)
was used to test the tannins in the treated sorghomn samples. Unfortunately, the SEC
(HPLC) analysis could not differentiate the diffieces in tannins in the ozone treated and non-
treated control (data not shown). One possibleoreauld be that the changes in tannin
molecules were too small for SEC HPLC to detectherSEC conditions used for normal tannin
analysis did not suit for ozonated tannin analy®@=one treatment could change the structures of
some functional groups in tannin molecules andefloee affect their enzyme inhibition and
protein precipitating activity. However, such chasg(e.g. formation of carboxyl, carbonyl
groups, or break of limited amount of short bras}heere not dramatic enough for SEC
(HPLC) to detect and differentiate.
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Effect of Ozonation on Starch Molecule Distribution

Figure 5.3 shows the molecular weight distributidrstarches from ozone-treated tannin
sorghum flour and control sorghum flour as detesdiwith GPC. Compared with the molecular
weight distribution of starch in the control sorghdlour, the molecular weight distribution
curves of starches from ozone-treated tannin songthaurs were either shifted toward the low
molecular weight side or the proportion of the Iowlecular weight fraction increased. Several
previous investigations demonstrated that ozoneatrtrent could change structural,
physicochemical and functional properties of stasciin and King 2009; Chan et al 2009;
Kuakpetoon and Wang 20p6These studies speculated that the low finaloggg of ozone-
treated starch could be attributed to degradedtstarolecules and weakened starch granules
during ozonation. However, there was no data tectly support their assumptions. Our GPC
data showed two different types of changes occuraizone treated sorghum starches. First, it
confirmed that ozone caused different degrees gfadiation to starch molecules. The shift of
GPC curves of the ozone treated starches towartb¥henolecule weight side (left) is direct
evidence of such degradation (Figure 5.3). Sigaificamount of lower molecular weight starch
molecules have been generated during ozone treatiewever, the shift of starch molecules
toward the low molecular weight direction was nobportional to the ozone dosage as we
normally expected. In contrast, more low-molecwlaight starches were found in samples
treated at lower flow rate than at higher flow ra@s the other hand, the GPC curves showed
that some crosslinking among starch molecules migite occurred too, because the high
molecular weight portions of the GPC curves werealsly larger than that of the non-treated
control. The GPC curves of starches from low flatertreatment had larger middle portions
(LogMW from 5.5 to 7.5) than the control; wherett®¢ GPC curves of starches from higher
flow rate treated samples had larger peaks in idgfie tmolecular weight end (LogMW from 9 to
10). Our data show that both oxidative degrada#iod crosslinking could have happened to
sorghum starches during ozone treatment. The re&motess low-molecular-weight starch
molecules in higher ozone dose treated samplespnasmbly due to the formation of larger
molecules from crosslinking of oxidative degrad&teh molecules (starches with carboxyl and
carbonyl groups). At present, there is no infororatiegarding the types of crosslink reactions
and structural features of cross-linked molecukasther studies are needed to elucidate the

actual mechanism behind such changes. To obtagatet product with appropriate amount of
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oxidized starch molecules and suitable physical @memical properties for ethanol production,
ozone treating doses (control of flow rate andtineat time) need to be further optimized.

Effect of Ozonation on Pasting Properties of Sorghum Flour

Pasting properties of ozone-treated tannin grairghaon flours and control flour
analyzed with a Rapid Visco Analyzer are showniguFe 5.4. All the curves did not show clear
peak viscosity and break down viscosity. This cdmddcaused by two factors. One was high
tannin content (~ 4%) in the flour. Tannins have #bility to bind, coagulate, and precipitate
proteins. This conclusion has been reviewed byeBut al. {984, who summarized that under
optimal conditions, sorghum tannin is capable ofdbig and precipitating at least 12 times its
own weight of protein by means of hydrogen bondingdrophobic interaction, electrostatic
attraction and covalent bonding associated witkhlan. Because tannins interact with proteins
during mashing or during the RVA analysis, the tarprotein complexes will inhibit the water
absorbing rate of starch granules and preventtstgranules from swelling rapidly. Another
factor could be particle size of sorghum flours.dl¢hsorghum flour samples used in this study
were prepared using a Magic Mill lll plus grain hsét at the level V. The particle sizes of such
prepared flours were relatively larger than thosamf cyclone mill with 1.0 mm screen or
industrial flours. Normally, the sizes of cerearsh granules are in the range of 0-50 um. If a
1.0 mm (1000 pum) screen was used, some large lpariit the ground sorghum flours could
contain more than a hundred starch granules. Assalty water absorbing rates by starch
granules in larger particles will be inhibited. 8ed increase in mash viscosities of tannin
sorghum samples during mashing confirmed this.

The setback viscosity indicates degrees of retoagian of starch molecules during
cooling. A high setback value indicates a high &y of starch molecules to retrograde.
Pasting curves in Figure 5.4 shows that the sethadosities of sorghum flours treated with
lower ozone flow rates were ~ 200cp lower than ¢haissorghum flours ozonated at the higher
flow rates. This result agrees with Figure 5.3, alihshows that amylopectin degraded more in
low flow rate treated samples but some crosslinkoogurred in the higher flow rate treated
samples. Usually, the lower setback viscosity isign of highero-amylase activity. Lower

setback viscosity is a good trait for ethanol paigun from grain sorghum because low setback
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viscosity means easy disrupture of starch gramuteksless tendency to form retrograded starch
molecules during mashing, which are more resistaahzyme hydrolysisy(an et al 201

Effect of Ozonation on Ethanol Yield and Fermentation Efficiency

Ethanol yields from ozone-treated whole grain sarghlour and control sorghum flour
are listed in Table 5.1. Ethanol yields from a# ttzone-treated sorghum flour were significantly
higher than that from the non-treated control songtilour. Ethanol yields from samples treated
at lower flow rates were significantly higher thi#oese from both higher ozone flow rate treated
sorghums and non-treated control (p<0.05). Thigcatds that the ozone flow rate had a
significant effect on ethanol yields in the treatdov rate range. The favorable effects of
ozonation on ethanol yields were found not propodl to ozone doses as measured by flow
rates (0.02 vs 0.06 L/min). In fact, some favoradiiects might have been offset partially as
ozone flow rate increased from 0.02 to 0.06 L/n@m. the other hand, when we examined the
effect of ozonation time on ethanol yield, no sfigaint difference in ethanol yield was found
between 15 min and 30 min of ozonation (p< 0.0%veétheless, ethanol yields from ozone
treated sorghum samples showed a decrease tretréatasent time increased at both flow rates.
The reason for the no significant changes in ethgietds could be the duration of 30 min was
not long enough. Interactions between the ozone flate and treatment duration on ethanol
yield were not significant (p>0.05).

Fermentation efficiency is a very important paraand¢b evaluate the performance of a
material for ethanol production. Ethanol fermemtatiefficiencies from ozone-treated whole
grain sorghum flours and control sorghum flour stiewn in Figure 5.5. By the end of the 72 hr
fermentation process, the efficiencies of ozonet&®@ grain sorghum flours were 2-5% higher
than that of the control flour. The efficienciestbe low flow rate treated samples were ~3%
higher than those of higher flow rate treated sasiplWWhen we examined the fermentation
efficiencies at the 36hr, the efficiencies of ozone-treated sorghum sesn@nged from 86% to
92%, whereas the efficiency of the non-treated robréorghum was 78%. Efficiencies of
samples treated with lower ozone flow rate (0.0@ih) were 12.9 to 13.8% higher than that of
the non-treated control; whereas the fermentatfoiencies of higher ozone flow rate treated
samples were 8-10% higher than that of the noriddeaontrol. Figure 5.5 shows that the
fermentation efficiency in the end of the fermeistafrocess (72 hr) did not increase very much

94



after the 38 hr point except for that of the control. Therefofermentation time could be

shortened to 36 hr to reduce energy consumptiomowitobvious loss in ethanol yield if ozone-
treated grain sorghum flour is used for ethanobdpobion. This indicates that ozone treatment
could be a novel way to shorten fermentation timé @crease production capacity of ethanol

plants.

Effect of Ozonation on Sorghum Flour Color

Figure 5.6 shows results from color measurememigusicolorimeter. Compared with the
non-treated control grain sorghum flour, ozonetadatannin sorghum flours had highier
values indicating they became light colored. Asrmatmn time and ozone flow rate increased,
the whiteness of sorghum flour increased; wheeeaslues (redness) showed a decline trend as
ozone dosage increased. Yellownelss alues) varied among the treatments. XiaB§09
reported that sorghum colors are determined arett@fl by many factors such as pericarp and
the presence of pigment testa layer.

Beside tannins, many other naturally occurred camge such as lignin, carotenoids,
anthocyanins etc. may give plant origin materiaskdcolors. Degradation of these compounds
usually leads to a lighter colored materiblleGry et al 2000; Miki 1994; Tiwari et al 2009
Ozone as a powerful oxidant definitely has the midé to degrade such pigment compounds
including tannins and turn sorghum flour into lightolor, which could have contributed to the
color changes (lighter and brighter, reductionadrress and variable in yellowness) of ozone-

treated sorghum.

Effect of Ozonation on DDGS
DDGS is a by-product from ethanol production. ltenposition and quality are critical

for its market value as animal feed, which accodatsa major portion of revenues in ethanol
plants. Protein and fat contents are the two majrents affect the nutritional values and thus
market prices of DDGS. Table 5.2 shows the chensigalposition of DDGS from ozone-treated
and non-treated samples. Normal DDGS has a crumteiprcontents of 25-29% and crude fat
contents of 7-11%Saunders and Rosentrater 20Pata in Table 5.2 show that DDGS from
sorghum has much higher protein contents than rlddi&Ss in the ethanol industry and has a
comparable crude fat contents, which gives sorgBld®S a label of better quality at least from

a nutritional point of view. Comparing among DDGfsam different treatments within this
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study, protein contents were higher in DDGS fromoreztreated samples than that in DDGS
from the non-treated control. Residual starch aastén normal industrial DDGSs are around
5% Belyea et al 2004 starch residues in DDGS from ozone-treated sesnpkre all less than
1%, and were lower than that in DDGS from the meated control (1.69%), which is
reasonable due to the higher fermentation efficemnand higher ethanol yields of the ozone-
treated sorghum flours. Overall, ozone treatmenbnty enhanced fermentation efficiencies and

ethanol yields, but also generated a high qualGS.

Conclusion
Ozonation not only decreased tannin content and/igdble of tannin sorghum, but also
had effect on sorghum flour, starch granules, aadcls molecular distribution. Fermentation
efficiency is a very important parameter to evadudite performance of a material for ethanol
production. Ethanol fermentation efficiency fromooe-treated sorghum increased greatly over
10% compared to that from the control. This indésahat ozonation has great impact on ethanol
yield and fermentation efficiency and is an effeetivay to increase ethanol yield and shorten

the fermentation process without decreasing ethgstal.
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GPC was performed on a PL-GPC 220 with three 3@0wifn Phenogel columns (100A, 10-3A,
& 10-5A) and a RI detector. The eluent system witSD containing 5.0 mM NaNgat 0.8
mL/ min. The oven temperature was 80°C. Numbetkearparentheses after the letter O are

ozone doses designated by ozone flow rate (L/negtiment duration (min).
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Figure 5.4. Pasting properties of ozonated tanmigraim flours and non-treated control flour
using RVA with a standard 13 min procedure. Numliethe parentheses after the letter O are

ozone doses designated by ozone flow rate (L/negtiment duration (min).
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104



62 B 15 !
OoL* :
60 -
58 L) L) ) L) l:
N
&0 *@ ,t(bQ\ 6{@ 6(50\
O Qv $ S S
o~ oY oY o
7 . e e e e e e e e e e e e e e
W a*
6.5 I
6 = T T T
AN
R S
S S
O (@) (@) (@)
9- e e e e e e e
O b*
8.5 1
8 L] L] L] L] l:
\$O\ @ ’b® @ *(50\
& T g <
O @.Q @9 @9 @.0
O O O O

Figure 5.6. Effect of ozone treatment on sorghwurftolor measured in', a, b™ color space.
Numbers in the parentheses after the letter O zveeddoses designated by ozone flow rate

(L/min)*treatment duration (min).
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Table 5.1. Ethanol yields from ozonated whole gemirghum flours and control sorghum flour

Sample Ethanol yield (L/Ton)  Ethanol yield (Gal/bu)
Control 356.47 £5.76 2.68+0.04

O (0.02*15f 375.54 +5.40 2.82+0.04

O (0.02*30) 373.02+1.44 2.8010.01

O (0.06*15) 364.39 £ 1.80 2.74+0.01

O (0.06*30) 362.95 + 3.96 2.73+0.03

- Numbers in the parentheses after the letter @zoae doses designated by ozone flow rate
(L/min)*treatment duration (min).

106



Table 5.2. Proximate analysis results on major aomapts of DDGSs (%, db) from ozonated
sorghum samples and non-treated control

Sample Starch Crude protein Crude fats Crude fiber Ash

Control 1.69 +0.01 33.82+0.01 8.56 £ 0.01 49901 5.66 +£0.01
0 (0.02*15f  0.95 +0.01 35.34+0.01 8.14 + 0.02 474 +0.03 87%0.11
O (0.02*30) 0.94 +0.00 35.14 +0.88 8.63+0.03 994t 0.15 5.76 = 0.00
O (0.06*15) 1.03+0.15 35.08 +1.22 8.51+0.02 864t 0.05 5.84 +£0.35
O (0.06*30) 0.99 +0.08 34.79 £ 0.26 8.48 +0.16 884+ 0.48 5.74+£0.16

- Numbers in the parentheses after the letter Coanaee doses designated by ozone flow rate
(L/min)*treatment duration (min).
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Chapter 6 - Conclusions and Recommendations

Conclusions

After studying the physical, chemical, and ethaf@wmentation performance of waxy
sorghum, laboratory germinated tannin sorghumd fegrouted sorghum samples, and ozone
treated tannin sorghum flours, we come to the ¥alg conclusions.

Beside their common low amylose contents, waxyngsarghum cultivars varied greatly
in other chemical and physical features. Ethaneldgi from waxy sorghums were essentially
proportional to their starch contents. The narrawged and very low amylose contents in the
tested waxy sorghum samples showed little effectthianol yield and fermentation efficiency.
Ethanol yields from the tested waxy grain sorghwmese around 2.8 gallon/bushel, which is
similar to that reported for corn. The fermentatieificiency was greatly affected by FAN
content in waxy sorghum, which showed a strongtjvesiinear correlation (R0.90) with early
stage (the first 30-36 hr) fermentation efficien€annins were found in most of the tested waxy
sorghums and had negative effects on ethanol et fermentation efficiency. DDGS from
waxy sorghums had higher protein contents thanethimsn normal sorghum and corn, which
implies better quality as animal feed.

Short period (~3 days) of germination treatmentid¢@gtivate many intrinsic enzymes in
sorghum kernels and cause dramatic changes togalhysid chemical properties of sorghum
kernels and its performance in ethanol producfidrese changes include significantly decreased
tannin content, break down of protein matrix andase of formerly embedded starch granules,
improvement in protein and starch digestibility, igihworked favorably together in the dry-
grind ethanol process with significantly highemfentation rate (essentially completed in 36 hr
instead of 72 hr), enhanced fermentation efficieremyd increased ethanol yield, Activated
intrinsic enzymes in the germinated sorghum kermefnitely played an important role in
improving digestibility of starches and protein®gpibly the hydrolysis of other components)
and compensated for the loss of starch due toreggpi during germination.

The study on field-sprouted sorghum samples furttenfirmed the results from the
laboratory germination study in every aspect. Swusorghum samples had significantly
different features and properties compared to tlmbsbe sound control. Sprouted samples had
smaller kernel sizes, weight and lower hardnesgxndalues, damaged physical structures
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(starch granules, protein matrices, and cell walls), changed chemical composition and
pasting properties. Those property changes rendgseslited sorghum not good for food or
animal feed use anymore. Fortunately, many of tlubsages make it a better feedstock for
ethanol production. Less hard makes it easier lesger consumption and equipment wear) to
be ground into fine particles; damaged starches @otein matrix plus activated intrinsic

enzymes improved starch and protein hydrolysis pasting characteristics (lower viscosity
during mashing, less residual starch in DDGS, aigtiedn FAN in finished mash). Together,

these features made sprouted sorghum even a festtistock for ethanol production with more
rapid fermentation rate, improved fermentationcgéincy and ethanol yield. This could offer an
alternative market outlet for field-sprouted songhwhen unfavorable weather caused field
sprouting occurs.

Ozonation not only decreased tannin contents andiglties of tannin sorghum flours,
but also had effects on sorghum flour, starch demstarch molecular size distribution as well
as the ethanol production performance as evaluaidid the laboratory dry-grind process.
Ethanol fermentation efficiency from ozone treatsmghum flour increased significantly by
more than 10% when compared with that of the uteceaontrol flour. Therefore, ozonation
could be an effective way to reduce tannin contentannin flour, overcome tannin’s adverse
effects on starch hydrolysis, and eventually leaoiproved ethanol fermentation efficiency and
higher ethanol yield.

Recommendations

Tannins have been reported responsible for thedigestibility of starches and proteins
and considered anti-nutritional factors in manynpfaods. On the other hand, tannins and many
phenolic compounds have been related with antioidativities of many foods and vegetables.
Both germination and ozone treatment demonstrafiedtiee in reducing tannin contents or
lessening their adverse effects on starches antkipsohydrolysis. No research has been
conducted on the molecular mechanism of the chadgesg germination or ozone treatment,
nor has any investigation on the antioxidant ati¢igiof treated samples either. Information from
such studies may not only be very useful for opting feedstock treatment for ethanol
production, but also be used in food processingn&ke use of the antioxidant properties of

tannin and its degraded products.
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Germination and field sprouted sorghum both demmatest improved performance in
ethanol production. The significantly increased Fédwtents in mashes were directly correlated
with fermentation rate. Laboratory germinated sarghhad a more uniform and controllable
FAN levels. However, the field sprouted samples kady diverse and unpredictable FAN
contents, which make it difficult for an ethanchpt to adjust its processing strategies if sprouted
sorghums do become a feedstock for ethanol pramuckast and reliable method to predicate
FAN in finished mashes from various kinds of speausorghum would be very helpful for
ethanol plants to handle such feedstocks. The widekd instant FT-IR and quick SKCS
methods may play a role. Nevertheless, no researcthis area has been conducted.

Ethanol fermentation results showed that ozonatggnificantly improved the
performance of tannin sorghum in ethanol productibigher fermentation rate, shorter
fermentation time, higher efficiency and yield). wver, the improvement did not proportional
to the applied ozone dosage. GPC analysis on staobicular weight distribution revealed that
both degradation and crosslinking occurred to ktanolecules during ozone treatment. Further
investigating the molecular mechanisms under su@Enges in molecular weight distribution
could help to understand the relationship of egge tof change with performance in ethanol

production, therefore, optimize ozone treating desa
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A. Supplement Materials

Abbreviations Used

The following is a list of abbreviations used i ttissertation.

AACC
AGU
AOAC
CE
CIE
db
DDGS
DMSO
DSC
EBC
Effic.
FAN
GAE
GBSS
GPC
HI
KNU
MV-HCI
RFA
RFS
RVA
SEC
SEM
SSF
Temp.
VAG
V-HCI

American Association of Cereal Chemists
Amyloglucosidase unit

Association of Official Analytical Chemists
Catechin equivalent

International Commission on lllumination

Dry basis

Distillers dried grains with solubles

Dimethyl sulfoxide

Differential scanning calorimetry

European Brewery Convention

Efficiency

Free amino nitrogen

Gallic acid equivalent

Granule-bound starch synthase

Gel permeation chromatography

Hardness index

Kilo Novo unit

Modified V-HCI method for sorghum tannin @gtnination
Renewable fuels association

Renewable Fuels Standard

Rapid visco analyzer

Size exclusion chromatography

Scanning electron microscope

Simultaneous saccharification and fermentation
Temperature

Visco Amylo Graph

Vanillin hydrochloric acid method for sorghutainnin determination
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Figures and Tables Within Appendix A
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Hardness index (SKCS)
Figure A.1l. Relationship between kernel hardnedsxmeasured with an SKCS and average

particle sizes of ground sorghum samples.
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Figure A.2 Relationship between hardness indexoglaum kernels, particle sizes of ground

samples and fermentation efficiencies.
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Figure A.3 Selected samples of tannin bleach &sstlts and its relation with ethanol yield.

114



E

7—————_ -_—”mm\\a i
| Ll_—_—— __ “

,_.,_”_
"
.

m%
mm_—im_ﬁ ______7

Figure A.4 Equipment used for ozone treatment gjtsam flour samples in this study.
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Table A.1 SKCS data on the 25 tested waxy sorgramptes

Accession # Origin H?nrggfss Weight (mg) Mcz:;ot )ure Dl(?nmrr?)t er

P1220636 Afghanistan 80.84 22.22 6.76 2.26
PI123231 China 88.31 19.78 6.71 1.77
P1548008 China 97.25 18.45 7.23 1.67
PI563576 China 92.03 21.58 7.33 1.90
PI1563670 China 87.72 25.37 7.25 2.08
PI1563671 China 89.83 21.67 7.17 1.81
PI1586524 China 96.69 18.75 6.95 1.71
PI1586526 China 95.88 17.47 7.35 1.63
PI1586529 China 82.65 23.52 7.30 1.84
P1455543 Ethiopia 96.18 21.16 7.48 1.83
P1586448 Hungary 93.28 16.01 6.78 1.64
PI1586454 Hungary 85.33 19.14 7.36 1.91
P1217897 Indonesia 89.04 19.78 7.18 1.83
P1234456 Japan 81.16 18.59 7.21 1.69
P182340 Korea 81.08 20.41 7.01 1.95
PI87355 Korea 91.48 21.19 6.80 1.78
P188004 Korea 89.70 17.99 7.18 1.79
PI1562758 Nigeria 86.49 27.74 7.63 2.21

PI567803 South Korea 87.53 21.25 7.28 1.72
PI1567809 South Korea 86.27 23.20 7.21 1.84
P1567811 South Korea 100.1 17.48 7.34 1.45
P15623402 USA 77.74 23.73 6.94 2.06

PI1563015 USA 89.68 17.28 7.13 1.62

P1563068 USA 78.37 32.80 7.26 2.71

Ellis USA 89.19 21.62 7.05 1.92
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