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Abstract

Whole stillage and thin stillage from the ethanol pian process were evaluated as
substrate sources forh e p r o d-cacotene® using§pdrobdlomyceRoseugATCC
28988). This product has the potential to be used as a novel feed ingredient for poultrygrswine
cat t | e-cambterees have beedfplemented in animal diets to improve animal health,
enhance meat color and gigland increase vitamin A concentrationsnilk and meat.

Microbial fermentationsnvolving growth and prduct kineticavere performed in 500 mL
baffled shake flasks and 5L fermentation bioreactor.

Media optimization was conducted in shake flasksvaluatéwo carbon sources:
glucose and glycerphndtwo nitrogen sources: ammonium sulfate and ufea. n -@drotefle
concentratioro f 2 7 2 . 5 Fcardten@glbiompapsaffound to be highest for the whole
stillage, with 10 g/L added gtose and 10 g/L nitrogen added through ammonium sulfate
supplementation Glycerol addition yielded no significaimcrease®<. 0 5 )-carotene {eld,
while urea addition significantly decreas&%(. 0 5 ) t-damtenke concarnitratifins. The
resulting fernented product can b#ended with regular feed using either whole stillage as a dry
feed ingredient or thinifiage as a liquid feed additive.

The fermentation of whole stillage significantly influenced the physical and flow
properties of the material. Even though there was a significant de{iPe&s@5)in bulk density
and increaséP<0.05)in tapped densitpetweerDDGSand fermented whole stillage, there was
a less pronounced differenbetween the whole stillage and fermented whole stilldgne=
fermentation of whole stillage significantly influenced the physical and flow properties of the
material. This showed that theermentatiorprocess and resulting nutritional profilad a

significant effect on the resulting fermented whole stillage.



A 50 L bioreactor was specifically designed to evaluate the scalability of the process and
to perform subsequent f@@roduction trails.Pilot scale feed pelleting runs were conducted and
the resulint product was pumh environmental chambets determine i3-carotene concentration
was reduced as a result of storagdere was a significant decregB&0.05)i n-cafdtene
levels after pelleting and after 28 d of storage at elevated temperature and humidity. These

decreases were consistent with previousaiese
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Abstract

Whole stillage and thin stillage from the ethanol production process were evaluated as
Ssubstrate sour c e scardtemes udingperobplonyceRoseugABOC of
28988). This product has the potential to be used as a nedehigredient for poultry, swine, or
cat t | e-cabteres have beerBsupplemented in animal diets to improve animal health,
enhance meat color and quality and increase vitamin A concentrations in milk and meat.
Microbial fermentations involving growtand product kinetics were performed in 500 mL
baffled shake flasks and in a 5 L fermentation bioreactor.

Media optimization was conducted in shake flasks to evaluate two carbon sources:
glucose and glycerol, and two nitrogen sources: ammonium suffade au r e a-caroterfei n a |
concentrati on droteBelgdionsagsivds.foBird tobehigBest for the whole
stillage, with 10 g/L added glucose and 10 g/L nitrogen added through ammonium sulfate
supplementation. Glycerol addition yielded no gigant increasel< . 0 5 jcardtene yiéld,
while urea addition significantly decreas&%(. 0 5 ) t-damtenke concarnitratifins. The
resulting fermented product can be blended with regular feed using either whole stillage as a dry
feed ingredient othin stillage as a liquid feed additive.

The fermentation of whole stillage significantly influenced the physical and flow
properties of the material. Even though there was a significant de(Pe&s@5) in bulk density
and increaseR<0.05) in tappedensity between DDGS and fermented whole stillage, there was
a less pronounced difference between the whole stillage and fermented whole Sttlage.
fermentation of whole stillage significantly influenced the physical and flow properties of the
materid. This showed that thiermentatiorprocess and resulting nutritional profilad a

significant effect on the resulting fermented whole stillage.



A 50 L bioreactor was specifically designed to evaluate the scalability of the process and
to perform subsegent feed production trails. Pilot scale feed pelleting runs were conducted and
the resultant product was put -carotereegondentrationme nt a
was reduced as a result of storagdere was a significant decregB&0.05)i n-cafdtene
levels after pelleting and after 28 d of storage at elevated temperature and humidity. These

decreases were consistent with previous research.
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Chapterl-Li t erature Review

Carotenoid Usage

Carotenoids are organic pigments th@ay a major role in the protection of plants against
photooxidative processg€hew, 1993)A number of studies have shown that an ineeda
consumption of a diet containing carotenoids is correlated with a decreased risk for several
degenerative disorders, including various types of cancer, cardiovascudphthalmological
diseases (Mayne, 1996)hey also act as color enhancers thg are commonly used to modify
the color of carcass meats to make them appear more desirable to the consumer (Ruiz et al.,
2001).

Carotenoids can be proded by a variety by red yeastsypical productconcentrations
rangefrom 50to 35Qu g / g d riystraine ofR}) diutinis (Park et al., 2007Rhaffia
rhodozymaandSporobolomycesseus(Nanjundaswamy2010). Carotenoids are generally
localized in lipid droplets in regeasts and othdungi, while the reddistpink color of
Sporobolomycesoseuss due to the presenad three carotenoid pigmentsc@rotene, torulene
and torularhodin (Vandamme, 1992} arotenoids are responsible for many of the red, orange,
and yellow hues of plant leaves and frués well as the colors of some birds, fish, and
crustaceangFrengova and Beshkova, 2009nly plants, bacteria, fungi, and algae can
synthesize carotenoids, but many animals incorporate them from th€ieiate, 1996)

The red yeastBhaffia, RhodotorulandSporobolomycekave been identified targduce
large amounts of carotenojdsd have been the main subjects for genetic modification from
their wild forms to increase product yieldSome of these yeasts can produce the two most

valuable carotenoids;@arotene and astaxanththereby providing an alternative to chemical



synthesis (Vandamme, 1992)hese yeast cultures can also thrive on low solsstrates
harvested from underutilizggroduct streams, such as distillenains(Nanjundaswamy2010.

Major sourcesof at ur al | y-camotene includeigreen legfy vegetableswell as
orange and yelloviruits. However, the bioavailability gB-carotene from green leafy
vegetablessuch as spinagcls thought to béow (Castenmiller et al., 1999 Factors other than
thetype of food cord i n i n-garoteteare fhought to baportant in its bioavailability
These includeooking,grinding and the presence of dietary fat, all of which improve the
bioavailability (Rock et a).1997.

The vitamin A activity by a number of pigmenting camdids used in animal fedths
been studied intensive({hew, 1993; Emin et al., 2012; Jintasataporn et al., 2022)otenoid
molecules that are converted into vitamiiefd tolose their pigmenting properti¢®lson,
1989). However, there is no fixedtio between the deposition rate of individual carotenoids for
pigmenting efficiency and their vitamin A activit¥only 10% of the 600 carotenoids are known
to have previtamin A activityinmamma s ( Roc k¢ arl®tO9&@areqt efpe and
crytoxanthin are the major psotamin A carotenoids  w rcardtendjenerally regarded as the
most important of the thrdeecause it is more easily converted to vitamifOfson, 1989)

The unique structulaifferences between carotenoids deterntivegr potential
biological functions (Britton, 1995)Figure 1.1 shows simplified pathway of how the yeast
strain conver {caotenesMostydroteno@®caAn be derived from acébbon
basal stucture, which includes a system of conjugated double bonds. The central chain may
carry cyclic enegroups which can be substituted with oxygeantaining functional groups

(Stahl, 2003).



Based on their composition, carobés are divided in two class:(1) cardenes
containing only carbohidrogen atoms an@) xanthophyllswhich carry at least one oxygen
atom. The pattern of conjugated double bonds in the polyene backbone of caratetesitges
their lightabsorbing properties and influences éméioxidant activityof carotenoidg¢During et
al., 2002) Carotenoids tend to isomerize dodm a mixture of monoand poly cis-isomers in
addition to the altrans form. The alttrans formof carotenoids is commonly found in natural
environments ($ihl et al., 1993)

Carotenoids, which arfat-soluble, follow the same intestinal absorption path as dietary
fat. As a consequencearotenoids tend to accumulate in fatty tissues within animals. Due to
their varying lipophilic properties between caraighvarieties, there is a difference in the
efficiency of absorption and transportation within the animal, based on th@Ngtlenreiter et
al., 1969) Release from the food matrix and dissolatin the lipid phase aienportantinitial
steps in the djestionprocess.Carotenoids are thought to be absorbed by the small intestinal
mucosa \a passive diffusiofDuring & al., 2003. Fatty acid esters of xanthophylls are cleaved
in the lumen of the small intestine prior to uptake by the mudGssotendads are taken up by
the mucosa of the small intestjraad packaged into trialgtycerobr i ch chyl-omi cr ons.
carotene and other provitamin A carotenoids are partly converted tarviéam the intestinal
mucosaBoth carotenoids and retinyl esters amoiporated into chylomicronand secreted into
thelymph ductfor transport to the liver (Parker, 1996).

B-Carotene is the most biologicakytive provitaminA carotenoidn nature However,
the efficiency of conversion @carotene to vitamii differs between differenspecies.For
example, 1 mg oB-carotene is equivalet 5001U of vitamin A in pigs, with lowerconversion

efficienciesobserved with higheB-caroter intake (Wellenreiter et al., 1969).hese conversion



efficiencies are threemes lower than thoder poultry (Chew, 1993) In addition,there are
wide variations among different species in the abilitgldsorb3-carotene intacand the
guantities present~or examplecarotenoids are detected in much lower quantities in the
digestive tracts of swine than they are in ruminants or hur(@new et al., 1984)Species
differences ir3-caroteneconversion to vitami andabsorption of3-carotenearedue to
differences irthe quantityand activity of conversion enzymgsgesencer ebsence ofransport
proteins, and othdactors(Chew, 1993)

Not o n-tagoterseactds a precursor of vitamin A and thus an essential component
of the diet ohumans and animals, but they gtday an important physiological role as
protective antioddants (Krinsky, 1994). Within the yeast cells, they function to help preserve the
lipids used for cell maintenance during time of dormancy.

By fermentng different product streamsframh e di st i |l |l ers* grai ns g
potential for a valuadded, customizable feed product to be created. In swine diets, about 10%
dried distillers grains with solubleBDGS) is normally used, although higher amounts of up to
50% can be el depending on the stage of gro@hurson and Noll, 2005By enhancinghe
vitamin A cancentration of DDGSthere is an opportunity to decrease the levels of
supplementation in the overall diet and add value to the feed ingredient.

The composition of carotenoids differs qualitativehd quantitatively based on the
source, ecovery methogand method of inclusion into a dieEfficacy is also highlylependent
onfactorssuch agprocessing and storage conditions (Rodrigidenaya, 1999) Micronutrients,
such as carotenoids and vitamins, are more likely to be damageel fegdhmanufacturing
process than the macro ingrediefR&ckman, 2007) Generallymicro ingredients contain very

concentrated levels of nutrinal components, which also suggests they are generyi the



most expensive onger pound basis (Rickman, 200 Vitamins and carotenoids are sensitive
organic compounds that can be denatured by water, oxygen, trace minerals, heat and other
factors(McGinnis, 1986).

The feedmanufacturingprocess involves water, heat, and mechanical stresses, all of
which cannegatively impact theitamin and carotenoistability. Feed processing is a versatile
but high temperature process that may alterrtbtritional value of macro ingredients as well
(Fahrenholz, 2012)In some instanceshis effect is positive for thdigestibility levels of the
diet and for processing considerations. For instaheegelatinization of corn starch not only
increases the bioavailibity of tmeitrients in the diet, but &lso increasefeed quality due to its
pellet bindingability (Fahrenholz, 201p

A research study conducted by Emin et. 201(2) observed effects of exsion on the
st abi lcardtepe. dnfthisfdy they used an clbased solubn as a carrier fgB-carotene
due to its lipophilic nature, and processed it un@eying pre-conditionermretention times
(300,500, and 800) and differaeimperature§l35170°C) Asexpeat d, t he sheorter t
carotene was exposed to #dreme processing conditigribe less degradatiaccurred The
results showed thatdtel owest rpm (300) and the hi-ghest rp
carotendevels. The 500 rpm shaftspedda d t he | e-ecatene eevelsHowever,o n 3
t emper at ur e -cdrotahe corzentragon or esonmers.3

Additional processingan sometimes have a benefi@#fiect on sensitive feed
ingredients. Increased steam conditioning canteaddecrease in mechanical friction during
pelleting, as determined by lower temperature rise across the pellet die, decreased electrical
energy casumption, and amprovement in pellet qualitfFahrenholz, 2012)Steam energy

requirements and electrical energy requirementsiboteased with temperature due to the



higher steam requirementhis higher energy requirementaffset byimprovementsn
throughput and pellet durability. This is fairly dependent on factors such as diet formulation and
the types of processing equipment used (Skoch et al.,.1981)

Jintasataporetal. @ 0 12) examined the eff edroteod di et
addition. They examined stability of formulated carotenoid diets during feed pelleting and
measur ed t h-earoterfeunder diftenent stdrageconditiomso treatments with and
without butylated hydroxytoluenéBHT) were evaluated faotal caotenoid loss dung feed
processing. fie completed dietary carotenoids were stored in an aluminum foil bag and kept
under different storage conditionsz&t to28°C and 4C. The results showed that the diet
pelleting process did naignificantlyaffect(P<0.05)the carotenoid adent of the diets, and
pell ets stored at 4° C -carotenée @ost staxag&eedioe thikittia h e s t
was processedlsing a HOBRATmIncer,abenchtop pelleting machine thabes not accurately
represent the processing conditions ttmahmera@lly produced feed undergoes, because tieere i
no steam conditioning process. The only heat the pellets were subjected to was due to pellet die
friction. I t 1 s p o s scardidnesin theldiatwastsubjecte@ to lower levels of heattthan i

would be subjected to in commercial operations.

Dried Distillers Grains with Solubles (DDGS)

Ethanol has had a huge impactldi$. economy over the past few years. It helps to
create a cleaner burning fuel and provide an alternative marketplace ferddaasell their
grains. There arepportunities whickexist withinthe corn ethanoproduction procesthat can
yield additional revenueMany of thesepportunities exist witim the production oflried
distillersgrainswith solubles (DDGS)whichis a byproduct resulting from the fermentation of

cereal grains for the production of alcohol for beverage or{Reshewable Fuels Association,



2015) They area valuable source of energy, protein, wa@luble vitamins, and minerals for
animals. Various mthods are used in the preparatio®GSand variables such as grinding
and drying methods can play a significant role in the resulting composition and quality of the
DDGS (Knott et al., 2004)

Distillers grains havéhe reputation for providing a low glity pellet when it is the major
ingredient in the pellet structu(Rosentrater, 2007)The advantage afsingDDGSis thatit
offers a high protein, readily availableggredient which can be utilized by all production
animals. Higher inclusion leveis diets havehe potential to lower feed pricesile providing
the industry with an additional quality feed ingredi@fahrenholz, 2012)

Before the ethanol boom in the early 2000s, DOv@&$e producegrimarily from the
beverage indstry and were utiied by nearbyarmsin wet form Even ethanol productidnom
cereal graingor the purpose of energy is not a new concept. When Henry Ford designed the
first vehicles he originally envisioned them running off ethafidbvarik, 1998) The reason
ethandhas become so importantthe last decade is because of rising fuel prices and the
dependency on imported fuel sustairour energy needs. Cebased ethanol became one of the
proposed solutiasto the problemand soon became federally mandated. dwy did this start
to consume much of our feedstock resources, but it also drove ingtédientprices
(Renewable Fuels Association, 2015till in this casgthe problem also creategportunities
for new feed ingredients

Two major ceproducts fron thecorn to ethanol production process are@@ and
DDGS whichcontain all the major nuents of corn minus the starch, which is consuchatihg

theethanol production. In gener#his separation is a three way split consisting of equal parts



ethanol, CG, andDDGS. With the removal of starch, other nutritional componanés
compounded during the corn to ethanol conversion process.

There are numerous reasons for feed mills to be stezten incorporating DDGRBito
their diet formulation. On @rage DDGShave a protein content of 26% (Knott et 2004).
Thehigh proteincontent makes DDG&n ideal ingredient for ruminant dseas well as
monogastric dietéBehnke, 2007). The protein is particulaogneficial toruminants because it
is a bypass prtein (Ganesan et.aR007). Itshigh proteinmakesDDGSa goal substitute for
soybean meal and cafso help to offset the amount of corn being taken out of the feed
production stream by the ethanol industry.

DDGS hagoor flow propertiesluringstorage andransporation (Behnke, 2007) It has
also been reported that this valuable product will not pethein used as a large portion of the
diet Recent research conducted at Kansas Btatesrsityhasshown that DDGS can be
included in up to 3% of the complete diet formulation and still demonstrate acceptable pellet
quality (Fahrenholz, 2008

Challenges with transportifgDGS, particularly over long distances, include not
maxi mi zing vessel payl oad du ety, and bridgmgproplensd uct *
resulting in ufbading difficulties Ganesan et al2005). Pelleting has long been recognized as a
way in which the bulk density and the flowability of a product can be imprewvetithis has
been applied extensively to DDGSthre past decade

Rosentrater and Kongar (2009) reviewed the cost factor of implementing pelleting
technology within the ethanol processing facility to improve transportation and flow ability of
DDGS. They reported that with increasing DD@&ductionrates, the cost of pelleting is

significantly reduced because of the economies of scElasinstance, the cost to pellet 100



ton/d was $14.07/ton/y, whereas at a heightened scale of 1000 ton/d, the cost to pellet was
reduced to $3.95/ton/yThe option of mcluding apellet millis appealing to the ethanol industry
because the cost to pellet is minimal in large scale production faahtepared to the overall
cost of manufacturing.

Accordingto Skochetafl 983), —Advantages @i pelleting
segregation, increased bulk density, reduced dustiness and improved handling and transportation
of finished feeds. However, rising energy and equipment costs are making it increasingly
di fficult to justify the peswéreaconsideratmrdintheor mul a
1 9 8,@hersthey certainly are animpantf act or i n today‘s market.

The quality of pellets made using DDGS aenerally poor and lack the structural
integrity of high quality pellets Pellet quality can be defindxy the ability of pellets tbe
subjected tdvandlingand transportatiowithout generating excessive fin@ehnke, 2005)

Factors that influence pellet quality are the pellet die, steam conditioning, drying, gremtting
product formulation (Behnke, 26).

Compression of the mash througjie fpellet die supplies the resistive force by which
pellets argressea@nd formed. This causes the cylindrical shape of pellets as well as an increase
in bulk density. The amount of friction can be increased hyistpthe production rate, thereby
increasing retention time in the die, or by increasing the length of the die. The drawback to these
two methods is they cause lower throughput and increased energy consumption, respectively
(Fahrenholz, 2012) The abiliy to produce a quality pellet is balanced by the amount of money a
producer is willing to spend on the means to achieve it.

Steam conditioning is used to add moisture and heat to the mash prior to pelleting. This

combi nati on c aus e senparticlels and this bibnd lis exacknpael! bylihe t w e



friction caused in the die. The temperature the mash is heated to determines how strong this
bond will be(Behnke, 2005) The higher the heat and moisture the stronger the bond, but the
amount of steam thaan be added is limited by the initial moisture content and by interactions
with the formulation. After steam conditioning and pelleting the product must then be dried to
increase shelf life through moisture remo{&ioch et al., 983)

Particle size bthe incoming mash also has a large impact on the resulting pellet quality.
There is still some debate amongst expéudsit is generally accepted that smaller particle sizes
expose more surface area for particle to bond to each other during pelRainigle shape also
has an influence on flowability and pelleting
to that of soybean meal, in that the bran particles arefdelike structures that have a
tendency to stack and compressusng product bridging (Behnke, 2007In addition,lleleji
(2007) found that distill er ' scpgopestiesrofsthemasb,w i s
whichinclude particle size and shape, particle distribution, particle density and bulk density.
These properties can be influence by processing procedures during the ethanol production as
well as conditioning steps taken in the feed mill.

Of all the factas influencing pellet qualityformulationis the most important
Formulation refers to proteioarbohydratefat, fiber and ash content of the material. Increased
levels of protein and fiber are known to increase pellet qu@iinke, 2007) Fat levels also
have a positive effect on pellet quality up to a poiiMhen fat is added to the dietlavels
greater than 1% of the entire diet, pellet quality suffers (Behnke)20®ile the high &t
contentof DDGS is regarded as positive from an animal nutrition standpoint, defianental

feaure in regards to flowability and storagknott (& al., 2004) took distillers grains samples
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from sixteen ethanol plants. They found an ageriat content of 10.06%. The higt content
reduces friction in the die and results in low pellet quality.

Along with formulationthe problem of nutrient vability among ethanol plants
persistent In addition to the high fat content Knott observed in the ethanol plants, a CV of 7 was
also found. The lowest fat content was 9.2% compared to a high of 11.55%. This kind of
variation can also be found in theotein and fiber content @DGS among different plants.

This results in difficulties in the pelleting process due to auraform product and variables
that need to be adjusted in order for efficient production.

Outside of rejecting loads which falliside of purchasing specifications, feed mills
cannot controtharacteristics dbDGSsuch as the fat content. These are issues that need to be
resolved in the plants by standardizarging processeand the levels of added solubles
Looking beyond thethanol production process, there are some issues that we can resolve at the
tail end of the ethanol plants to make shipping and processing much more efficient by the
inclusion of a pellet mill.

Research using finishing pigs has shown that DDGS can be &kelts up to 30% before
performance is affected (DeDecker et al., 2005). However, DeDecker also reported inconsistent
responses to added fat fed with dietary DDGS. Because of the high oil content of DDGS,
interactions with diets containing added fatl & DGS might be present (Spiehs et al., 2002).

This could potentially pose a problem since added fat is used to increase the energy content of
diets.

In addition to growth performance, studies have also been conducted to examine how the
level of DDGS migpt affect feed preference. Hastad et al. (2005) conducted a series of

experiments to determine if growing pigs showed preference to diets containing a specific level
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and source of DDGS. Pigs were fed diets with and without DDGS (30% inclusion) and from
DDGSwhichwere manufactured in two different plants. They found fibed intake was lower
for each of the diets containing DDGS compared to the control diet. In a second experiment,
diets were fed containing 0%, 10%, 20%, or 30% DD&f there was arlear decrease
(p<0.01) in average daily feed intake (ADFI) as the level of DDGS in the diet increased. These
experiments demonstrate a preference for feeds not cogt®iGS and indicate that there is a
palatability issue with high levels of inclusion.

It is possible that through a value adéeuinentatiorprocess, DDGS could be made into
a more palatable feedstock as vesltheamount of total fat ithe feedstockThere is an
opportunity to substituteurrent DDGS inclusion levels in animal dietéh a modified DDGS
product which can provide the additional nutritional benefits already associated with added

sy nt hearotene.

Good Manufacturing Practices in Fermentation

Biomaterial manufacturing facilities in the United States are regulated bytueand
Drug Administration (FDA). Specificall{they are governed by the Food, Drug, and Cosmetic
Act of 1938 and the ameéments of 1962 and 1976. ThetAand subsequent amendments give
the FDA the powr to regulate thprocesses for feadgredient maafacturing. The At
addresses the requirements of manufacturing facilities in the Code of Federal Regulations, Title
21, Part 210 and 211, referred to as Current Good Manufacturing Processes (CGMPs).
B-carotenes are covered under ingredients listed as generally regarded as safe (GRAS),
but still require appropriate labeling so they can be identified in finished feed (CFR 21, 2012).
To determine adequakevels for inclusion, the most appropriateth@d woul d be t o put

carotenes in terms relative to vitamin A inclusion. Vitamin inclusion is generally calculated
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based on the gpopriate International Unit (IJfor the specific vitamin. The mass or volume
that canstitutes one IWaries based on whidubstance is being measured. For example, 1 mg
o f -cafbtene is equivalent to 500 IU of vitamin A in p{RC, 2012)

The t ar g e tcaratends e the finished mog@ified DDGS product will likely be
based on the projected inclusion rate in theifipatiet, the age of the animal and the sps®f
animal it is being fed -carfitene levels can be controlled by the total amount of available
substrate and the total fermentation time. Provided the ethanol plant on the front end is
providingafairlyc onsi st ent pr ecdratend can be ¢oetrol bygustehe acove 3
time in the fermenter.

The manufacturing process for modified DDGS could either use the same centrifuge and
dryer system as the existing DDGS production lineequire thanstallation ofnew equipment.
Plants would most likely want to retain the ability to manufacture unmodified DDGS and while
reusing equipment could save money, this caldd cause problems with cressntamination.

In the proposed model, a retrofit woudd added to existing ethanol plants to include a separate
centrifuge and dryer. This will not only reduce the chances for-cargsmination but also
reduce cleanout time and labor required.

After fermentation, the stillage will be centrifuged and druradto a moisture level of
<12% (w.b). Once appropriate elctivation temperatures and iwnactivity levels are
determinedprotocols may be set in place for critical limits that the product must meet before
exiting the manufacturing facility.

After the drying process, the product will be sent to a series ofdaabins. The
finished product will either be sacked off in individual hamsk sacksor sent to a bulk load

out system and be directly loaded into trucks depending on the customer thessumounding
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area. Baggednd bulkproduct will be subject to labeling requirements which include
concentration, storage instructions and appropriate ustigeunlikely that plants would run
unmodified DDGS through a baggingecause of the low thughput of bagging linesystem so
there shald not be any chance for cresgntamination, but they will most likely share some

downspouts from the bulk loaalt.

Storage andTransportation of DDGS

The nutritional composition dhe modifiedDDGS can dffer greatly from traditional
DDGSbecause of the energy required tfoe additionafermentation.Nanjundasamwand
Vadlani 010) showed that the nutritional compositioD®fGS fermented with
Sporobolomycesoseusvas negatively féfected by the fermentian. Theynoted a decreased
level of crude protein (27.77% to 17.75%) and an unchanged level of lysine and tryptophan in
the fermented product. There is a possibility thatrthtritional composition of theodified
DDGSwas artificially higher than theommercial DDG®ecauseaot all the glycerol was
consumed by the microbgga addition the portions of the stillage whiSporobolomyceRoseus
consumes for tdareteneproduction of B

During the fermentation process, yeast cells are reproducing aad garnt -carotgne 3
intracellularly. The yeast will first consume the residual simple sugars from the ethanol process
as it is the easiest energy source i@ to convert towargrowth and product development.
After all theresidual glucose has been samed, the yeast will consume non protein nitrogen,
other protein sourceand fatty acids for growth. While not as efficient as glucose, it still
provides them with an adequate energy source. As a result of this ptbeeugritional profile
and chercal composition of the resulting product is changed significgiinjundasamy,

2010)
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Since the yeast Wiconsume a portion of the lipigsr e sent f or the pr oduc

carotenes, the modifiddDGS could exhibit flow properties similar to those ofoieed DDGS

This could expand the types of conveying equipment which could be used and allow the product
to be stord in bins unsuitable foregularDDGSdue to bridging problemsDDGS contains

widely variable leels of fat (between 3 and 13%ased on the method of concentration for

solids or the ugront fractionation of coritKingsley et al., 2010)

Most of the oilin DDGSis contained inthe solubles which are added in after the slurry is
dried. Oil may be present in the solehin four different forms: 1.ilan water emulsion; 2.ib
droplets attached to hydrophobic proteins; 3. oil bodies in endosperm and germ particles; and 4.
oil bodies from broken cellular structures (Majoni et al., 2010). It is unclear dintleisf the
Sporobolomycesoseuswill consumeoil from a specific form if it is indiscriminate.

Depending on the nutritional profile of the modifiB®GS, there maye aneed to add
t he s ol ub lcerstenaférmeatationthaséeefl completed so the overall energy level of
the ingredient is still relatively highNotably if aflowability problem that arises with the
finished product related to the fat levels, numersteps can be taken to mitigate the impact on
overall product quality and perception.

Certain diet processing methods, such as extrusion, can requiregripdsifter all
ingredients are mixed to ensure there are no large particles that could tiisrsgrew flighting.
Extrusion processes tend to post coat fat onto the finished product because high fat levels can
lead to a decreasing in milling efficiency (Briggs, 1999). A decreased level of fat in the
modified DDGS might be advantageous in a presesuch as this.

Srichuwong(2011) measured the total residual sugar (TRS) in commdd@&@S. The

TRS consisted of free glucose, oligosharides and residual staréfhe commercial
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manufacturer®DGS contained 15.8%, wWRS. These residual sugare aasily utilized by a
variety of microbes and can lead to mold growth and the resulting spoilage of the product very
easily. Water activity level, storage temperatarel storage method all play a very important
role in determining storage stabilityut by decreasing the TRS level of the finished product,
mold and microbial growth could be slowed due to the lack of an easily digestible substrate.

Lastly, the modifiedDGS pose some interesting mechanical processing and storage
considerations. Physictdctors like temperature, aeration, pH and light have been shown to
have a si gni-taroleres(Frengolvaf eeat,2009).rAerdion is not something that
can be controlled in most storage scenarios for processing, @adtg is unlikely thapH will

be much of a cause for concern as the finished product has a pH close to neutral. This leaves

temperature and | ight exposur e -cargtengsineghepr i mar y
modified DDGS,
Foremost on the list is the sensitivity®oomp er at ur e. This could ca

carotene efficacy as storage facilities generally do not have temperature. It is unlikely that the

temperatures in a normal st or age-cérotemesbutonu!l d r e

hot and humid regits such as the southeastigortion of the United Statéisere is a poterdl

for condensation to develop the bins and lead to hot spots. In most gdbk#sis going to be

isolated to bins which have product stored at high moisture levels. Dependivitere these

binsare located within the clustdrpwever, they could put off radiant head affect nearby

bins. Longt er m hi gh t emper at ur-earoenepnadhe ughteonditions.] d de n
While not a storage or transportation concern, there is a significant temperature increase

when grinding feed products. This is more of a cause for concern than a placpsdidting or

extrusion because the temperatures are not monitored in most grinding operations. If plants have
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a need to poggrind ingredients after mixing for uniformity purpostésy should be especially
cautious in the flow rate of the mill, sinaehigher flow rate can lead to increased grinding
temperatures.

Light exposure can also lead to the oxidation and degradat[®carbtenes (Henry et
al., 1998). It is very unlikely that a higralue product would be stored in a concrete bunk that is
exposed to the elements, but it is an imporfiamtation that should be noted

A moisture content of less than 12% is recommeifidiefited products because this
level minimizes transportation costs asdnicrobiologically stable (Behat, 1981) Water
activity refers to the amount of unbound water available for use by microorganisms and
chemical agents, and is subsequentlyameasu of a materi al ‘s suscepti
mold growth. Products with no free water (aW =0.0) are not at risk for spoilage, while products
with free surface water (aW =1.0) are at a very high risk for product spofagducts have a
reduced chare for bacterial growth below water activities of approximately 0.9, mold growth
below approximately 0.7 to 0.8, and yeast growtlowe.7 (BarbosaCanovas1996).

Rosentrateet al. (2006)neasured the water activity BDDGS from six different plants.
Even though the samples studied had low levels of water available for microorganism growth,
with water activity values between 0.53 and 0.63, it appears that they may be prone to spoilage
problems due to potential moisture migration (because of the higtuneot®ntent levels) when
they are stored in bulk. It is important to note that water activity and moisture content are two
separate measurements. The resafisrted byRosentrateet al (2006)re presented in the
Table 1.1as presented by the autisor

The average moisture content is high enough to present a potential storage issue even

though the water activity levels are below the risk levels for microbial growth. Moisture
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contents at these high levels can cause problems during storage anthgrdaed as bridging
or the generation of hot spots and rapid mold graWtiggins and Brinkhaus, 1999)

Mold growth and the byroducts which it produces are perhaps the primary cause for
concern irDDGS. Different species ohspergillusandFusariumarecapable of producing
aflatoxin and vomitoxin, respective(Xie, 2006) DDGSare already red flagged for the
potential to contain high levels of aflatoxins, due to the compounding effects of the ethanol
process, so further contaminatisrparticularly poblematic Xie (2006) alsdound that
Aspergillus Nigeproduced high levels of citric acid in wet distillegsains. Citric acid will
alter the flavor of the feed, alter the pH and could provide a growth medium for other types of
mold growth.

Microflora can decrease grain value through nutritional changes, physical damage, feed
palatability or the production of toxins (Higgins & Brinkhaus, 1999). Currently a variety of
organic acids and salt derivatives are used agwotdbial agents in animal feed~or example,
propionic acid inhibits the growth of fungi and prevents production of mycotoklss of
propionic, formic, sorbic ahlactic acids in feedstuftsas been reported to reduce the growth of
fungi, yeast and bacter(®aster et al., 1988).

Magan et al.1988) found that storage fungi, especially Aspergillus spp. and Penicillium,
are able to grow dbw water activities (aW = 0.70 @75) enabling them to initiate grain
spoilage. The ability of storage fungi to germinate, grow and sporualatered grain is
dependent on the availability of water in the substrate, temperature and the intergranular gas
composition. Sinc®DGSgo through a grinding process before fermentation, there should be
very little intergranular gas composition sinbe priginal endosperm matrix has already been

ruptured.

18



In a study by Kingsley et al. (2010), it was concluded that product variability of DDGS
was primarily due to the levels of thin stillage added during the drying process. The whole
stillage is madeip of primarily the fiber, protein and ash residuals from the ethanol process
while the thin stillage contains primarily fats and other solubliesteasing CDS levels the
drying processesulted in increasig darkercolored DDGS with reduced leved$ protein,

ADF and NDF, whileash, oil, residual sugars and glycerol contents in DDGS increased.
Additionally, the true and bulk density, particle size and parsizie distribution increased with
increasing CDS levelsThey concluded that the best wiay controlling the product consistency

in DDGS lies in adding a consistent level of CDS to WDG duttiegdrying process.
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Figure 1.1 Carotenoid Production in S. roseugSourceNanjundaswamy, 2010
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Table 1.1 Nutritional Analysis of DDGS From Various Plants (Source: Rosentrateret al.,
2006)

Physical Property  Plant Observations Minimum Maximum Mean gé%?;?org
72 13.20 21.20 14.7 15
1 16 13.90 14.80 14.5 0.2
2 4 13.20 13.40 13.3 0.1
Moisture (%d.b.) 3 4 14.30 14.70 14.5 0.1
4 16 13.80 15.00 14.3 0.3
5 16 13.60 21.20 16 2.1
6 16 14.20 14.90 14.6 0.2
72 0.53 0.63 0.55 0.02
1 16 0.54 0.56 0.55 0.01
2 4 0.62 0.63 0.63 0.01
Compressibility 3 4 0.54 055 055 0.01
Index 4 16 0.54 0.55 0.54 0.00
5 16 0.54 0.57 0.55 0.01
6 16 0.53 0.56 0.54 0.01
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Chapter2-Obj ecti ves

The objectives of the reselrdescribed in chapter three:&®) to determing
SporobolomyceRoseuxs a n  p r -Gatotenes by itilizing residual sugars from whole
stillage and (2) to determinig protein and fat levels could be maintained by supplementing the
fermentation with various source of rprotein nitrogen.

The objectiveof the research desleedin chapter four is to determine ti¢ prodution
process coulthe scaled to a 50 L vessel and produce an equivalent or better product, both
nutritionally and in regards to handling/processing variabl@spared to lab scale.

The objective of the s=arch described in chapter five is to evaluate the physical
properties of the resulting product in regards to bulk bin storage and transportation.

The objectives of the research describedmpht er si x are (-1) to
carotene concentration is affected by the pelleting process after the modified whole stillage is
included into a complete feed diet and (2) to determine if there was a relationship between

storage stability and the fn aclarot¢he concentration of the complete diet.
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Chapter3-Bencht op Opti mi zbBbd@Son of

\Y

Fermentation and Analysi s

Introduction
Distillers dried grains with soluble®DGS) is a byproduct resulting from the

fermentation of cereal grains for the protioic of alcohol for beverage or fueDDGSis a
valuable source of energy, protein, watetuble vitamins, and minerals for animals. Various
methods are used in the preparatioDDBIGS, and variables such as grinding and drying
methods can play a sigraéint role in the resulting composition and quality of DiEGS.

Research using finishing pigs has shown BR2GS can be fed in diets up to 30% before
performance is affected (DeDecker et al., 2005). However, DeDecker also reported inconsistent
responsg to added fat fed with dietaBDGS. Because of the high oil content@DGS,
interactions with diets containing added fat &GS might be present (Spiehs et al., 2002).

This could potentially pose a problem since added fat is used to increasertjyecenéent of
diets.

In addition to growth performance, studies have also been conducted to examine how the
level of DDGS might affect feed preference. Hastad et al. (2005) conducted a series of
experiments to determine if growing pigs showed preferendeets containing a specific level
and source dDDGS. Pigs were fed diets with and withddDGS (30% inclusion) and from
DDGSmanufactured in two different plants. They found that feed intake was lower (p<0.05) for
each of the diets containimi@PGS compared to the control diet. In a second experiment, diets
were fed containing 0%, 10%, 20% or 3@PGSand there was a linear decrease (p<0.05) in

average daily feed intake as the leveD&IGSin the diet increased. These experiments
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demonstrate a prefamnce for feeds not containil@PGSand indicate there might be a
palatability issue.

It is possible that through a value added prodeB&;S could be made into a more
pal atable feedstock as well as nrardterfissa t he f at
product of yeast fermentation that provides enhanced health effects when consumed in adequate
g u ant i-carotenes .also hdze been shown to reduce the risk of negative health diseases such
as cancer and heart health issues (Awad & Fink, 20007 Emal., 2012). Carotenoids are also
bright red in color and will directly influence the color of the diet and add a pinkish tint to the
resulting color of the animal meat (Chew, 1995).

Nanjundaswamwnd Vadlani 2010) showed that whole stillage coblel fermented by
SporobolomyceRoseus o0 p r ecaratenes wich can provide numerous health benefits to
swine such as antioxidant addition to the diet, fertility enhancement (Palozza and Krinsky, 1992)
and pro vitamin A activity (Rock, 1997). Whole stillage was used because it is aspreour
DDGSand would eliminate the need for a drying step before fermentation. Glycerol was used as
a carba source in their experiments.slavailability being justifiedliue to rapid growth in bio
diesel productionHowever, the anticipated growth frothe biediesel industry did not occur
and there is a need to determine alternatarbon source®r this fermentation to stay cost
effective Also,the addition of glycerol influencetie nutritional profile of the modifieBDGS
asnot all of the addedil was consumed by the yeast.

The goals of this studyere to (1) evaluate the productioarve ofSporobolomyces
Roseusand(2) ferment whole stillage and thin stillage slurries v@8fforobolomyceRoseusand
optimize the overall fermentation time and acarotghe concentration and (3) evaluate the

nutritional composition of the product.
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Materials and Methods
Culture Information
Lyophilized cultures oSporobolomyceRoseugATCC 288B8) were obtained fra
American Type Culture Collection (ATCC, Massas, VA), revived on yeasialtagar (YMA)
and incubated at 18°C for 10 Qultures werehen inoculated into yeast maitoth (YMB) and
incubated at 18°C on an orbitdlaker at 180 rpm for 72 h. A 10% volume/volume inoculation

was used for all fermeations.

p-Carotene Production in Test Media

Synthetic media: Modified medium composition of Kusdiyantini e{1#198) was used.
The media contained 1% yeast extract, 1% soy peptone, 2% glucose, 0.1% KH2PO4, 0.05%
MgS04, 0.05% MnSO4 and 0.05% ZnSO4 and pH wasstat] to 6.0 before sterilization.
100ml of respective media in 500ml flasks were sterilized at 121°C for 15min and fermentation
was performed in triplicate.

Whole stillage and thin stillage media: A liter of the fermentation medium contained 25%
(w/v) whde stillage, 0.1% KH2P0O4, 0.05% MgS04, 0.05% MnS0O4 and 0.05% ZnSO4. pH was
again adjusted to 6.0. 100ml of each media were placed in 500ml baffled flasks and sterilized at

121°C for 15min and fermentatio-ermentations were performed in triplicate.

Stillage Fermentation and CarborAddition

A loopful of cells fromincubated petri dishes was inoculated into sterile 100 ml yeast
media brothin 500 ml flasksreplicated in triplicate Flasks were incubated at 18°C, 180 rpm for
72 h. Development of red cof in SporobolomyceRoseudlasksindicated good fungal growth.

A 10% (v/v) inoculum was used for monoculture fermentation
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Whole stillage and thin stillage media weregmared the same as in the productiorve
experiment. Fermentation was conauactsing a 500 ml baffled flaskfhe entire fermentabn
broth was harvested on day#dd freeze driedAfter freezedrying, samples werglended using

a coffee blender. Samples were storee?@t°C until further analyses.

Stillage Fermentation and Carbon ddition

A loopful of cells fromincubated petri dishes was inoculated into sterile 100 ml yeast
media brothin 500 ml flasksreplicated in triplicate Flasks were incubated at 18°C, 180 rpm for
72 h. Development of red color i8porobolomyceRoseudlasksindicated good fungal growth.

A 10% (v/v) inoculum was used for monoculture fermentation

Whole stillage and thin stillage media were prepared using same mixture as the 10g/L
added glucose in the previous experiement. Fermentation was conducteal 23l baffled
flasks; theentire fermentabn broth was harvested on dapdd freeze driedAfter freeze
drying, samples werglended using a coffee blender. Samples were store2D&C until further

analyses.

Nutritional Composition

A large amountof solid material was required for the various assays to be performed so
t he h icgrttemeigldin@ treatment was scaled uping a 5 Liter B Braun Biostat
FermentefBohemia, New York 4.5liters of the medium containe2b% (w/v) whole stillage,
10g/L glucose, 10g/L nitrogen (ammonium sulfate), 0.1% KH2PO4, 0.05% MgS04, 0.05%
MnSO4 and 0.05% ZnSCxthd pH was adjusted to 6.0 before sterilizatidadia wassterilized
at 121°C for 30min.The entire fermentation broth was harvested on daplitinto five bottles
and freeze dried for five days. After freeze drying, samples were poaldalearded using a

coffee grinder Samples were stored-&0 °C until further analyses.
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Crude fd, crudeprotein, crude fibe and ashvere measured for the optimal
carbon/nitrogen blend of fermented whole stillage. About 80 g of each from each replication
weresent to Agricultural Experiment Station Chemical Laboratories, University of Missouri
(Columbia, MO) for total fatty acid profile (AOAC Official Method 996.86CS Official
Method 72Ce 66, AOAC Official Method 965.49, AOAC Official Method 969.33), crude fat
(acid hydrolysis, AOAC Official Method 954.02, 2006) and protein (Kjeldahl method, AOAC
Official Method 984.13 (AD), 2006). Estimation of 9phosphorus, @assium, sulfurandcrude

fiber were also conducted.

Chemical Analysis ob-Carotene

A known quantity of freeze dried sample was weighed into a mortar,d.aaijd washed
sand (46100 micronsize)wasadded and carotenoids extracted by grinding theuraxn
dichloromethane solvent. Samples were centrifuged at 5000 rpm for 5 min and supernatant
filtered into 1.5 ml HPLC vials using 0.2 um filters.

High performance liquid chromatography (HPLC) was used for quantification of
carotenoids.3-carotene stadards were obtained from Sigma Aldrich (St LoMS)). A
Shimadzu HPLC equipped with EEDAB pump, SIE20AC auto sampler, SRBI20A PDA
detector and CTQOA column oven was used. Phenomenex Prodigy C18 column (150 mm X
1.6 mm) along with a C18 guard colamwas used for the separation of carotenoids. Acetonitrile
and methanol (80:20) was used as the mobile phase. Flow rate was maintained at 2.0 ml/min and
the column was operated at 40°C. 20 ul of the sample was injected using the autosampler.
HPLC data wa acquired using Lab Solutions swdire. Carotenoid yield was expressed as
mg/kg of complete feed instead of yield per gram of yeast dry weight as the separation of cells

from the complete diet is impossible after mixing.
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Statistical Analysidor Experiment One
Data were analyzed using the GLIMMIX procedures of SAS (Cary, NC, v. 9.4). Fixed

effects included the main effect of substrate type (synthetic, thin stillage, or whole stillage), and
time served as a repeated measure. Differences were considarcbsigif P < 0.05 and trends

if 0.05 <P <0.10.

Statistical Analysis for Experiment Two
Data were analyzed using the GLIMMIX procedures of SAS (Cary, NC, v. 9.4). Fixed

effects included the main effects of carbon source (glucose vs. glycerol), carbbfidw vs.
high), and stillage type (thin vs. whole), as well as all significant interactions. Differences were

considered significant if P < 0.05 and trends if 0.05 < P < 0.10.

Statistical Analysis for Experiment Three
Data were analyzed using the ®MIX procedures of SAS (Cary, NC, v. 9.4). Fixed

effects included the main effects of nitrogen source (urea vs. ammonium sulfate), nitrogen level
(0, 5, or 10), and stillage type (thin vs. whole), as well as all significant interactions. Differences

were onsidered significant if P < 0.05 and trends if 0.05 < P < 0.10.

Results and Discussion
b-Carotene Production in Test Media
T h ecarfBtene content of the samplesre measured every 12 h over a 122 h time span.
It is important to note that h ecardiene production was increasing even though cell growth
attained stationary phase, which iraties mixeejrowth association. The experiments were
terminated at 122 h since nutrients are exhawstatktermined frorrevious research
completedNanjundaswamy201Q. Figure2.1 illustrateghe producturves of Sporobolomyces

Rosues in synthetic rd&, whole stillage and thin stillage, respectivelyshows that both the
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whole stillage and thin stil |l aaaenegthartheded si gn
synthetic media from 84 h onwaré<0.05). LS Means and standard error of the mean were
37.22+.2301ug/gfor synthetic media, 40.06+.230@/gfor thin stillage, and 50.08+.23QMW/g

for whole stillageWh ol e stil |l age finished -eamiotene attld7.@2 hi g h e
K g -cgdotene/mg biomass compared to 115.50 ug/g for the synthetic mddi&@ h49 ug/g thin

st i | lcargtene yials [ whole stillage were 45% higher than synthetic media and 28%

higher than thing stillage, both of which were significant differenef.05). This is most

likely due to the overall amounts of available sugar left over from the ethanol fermentation in

whole stillagewhereas the nutritional composition of thin stillage is mostly made up of various

fats and oils with a very low percentage of soli@porobolomycesoseudss capable of using

fatty aci ds f-camteng, bt doesrseadd slowenrat®than §imple sagdrs,

henceexplains the presencelofo we r  a maarotent in thih stilfage than whole stillage.

Carbon/Nitrogen Addition

Due to the long lag time present ihthe experiments that used the three media types
there is aneed to supplement the mediaorder to reduce théermentatiortime and increase
production efficiency Previous researdhdicated that glycerol could be supplemented into the
mediaandwass uccessf ul in both reduci n-garotereyieldsi me an
(Nanjundaswamwnd Vadlani, 2010)However,adding high levels of glycerol the whole
stillageyields a higher amount of crude fat to the dried feed prodD&GSalread has
flowability issuesand increasing the fat content by 5% or more ctwither exacerbate the
problem Therefore, an experiment was designed to measure difference in fermentation
efficiencies when different levels of glucose or glycerol we suppleedento whole stillage or

thin stillage.
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Glycerol was supplemented at 0%, 5% or 7.7%, which is consisiimnthe values used
by (Nanjundaswamy, 2@). Glucose, chosen as alternate substrate due to its low price and ease
of availability, was supplemerdeat Og/L, 5g/L or 10g/L. Tabl2.1shows a comparison
between the two stillage types, two carbon soytbestwo level of supplementatipand a
control sample Whole still age yiel dedcaotergni fi cantly
concentration tharhin stillage of the same type and level of carbon supplement&&s@nQb).
There was alsoapwardt r e n -¢arotene cgncentration when either glycerol or glucose was
increased in both stiliee types. Overalglucoseat 10 g/L additioryielded the lghest amount
o f -cafbtene in the whole stillage at 177.06 ug/mg. Thisbooation was used in experiments
that involvednitrogen supplementation.

Each main effect (carbon source, carbon level, and stiygoge had a significant effect
(P<0.05) onthed v e | sarabehe. [h addition, carbon source x carbon Ighedble 3.2)
carbon levek stillage type (Table 3.3andcarbon source stillage type (Table 3.4yere all
significant interactioa (P<0.05). There was not a significant three way inteiact

Urea and ammonium sulfate were chosen as nitrogen (N) sources. It is important to note
that the amountfanitrogen added to the mediemains constant between urea and ammonium
sulfate. By weight, urea contains 46% N and amonorsulfate contains 24 N. For example
at 5g/LN added, 10.87 g urea/L éslded or 23.8% of ammonium sulfate/L iadded. This non
protein nitrogen additiohelpsin reducing the lag time of the fermentation and to limat
amount of protein that thfeporobolomycesoseuswill consume in the slurry, since it is more
easily digestion by the yeast.

Table 3.5shows a comparison between the two stillage types, two nitrogen sources and

the two level of supplementation. Again whole stillage yielded significantly higher values in
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f 1 n-eatoterfe concentration than thin stillage of the same type and level of nitrogen
supplementationR<0.05). This is likely due to the higher levels of solubilized glucose present
in whole stillage versus the higher levels of fats present in tilagst Urea was shown to have
a negat i v-earoerieftonaertrationnat bpth the 5 g/L and 10g/L, while ammonium
sulfate had a positive effect on both the 5g/L and 10/L for both stillage types.

Each main effect (nitrogen level, nitrogen sourse] stillage type) had a significant
effectP<0. 05) o n Ldnotenel la additios, nitoogen Bvel x nitrogen source (Table
3.6), nitrogen source x stillage type (Table 3.7), and nitrogen level x stillage type (Table 3.8)
were all significantnteractionsi<0.05). There was not a significant three way interaction.

Overall, the whole stillage supplemented with 10g/L ammonium sulfate performed the

best wiatrhotae nfe concentcaraténe/gliomaess. 272. 57 pg B

Nutritional Profile

Table3.9shows the nutritional profile dDGS, dried whole stillage and fermented
whole stillage. There was a significant decrease in both crude protein and crude fat from dried
whole stillage to fermented whole stillagg#$.57% to 24.97% and 15.37% to 5.85%
respectively. This drastic of a drop in protein was unexpected due to the fact NPN was
supplemented, but it is likely the yeast consumegtbtein present in whole stillage first. The
same event took place for the fat contétvever, this is actuagllbeneficial in regards to
handling and transportation of the product. High amounts of fat can cause both rancidity and
bridging issues during storage and handling.

In addition to modifying the nutritional profile, the fermentation also had a qualitative
impact on the color appearance and the smelleofdbulting product. Figure 2shows a very

significant change in color from the golden yellow of whole stillage to the pinkish red of
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fermented whole stillage. The new guxt also had a very sweet edcompared to the

alcoholic smell of whole stillage @DGS.

Conclusions
| n concl ucaiotene concentratianlwasfound to be higat372.57+4.34 ug

B-carotene/g biomager the wtole stillage, at 10g/lglucoseaddition,andat 10 g/L nitrogen

addition through ammonium sulfat&lycerol addition yielded no significant increaPe@.05)

i n-cafbtene yield compared gtucose addition. Urea additisignificantly decreased

(P<0. 05) t fwaotehe conaehtratipeempared to both the contrand ammonium sulfate
addition The resulting fermented product can be effectively blended with regular feed to
generate a premium nutritionally enhanced feed product using either whole stillage as a dry feed

ingredient or thin stillage as a liquid feadditive.
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Figures and Tables
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Figure 3.1 b-Carotene Production in Whole Stillage, Thin Stillage and Synthetic Media
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Figure 3.2 Visual Comparison of Modified Whole Stillage and Regular Whole Stillage
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Table 3.1 b-Carotene ProductionWhen Glucose or Glycerol is Supplemented in Stillage

Added Glycerol

Media Added Glucose g/L. Total Volume g B Car
freeze dried stillage

0.00 0.00 88.41+1.08
0.00 5.00 92.67+0.65

Thin Stillage 0.00 7.70 94.90+0.7%1
5.00 0.00 123.09+1.1%
10.00 0.00 134.53+1.66
0.00 0.00 113.35+2.47
0.00 5.00 123.53+1.53

Whole Stillage 0.00 7.70 133.59+0.71
5.00 0.00 157.74+1.47
10.00 0.00 177.06+0.83

Values in this table represent the ave(ge)

Differing superscripts in a given column denotes a significant differdtc@5)
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Table 3.2 LS Means for Carbon Source x Carbon Level

Carbon Source Carbon Level LS Means Estimate SEM
Glucose High 155.8 0.7935
Glucose Low 140.42 0.7935
Glycerol High 114.25 0.7935
Glycerol Low 108.1 0.7935

Differing superscripts in a given column denotes a significant differd@@5)
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Table 3.3 LS Means for Carbon Levelx Stillage Type

CarbonLevel Stillage Type LS Means Estimate SEM
High Whole 155.33 1.1222
Low Whole 140.64 1.1222
High Thin 114.72 1.1222
Low Thin 107.88 1.1222

Differing superscripts in a given column denotes a significant differd@@5)
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Table 3.4 LS Means for Carbon Source xStillage Type

CarbonLevel Stillage Type LS Means Estimate SEM
Glucose Whole 167.4G 1.1222
Glucose Thin 128.8F 1.1222
Glycerol Whole 128.56 1.1222
Glycerol Thin 93.79 1.1222

Differing superscripts in a given column denotes a significant differéra@qb)
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Tab3s&6-Carotene Levels When Urea or Ammo|
Still age
. Ni trog Ni trogen

Medi a (Uree(Ammonium“g B Carotenel/ ¢
0.00 0.00 131.69+0.609
0.00 5.00 133.66+3.52

Thin St 0.00 10.00 ;Lgsimf 20
5.00 0.00 64.58+1. 93
10. 0 0.00 23.2511 46
0.00 0.00 166.9820. 94
0.00 5.00 211.57+0. 62

Whole S 0.00 10.00 272.5514.34
5.00 0.00 144.3%2+1.96
10. 0. 0.00 115.59+0. 75

Values in this table represent the average(N=2)

Differing superscripts in a given column denotes a significant differétx@Q5)
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Table 3.6 LS Means for Nitrogen Levelx Nitrogen Source

Nitrogen Level Nitrogen Source LS Means Estimate SEM
High Urea 69.4F 1.1222
Low Urea 104.4% 1.1222
High Ammonium Sulfate 202.0f 1.1222
Low Ammonium Sulfate 172.6¢ 1.1222

Differing superscripts in a given column denotes a significant differd@@5)
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Table 3.7 LS Means for Nitrogen Sourcex Stillage Type

Nitrogen Source Stillage Type LS Means Estimate SEM
Urea Thin 43.90 1.1222
Urea Whole 129.96 1.1222
Ammonium Sulfate Thin 132.55% 1.1222
Ammonium Sulfate Whole 242.07 1.1222

Differing superscripts in a gén column denotes a significant differenPe@.05)
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Table 3.8 LS Means for Nitrogen Levelx Stillage Type

Nitrogen Source Stillage Type LS Means Estimate SEM
High Thin 77.34 1.1222
Low Thin 99.12° 1.1222
High Whole 194.08 1.1222
Low Whole 177.98 1.1222

Differing superscripts in a given column denotes a significant differd@@5)
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Table 3.9 Comparison of Nutritional Composition Among Fesed Types

Feed Type
iti , Fermented
CN:gmg(c))rrElnts DDGS Whole Stillage Whole Stillage
Crude Protein, % 34.97 36.57 24.9F
Crude Fat, % 11.74 15.37 5.85
Crude Fiber, % 6.25 8.17 1457
Ash, % 5.42 2.91° 577
Lys, % 0.99 1.48 1.2%
Met, % 0.60° 0.77 0.44
Thr, % 1.258" 1.40 1.03
Trp, % 0.3G° 0.3 0.24

Values in this table represent the average (N=2)

Differing superscriptéin a given rondenotes a significant difference<0.05)
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Chapter4-Sc alUpe Fer meamnmdtRrooncessi ng

Introduction

The purpose of a fermentation gekis to provide a contained, sanitary environment
where the fermentationediacan be controlled homogenously. A high degree of flexibility,
safety, reliability, and compliance to regulatory factors are key factors for production equipment.
The most conmon style of fermentation vessel is the stistaak reactor, which will typidly
operate via internal mechanical agitation
Fermentation scale up is aimed at the manufacture of larger product quaatities,
required with consistent specific yieldnd poduct quality The performance of fermentation
vessels depends on several key aspddtseir design and operation, such @aator
configuration, reactor size, mode of operation, and processing conditions insideeafctioe
The final reactor desigwill be a reflection of all these process requirements (Doran, 1995).
Oxygen or air isupplied by a sparger, which is typically either a ring with a series of
holes or a single orifice located beneath the agitator. Perforated rings generally leadetio gr
gas dispersion, due to decreased bubble size, than a single orifice, but they also require greater
maintenance and cleaning due to an increased chance of plogdinding in highsolid
fermentation mediaActudly gas dispersion is thieinction d the agitator and not the sparger
itself. Gas inlets are generally located under the lowest impellor which will provide rapid gas
diffusion within a viscous liquid. This action will also lead to a longer residence time of the gas
in the liquid slurry, lefore it eventually rises to the headspace of the fermenter and is expelled or
captured'Van't Riet and Tramper, 1991)
The degree of gas dispersion and solid/liquid mixing is heavily influenced on impellor

design. The main types of agitatotsed in fermentation are disk, marin@addle and rushton
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turbine impellors. Marine and paddle impellors geeerally used in fermentatidinat are
sensitive to shearing forces generated by the centrifugal forces of mixing, while disk and rushton
turbine impellors fer a high degree of mixing for a comparatively lower energy requirement
(Schulerand Kargj 2002)

Figure 41 shows the layout of a rushton turbingellor. These impellonsormally
contain 48 blades designed to stifegmentatiorslurry in a radiatirection. They are the
predominate impellors used in berdp fermentersFor most microbial fermentations, impellor
diameter to operating tank diameter should be between 0.35 and.{déBsen et al., 1994)
The fermentation slurry will exert morertjue on the impellors when either the viscosity of the
liquid or the dimensions of the impellor paddles are increagéten either of these things occur
the shaft diameter will need to be increased, heavierlokdying will need to be installed and
thegearbox might need to be modified.

Sieblist (et al., 2011) presented a diagram whicstilates how fluid flow occurred
during mixing with ruton turbine impellors. FigureZ shows a baffled fermenter with three
rushton turbine impellors installed. Bat help to minimize fluid swirling and vortexing. Full
baffling of a vessel requirdsur baffles placed equidistally from one anoth@ivat each have a
width of at least 1/10 the total tank diameter. A lack of baffling decreases power output, mixing
guality and oxygen transfer. Because of this power drop, the slurry could experience ebbs and
flows in terms of its totaviscositydue tosolids settling and becomirsgispendedThis change
in resistance can cause instability in the slurry fluid praggeresulting in equipment damage
(Gill et al., 2008)

The choice of fermenter constructioraterials should be based on the sensitivity of the

organism, the coosiveness of the initial broth and the product characteretidghe total cost
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of the matamnl with respect to the expected lifetime of the vessel. In addition to these main
points the vessel will also need to be sterilized and cleaned in between runs. Decontamination
chemicals will generally contain corrosives and special considerationesl to be given in

that regard. Lab scale equipment is normally constructed from glass and sometimes different
plastic polymers. The benefit of plastics is the decreased initial cost, but the lifecycle of the
equipment will be deetased due to repeatddrdization (Shulerand Kargj 2002)

Pilot scale equipment will almost never be constructed from glass due to overall
construction costs andurability concerns. Similarlplastics cannot be used due to vessel
rigidity and sterilizing issues. Theog€, metals the primary construction materiagded in large
scale fermenter constructio wide variety of microbial cells are sensitive to ferrous materials
and there is also a concern over rust contamination of the broth and breakdown of materials fr
cleaning and us@.yderson et al., 1994)As a consequencstainless steel and aluminum as
potential building materials.

Aluminum offers the advantage of being very lightweight and resistant to chemical
breakdown, but it still experiences oxidatimmd it greatly increases the cost of the equipment.

A variety of stainless steel types are available for construciibe.two most common types
stainless steel used are 304 and 316 stainless steel. 304 stainlesth&teabst common grade
and isthe classic 18/8 (18% chromium, 8% nickel) stainless st@etside of the US it is
commonly known as "A2 stainless steel”, in accordance with ISO. 3506 stainless steel iset
secom most common grade (after 304) and is Usefood andthe medicalndustry. Alloy
addition of molybdenum prevents specific forms of corrosibis also known as marine grade
stainless steel due to its increased resistance to chloride corrosion compared to (iestBey

et al., 2007).
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Construction material and exall vessel design also need to take into account how the
vessel will be sterilized and cleaneRilot scale equipment is large enough that it is typically
cleanin-place equipment and will require chemical sterilization and scrubbing instead of
autoclawe sterilization, which is how laboratory scale equipment is normally sterilized.
Constructing a vessel with a removable top pdate removable attachments vgheatly
increase the efficiencgnd easef cleaning. Interior and exterior surfaces sho@dmooth and
free of pitting or crevices to avoid material builoapd contamination issue3o accomplish
this, vessels should have joints which are welded instead of bolted and sealed. Thetldeain of
vessel is also a region wheraterial could buildip. The lower portions of the fermenter should
be angled so product will flow freely once tleementation is completg@chmidt, 2005)

Most liquid fermentations are carried out using pure culturesiaddraseptic
processing conditions. Keeping thiereactor free of unwanted organisms is a key component
for product purity and process efficiency. Industrial fermenters are designed to be sterilized with
steam under pressure. The vessel should have a minimum number of ports, crevices,
connections andttachments to ensure proper sterilization can take place. The flow in and out of
a fermenter should be controlled with the use of pumps or valves, which will also need to be
capable of enduring sterilization between runs (Cameron, 1987).

The overallvessel dimensions are very important fra@moth a fluid dynamics and opnal
microbial growth condition point of viewFigure 43 illustrates thearious dimensions which
need to be taken into account for designing a vessel. Fermenters should maintdihta heig
diameter ratio of 3 to 1. During scale up if this ratio remains constant, then the surface to
volume ratio will decrease. This change will decrease the contribution of surface aeration and

will need to be accountedif by additional gasparging.
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It is most important to recognize that the conditions present in a scaled up reactor can
never be eactly duplicated from thaif abench top reactor, even if the geometrical similarities
are maintained. For exampiecreasing the dimensions of a vedsgh factor of 5 will increase
the volume by 125 fold, if the 3 to 1 height/diameter ratio is maintgidechn, 1995) This
change in volume will affect variables suchoaggen transfer rafeshear at impellor tip, and
constant power unitThese chargg can alter the metabolic response and growth curve of the
microbes. In some cases robust cultures can be resistant to these cGamgesn scale up
rules are the maintenance of constant power to volume ratios, constant tipaspaestant
oxygen trasfer rateand the maintenance of a constant substrate and product level. It has been
shown that mixing time can be correlated to reactor volume according to niiff@réables such
as mixing time, impellor placement, and impellor tyauler, 2002).

By determining the relationship between certain variables the fermentation conditions can
be scaled to within an accepta degree of operationThe exact placement of impellors and
variables such as tip speed will need to be altered based on thecspediia and size of the

vessel.

Materials and Methods
General
Lyophilized cultures oSporobolomyceRoseugATCC 2838B8) were obtained fra
American Type Culture Collection (ATCC, Manassas, VA), revived on yealkagar (YMA)
and incubated at 18°C for 10 Cultures werehen inoculated into yeast maitoth (YMB) and
incubated at 18°C on an orbitdlaker at 180 rpm for 72 h. A 10% volume/volume inoculation

was used for all fermentations.
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Fermenter Construction

It was necessary to construct a vessphabée of producing a large quantity of modified
DDGS for subsequent physical properties analysis and for the complete feed productign runs.
45 L fermentation vessel for this studgpsdesigned in our laboratory asdnstructed by
Advanced Manufacturintnstitute AMI, Kansas State Universitjylanhattan, KS) The vessel
was manufactured with 316 stainless steel, to ensure longevity of the reactor and a decreased
chance of any chemicals reacting with the material.

One of the most commonly used criteria@obic fermentations is constant &

(volumetric oxygen transfer coefficientl.he supply of oxygen to the growing cells is usually

the limiting operabn in industrial bioprocessed his is the case when the oxygen demand is

high (fast growing microganisms ahigh cell concentrations)The rationale of constait, ais

to ensure a certain mass transfer capability that can cope with the oxygen demand of the culture.
HoweverJu and Chase (1992) showed tha ot the transfer capabiliti, @), but he oxygen

transfer rate (OTR), which is the productafaand the mass transfer potential (C*)Che

eguations to establish a constant OTR while scaling up were presented by Diaz and Acevedo
(1999).

Variables listed in the following calculations ardalfows:
1= Benchtop, Pilot
a,b= Exponents
C,,C,=Constants
C*= Equilibrium dissolved oxygen concentration (kgym
C.= Dissolved oxygen concentration (kgjm
D=Impellor diameter

F= Volumetric air flow (n¥/s)
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H= Henry‘s | aUkgconstant (Pa*m
K1-Ke= Constants
KLa= Volumetric oxygen transfer coefficient
N= Agitation speed
OTR= Oxygen transfer rate
P= Ungassed agitation power (W)
P;= Gassed agitation power (W)
P= Oxygen partial pressure (Pa)
V= Fermentation Liquid Volume (L)
V& Gas velocity (m/s)
Diaz ard Acevedo (1999) presented scale up based on previous work (Ju and Chase,
1992; Eisele, 1976; Michel and Miller, 196Based on the work afu and Chase (1992he
following scaleup strategy will be considered:

i. Geometric similarity:
oO7T0 win T . )t

ii. Constant impeller tip speed:
R — QY (I @t

iii. Agitation power per unit volume as a function of wwie (Einsele1976) ......

x
x

wlfon B8 )t

iv. Constant Oxygen Transfer Rate (OTRpnsidering that the OTR equalakC*)C.), and

C*=p/H, an equation of the form:
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\

LW U — UL .. @1t
the following equation results feonstant oxygen transfer rate:
— 0 — & — 0 — 6 t:

It has been observed that the yield or the productivity of many fermentation processes is
dependent on theslolved oxygen concentration, so an optimgpoase will be obtained at a
defined constant value of CSo if the optimal value of C as determined in the pilot

equi pment, iIs to be used in the industrial bi

T

- QOTAO ... Gt

Equation (5) tells us that in order to have constant OTR, the mass ticoeffaientmust be
different at each scale.

TheMichel and Miller equatin (1962)is consideredn our work, which is given as

Ca
o.

8 & 6)t
in which, under turbulent flow, P:is

0 00O O.. @t
Combining equationgs) ard (7), and using the relation \ks; D :

— 6080 8 08 @)t
Replacingequationg1), (3) and (8) in Eq. (5)-.

— 0 8 ofo 8 8 @t
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If the condition of constariip speed is includenh (Eq. (2)), then:..

_____  _ s 8 (10)

Equations (9) and (10) show that in order to obtain the same OTR in both sizes, the oxygen
partial pressures must be adjusteac8iit is simpler and less expensive to manipulate the total
pressure or the gas composition of the géomentey it will be assumed that pvill be varied
and p kept constant.

The modified DDGS fermentation procesgas scaled from 5 [0.005 nf) to 50 L (0.05

m?). This translates to a V2/V1 ratio of 10. From Equations (1) to (3): D22D1154;

N2/N1=0.4641 =0.4266.

¥

Fukuda et al. (1968) psented the following equatiomalid for Newtonian brothsand
sizes up to 40 fh

Vo v — 8088 . 11t
Using equations (6) and (7), egoat(11) is rearranged as

Vo v — 8y (12)t

The exponents of equati¢h2) and the value of V1/V2 allow the evaluatwfrthe right hand

sideof equation(10): ...
- 8
p T T8 X

If the assumption of Ju and Chase (1992) is mageQ)Cthen:

p./p1 =0.97
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So if the benctiop fermenteis run at atmospheric pressife013 x10° Pa) with regular
air, the pilot unit shold be operated with air at 1.03 atm total presdeigure 4.4shows that for
Newtonian broths the scaig ratio (V2/V1) has little effect oR1 when CL=0. The effect of
the scaleup ratio at different dissolved oxygen concentration®brs shown in Figure 4.5The
effect is only moderate and it can be @lved that it decreases with increasing oxygen
concentrations.

Figure 4.6shows an insideiew of thefermenterthat was constructedThe cylindrical
fermenter design measured 66 cr3®5S cm (height x diameter), internally. It was fitted with a
bearingguided, central shaft (1.25 cm diameter) that was equipped with two rushton turbine
impellors (4.5 cmx 3.4 cmx 11.5 cm, Lengthx Heightx Diameter). A removable baffle, which
featured 4 connecting bars measuring 38c3cm (heightx width) was usedatincrease
mixing efficiency.

The removable head platasfitted with a large rubber @ing to ensure an airtight seal
and features 6 ports that allow for the addition of an air sparger, a pH probe, a sampling port, a
dissolved oxygen probe, an inoculimection port and a temperature probe. The air sparger is
mounted on a support brackethich places the sparger head directly beneath the lowest impeller
in order to ensure the air being injected is properly dispersed.

Figure 4.8shows thefermentersystemwith the motor and the motor controller installed.
The fermenter was powered byog tmounted, slip drive, 120 V,HP electric motor. RPM was

controlled via variable spdedrive and held at a const&8%0 RPM throughout the trial.

45 L FermentationExperiments Processing and Drying

Whole stillage media: 40 of the fermentation medium contained 25% (v/v) whole

stillage,10 g/L glucose, 10g/L nitrogen (ammonium sulfate), 0.1% KH2PO4, 0.05% MgSO04,
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0.05% MnSO4 and 0.05% ZnS0O4. pH was again adjustédt Due to sterilization concerns,
the remaining volume was filled with steam water instead of room temperature water. The slurry
was allowed to reach room temperature and h2s ppm Virginiamycin was added. After 1
hour, inoculum (10% v/v) was pyped through sterilized tubing via peristaltic pump. Sterile air
was injected at 1.5 VVM during the entire course of the fermentation.

Theslurry was harvested after 122hfermentation and transferred into 5 gallon
buckets. The slurry was split ifB®0 mL containers and immediately centrifuged using a
Sorvall RC4 floor model centrifuge (Thermo Fisher Scientifialtham, MA at 1800 RPM for
10 minutes. Product was collected and frozen until the entire slurry was centrifuged.

Once the entire runas centrifuged, product was thawed and oven dried-igher

Isotemp 500 Oven (Thermo Fisher Scientiéaltham, MA). A trial drying run was conducted
with the first fermentation run to establish a baseline drying time and temperature. Product was
died at 140° C and moi sture content was checkeo
meter until a moisture content of 14%.b.) was reached. A drying time of 6.5 hours was
determined to be sufficient at lowering the moisture content to(42bg. All subsequent runs
were dried for 6.5 hours and then moisture content was checked totkatitywas within
0.25% of the initial run. After atheruns were completk product was homogenized and
combined into one uniform lof3-carotene levels wedetermined by HPLC using the same

method as outlined in Chapter 3.

Results and Discussion

A total of 14 fermentation runs were completed in order to generate enough product for
the physical properties analysis and the subsequent feed manufacturingceAffiténgation and

drying, modified DDGS from all runs were combined into a conglomerate to eliminate any
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variability between runs that might have occuraed to generate enough product for the
subsequent experimentSamples were taken from that lodan t e s t-cardtené levels ifs
order for the final feed inclusion levels to be calculatgdarotene levels were determined after
all runs were completed and samples were taken from the a composite sample of all runs.
Av e r acgreten@were found toe 286.688 . 6 fcag ot ene/whg cftfheemas sl i g
hi gher than the value obtain2d2f 540 fidogtal @t emaek e
g feed.

While the scope of this project only focuses on the scale up from{@mngnoduction to
pilot production, in order for a modified DDGS product to become a feasible option for the feed
industry, the production process will need to be streamlined into the existing production process
for distil | er s aincgncarns related to séhllity age newf/upgradeel m
equipment for processing, contamination of pure DDGS stream, product quality and screening,
profit margin considerations and market research to identify the main outlets for sale.

The largest barrier to the production of modifieD®S is the need to modify existing
ethanol plants with additional equipment so both regular and modified DDGS can be produced in
order to satisfy the market demandsschematiof the potential equipment that will need to be
installed alongside an exisg DDGS operatiors shown in kure 4.9 whichshows the addition
of a seed tank for inoculum generation, additional fermentation vessels, and a second centrifuge
and drum dryer so both product streams can be manufactured at the same time. This process
could be simplified by using the same centrifuge/drying systetthbaexisting process utilizes;
however, it is unlikely feasibldue to thgroduction schedule of commercial manufacturing

plants
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The maindrawback thaplants will haves related tdinding available space to install
this new equipment in their plants. Floor plans and flow sheets will need to be examined in each
ethanol plant this process will be integrated into to determine if there is adequate room to install
the machinery without hdering the existing process. There will also be afrat cost of
equipment purchase and installation that will need to be considered.

Load-out equipment will also play a factor in the scale up. Plants will need to consider
their sales outlet for mafted DDGS and determine if the bulad-out will be sufficient or if
various forms of bags should be utilized (i.e. 50 pound sacks, 1 tonsagberect.). If a bulk
load-out system cannot be utilized, additional consideration needs to be madericreéhase in
marthours in order to package and ship the product.

As previously stated, the process could be simplified by using the same centrifuge and
dryer as the existing stream, but this increases the chances for product contamfgation.
carotenes arksted as generally regarded as safe (GRAS), but still require appropriate labeling
(CFR 21, 2012). If a plant has a HAACP plan on file, the centrifuge and dryer system would be
changed to critical control points with additional cleanout requirementa esglirement for the
testing off3-carotenes after a run change.

While this could mitigate the cost of the initial investmdmwever, more work aniime
are requirecnd might not be the best option if the plant has space available for the additional
equipment. However, the bulkad ait system will most likely be used for both modified and
unmodified DDGS.

Most plants will have loagut systems designed uniquely for their operation, but it is

safe to assume that most will have a series of bins with some form of conveying equipment
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which use a central load out system with a specific number of downspouts depending on the
truck capacity. This is another point for potential cross contamination.

If adequate bin space is available and the bin design allows for it, modified DDGS should
be stoed only in specified bins to avoid mixing the two product streams. There will still need to
be a cleanout protocol to flush any part of the foatisystem that will be handling both product
streams. This —f 1l ushedl pr odwddieaadferng:htdtionne r ec
to avoid waste.

If plants have a HAACP plan on file they will need to include red¢@ebing protocols at
all critical control points. This would not only ensure that cross contamination is not occurring
but also provida screening measure for quality control &md e r i-cargtengdlevels for
labeling requirements.

UV-spectroscopy is a quick and e-aasoienesndtt hod f
is not as accurate as an HPLC analysis, but it will produce-adsthighfrequency method of
verification that can be kept on file for all identified critical control points. This will ensure that
if there is a deviation in product consistency it wélidentified quickly to minimize product
loss

Lastly, plants wil need to consider conducting market research to identify potential
outlets for their product and the desired profit margin. These variables are dependent on each
other and are restricted by shipping available based on the plants geographic locéatien and
proximity of the plant to commercial farms.

Profit marginwill be closely linked to the amount of retrofitting required to produce
modified DDGS and the desired method of shipping. There are typically more costs associated

with sack loaebut than bik-load out due to the extra equipment required, price of bags,
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additional labor and possibly modifying receiving bays to deal with additional truck traffic. Bulk
load-out is capable of shipping larger quantities of product because it is not restrictadldy

by the marhours per ton and will produce an increased profit margin. This is completely
dependent othe buyersand therelativeshipping distance.

Commercial feed mill operations will generally have access to bulk receiysienss
and will hae a series dbins dedicated to specific products. This should be the main target for
potential consumers of modified DDGS as the shipping costs will be lower and the potential for
demand would be much greater than if this product were used as a fektinanp@nd sold in
sacks.

While commercial feed mills will provide more quantity demand for the product, there
could be a chance for a higher price point if the modified DDGS were marketed as a premium
feed supplement to be fed alongside a complete dended in. This would be a product
marketed more towards hobby farmers and small operations possibly targeting the organic food
market. If this were the case, consumers might be willing to pay a higher price and it would
greatly improve the profit mangs. This would require a very aggressive marketing strategy
however to distribute information to organic producers and has the risk of being a niche market

that could collapse easily.

Conclusions

A scaleup strategy consistd identifyingkey stresgactors angbarametershat
influenceproduct yield and quality These factors are balanced to ensy@opriate process
controlfor optimum mixing and reaction conditian€ommon scale up rules are the need for a
constant oxygen/mass transfer coeffitj@onstant impellor tip speed, combination of

fermentation time and the Reynolds numbet araintaining the producurve.
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The final fermentea factor of the laboratory design and the procegsirements needed
atthepilot scale. It should be notédat the fermenter is part of a process and not a perfectly
contained systemThe fermenter designed was successful in generating enough product for a
pilot scale feed production trial and to complete physical properties analysis for the modified

DDGS.
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Figures and Tables

Figure 4.1 Rushton Turbine
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Figure 4.2 Rushton Turbine Fluid Flow (Source: Sieblist et al., 2011)



Figure 4.3 Fermenter Vessel DesigiiSouce: Shuler, 2002)
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Figure 4.4 Effect of scaleup ratio (V2/V1) on the pilot bioreactor oxygen partial pressure

in order to maintain constant OTR in Newtonian and norNewtonian fermentations for the
case when CL=0 (SourceDiaz and Acevedo, 1999)
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Figure 4.5 Effect of the scaleup ratio at dissolved oxygen concentrations of 0.0, 0.0014,
0.0(8 and 0.0056 kg/ron the pilot bioreactor oxygen partial pressure in order to
maintain constant OTR in Newtonian fermentations(Source Diaz and Acevedo, 1999)
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Figure 4.6 45 L Fermenter Mock-Up
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Figure 4.7 45 L Fermenter Top Plate
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Figure 4.8 45 L Fermenter
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Figure 4.9 Integration of Modified DDGS Production Line
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Chapter5-Physamcal ProwdAnal ysi s

Introduction

The fermentation dDDGS by SporobolomyceRoseushas been shown to modify the
physical, chemical and the processing qualities ofittighed product (Nanjundaswamy, 2010).
This data is only available f@amples fronbenchtop scale experiments, but some of the
general characteristics of the finished product can give some insight to the handling and storage
of modifiedDDGSin a comnercial setting.

Quantifying the physicgbroperties is importaritecausef their large influence on the
storage and flow behavior BIDGS, in addition to variougnvironmental conditionsSome of
the properties thafffect flowability are particle sizgarticle interaction, temperaturnd
vibrations The flowabilityof DDGS under various pressures and conditiomap®rtant in
handling operations such as storage in silos or hoppers, and transportation through railcars and
trucks. It is necessary tdetermine and quantify thifferences between commerciatyailable
DDGS, dried whole stillage and fermented dried whole stillage

Flow can be describetk the relative movement of a bulk of particles among neighboring
particlesor albng a wall surfaceHarnby, 1987) Flow characteristics are important in bulk
material handlingrad processing because of their impactonveying, blendig, and
packaging Reliable flow is necessary tweate a consistent product that can be used in a variety
of manufactang processes in feed mills

The bulk density of dried spent yeast is between 180 g/L and 210 g/L compared to a bulk
density of 480 g/L foDDGS(TAPCA Inc., 2012). While it is difficult to estimate the total

amount of yeast cells present in the madifbDGSbased on the results of bertp trials,
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there is a very real possibility that the bulk density of the modDi&S will be lowered due to
the presence of the dried yeast cells.

Bulk density has been shown to have a significant effect onawalfility of a granular
product As a general rule, products with a low bulk density will exhibit more flow problems,
such as clumping or bridging, that products with a higher bulk de(iynby, 1987).It should
be noted that other factors such asgerature, relative humidly and product composition also
play crucial roles in @rticulate materiaflow.

Particle size and shape of DDGS was stubigtleleji et al. (2008).In their study, only
a sample of DDGS from an old generation ethanol plant sed. Particle size distribiion of
the DDGS sample wasategorized according to U.S. sieves ®2 (Group 1) 16— 30 (Group 2)
and 40-140(Group 3) Their results showed that DDGS particles shape and sizes were related
to particle structural componen(fiber,germ and or agglomerates). Thayggest that spherical
particles of DDGS are the agglomeration of individual heterogeneous patrticles of corn kernel
components (germ, fiber, tip cap and other solids) that are shaped into spherical balls and
cemered firmly together with the aid of the condensed solubtesdaying

One of the most drastic changes that occurs in the mo@ifi&alSis a decrease in oll
content after fermentatiorDDGS contains widely variable l&ls of fat (between 3 and 13%
basedn the method of concentration for solids or thdropt fractionation of cornGanesn et
al. (2007) showed that removing oil frodDGSdid improve flowability slightly. Differences
were observed for compression behavior and other indicators of flaywahbith as

compressibility, angle of repose and disllity.
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The goals of this studyereto measurand comparéhephysical and flow ariables
relating to bulk bin storage améndlingbetween commerci®dDGS, dried whole stillage and

fermented driedvhole stillage.

Materials and Methods

Physical Properties

Samples
UnmodifiedDDGS, Dried Whole Stillage and ModifiedDGSwere used in tis study

The unmodifiedDGSwere obtained from MGIhgredients (Atchison, Kansaahd they came
from the same pradttionstreamthat the whole stillage, both dried and fermented, were obtained
from. After fermentatiorand drying to <12% (vip.), the product was placed in a cold storage
room (<0°C) wunt i TheunmodgieddDG$wvaele usedais esthbksgbaseline
since the drying process used in the laboratory setting was significantly different than what is

typically used in industry.

Particle Size

The particle size and size distribution of DDGS, dried whole stillage and fermented
whole stillage wereralyzed to determine the geometric mean patrticle size (dgw) and geometric

standard deviation (sgw) as described in ASAE S319.4 (ASAE, 2009)

€x n ( —}g
8 ai:l i H (1)
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1 _ ) '
Sgw: Edgw[ log lSog B (Iog 1309) 1]

3)
where
o = geometric mean diameter or median size of particles by mass (mm)
Sog

= geometric standard deviation of fagrmal distribution by mass in tdrased

logarithm (dimensionless)

Sav = geometric stashard deviation of particle diameter by mass (mm)
W' =mass on" sieve (g)

n = number of sieves plus one pan

d_i - (di 3 di+1)1/2

d = nominal sieve aperture size of iffesieve (mm)

da = nominal sieve aperture size of iffe-1 sieve (mm).

A ro-tap sieve shaker (Tyler Rbap Model B, Mentor, OH) with thirteen screens and
sieving aids were used. The test was rundominutes, and a silica flow aigtHuber, Atlana,
Georgia)was used as a dispersion agent. The flow aid was added at a level of 0.5%, or 0.5 grams
added to the 100 gram sample. The silica was added to the sample prior to analysis and then
shaken to fully mix the dispersion agent with the sampleerAlfte test was completdtie mass
on each screen was recorded to obtain both the average parti¢tgsixand standard

deviation(sgw).

Bulk Density
The bulk density was measured by using a Winchespe{Seedburo equipment

Company, Chicago, IL, US). A standardized pint cup was set under a closed futheel,
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samplesvere poured through and once the cup was full the entire funnel was released into the
cup. Excess sample was scrapetiuging a wooden scrappand the cup was weighed using a
balance(sensitivity: 0.001g; Mettler30 Toledo, HeightstowrNlJ, USA). The bulk densityas

then calculated from the weight and volume of the samples.

Tapped Density
Tapped densityas measured using an atép instrument (AT 4-110-60,

Quantachrome Instrumen FL, USA) according to ASTM Standard B5@{ASTM, 1985).
The samples were filled in a volumetric cylinder (250 aml§l the cylinder was tappe8@times.
After tapping, the change in volume of sample was measured and the teppigvehs then

calcubted from the volume of sample after tapping and the weight.

True Density

True density of the samples was measured using a gas pycnometer (AccuPyc Il 1340,
Micromeritics, Norcross, GA, USA)Helium gas was used to fill the chamber containing
samples to dermine the particle volume and the true density was calculated from the weight

and the solid particle volume.

Flow Indicators

Compressibility Index and Hausner Ratio
Compressibility Index (Cl) and Hausner Ratio (HR) indicate the cohesiveness and

compactio mechanism that occurs during handling of particulate materials due to vibration or
tapping. Cl and HR were calculated from the bulk and tapped density using the following

equations (Kingsly et al., 2010):

Compressibtylndeﬁlocgr-r _ rBS
6 7T
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where pB is the bulk density (kg/ m3 ) and

Angle of Repose

A fixed diameter (0.09 m) plate was set under a funnel which was held at a height (0.1 m)
above the plate and the samples were poured to maintain a natural tloevpate. After
pouring the samples, the height of the cone was measured aeduhimg angle of repose was

measured.

Basic Flow Energy
The FT4 Powder Rheometer (FT4, Freeman Technologies, Gloucestershire, UK) was

used to evaluate the flow propertiagerms of aergy required to makidfow occur. The FT4
powder rheometer system consists of a vertical glass sample container (120 mm height; 50 mm
internal diameter) and a rotating blade (48 mm diameter; 10 mm height), which navigates
through the samplepuand downand either in clockwise or countdckwise direction.The
FT4 standard dynamic test cycle includes preconditioning, conditioning cycle, and test cycle.
Preconditioning cycle mixes the sample to makeptnéicle dispersion uniforrbefore enggy
measurement.

The energy required to establish a specific flovigratfor a precise volume afaterials
is called the basic flowability energy. Sl evaluates the effect of flow on the bulk physical
changes on powders and soli®&FE isused to evalua the flow properties of the granular
material under free surface conditiorihe flow erergy is calculated from the countkrckwise
motion of blade (23.5 mmiameter) as it movdtrough the vessel top to the bottom. The

instrument conducts eleven tegtles to calculate BFEThe first seven test cycles were
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performed at a blade tip speed of 100 mm/s to examine the @ffeagregation on the bulk
particlesduring flow. For subsequent tests (test 8 to 11), the blade tip speed was gradually
reduced fom 100 mm/s to 70, 40 and 10 mm/s to evaluate the sensitivity of the particles to
different flow rates.From the 11 test cycle results, the flow parameters were calculated (Leturia

et al., 2014).

Aeration

Bulk DDGS:is very porous and has intergranulaasgs filled with air.The
presence/absence of air or the porosity affects the bulk flow propdfbeseration
measurement, the samples were placed in a 160 ml vessel (50 mm inner diameter) glass vessel
with a porous base that was connected to aroair33 controller. The flow of samples was
simulated by moving the blade in an axial helichpthrough the test sample wittlade tip
speed of 100 mm/dn thesecond test cycle, the blan®ved along a downward helical path, (
10° at the sample ki tip speed) but in the opposite direction, to impose compaction, thereby
forcing the sample to flow around the blad&ogressively, from test 1 to 6, the air flow rate was
increased from O mm/s to 10 mm/s at 2 mm/s increment. At each conditionwren#ogywas

recorded by the instrumetite aeration ratio was calculated.

Compressibility

The compressibility reflects the particle density @eduring compaction, which ke
decrease in volume of the packed bed of particles under noresd §tiurkiand Fatah, 2008
Samples were placed in a 50 ml cylindrical vessel and using a vented piston normal stress from
0.5to 15kPa (0.5, 1, 2, 4, 6, 8, 10, 12, and 15 kPa) was applied to consolidate the samples. Each
normal stress was maintained for abous2Zbhe force applied on the sample and the

compressibility as a percentage change in volume was recorded.
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Permeability

Permeability is part of the proportionality constant in Darcy's law which relates discharge
(flow rate) and fluid physical properties@eviscosity), to a pressure gradient applied to the
porous mediaThe FT4 measures the pressure drop across the powder bedhehapplied
normal pressure igaried and the air velocity through the aeration base was maintained constant
at 2 mm/s (Letua et al., 2014).The sample was compressed using a piston with stainless steel
mesh end that allowed air to pass through during compression. The air flow velocity was kept

constant at 2 mm/s and the resistance to air flow was measured as air pregsure dr

Shear Stressnd Wall Friction

The relationship between normal stress and shear stress are plotted to obtain experimental
yield locus that represents the failure during shearingeobtilk solids.In free flowing
powders, the yield locus follows aaght line that passes through the origin (Peleg, 1978) and
its slope defines the angle of internal frictid-or cohesive powders, however, the experimental
yield locus is generally nelinear at different consolidation stresses (Thomson, 1997; desong
al., 1999). The shear test determines the flow function (FF), the effective angltofal
friction, and the angle of wall frictionp(w )Flow functionrepresents the strength of the

consolidated sampleahmust be surpassed to befjow.

Statistical Analysis

Thephysical andlow property measurements were performed in triplicates. Statistical
analysis was conducted using SAS (SASitute Inc., Cary, NC, USA)Comparisons were
made using TukeKramertestatP < 0 .IndliBidual responsdsased on the specific tegere

initially analyzed to determine if significant differences existed between treatments.
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Results and Discussion
Physical properties

Particle Size

The average particle size of DDGS, whole stillage and fermented vitialgesare
presented in Table.®. All particle sizes were significantly different from one anotRe0(05)
with the DDGS having the largest paltisize and the fermented whole stillage having the
smallest particle size. This supports the hypothesis that the fermentation of whole stillage
reduces the patrticle size by the addition of yeast cells, which are very small in particle size.

Particle sizes one of the processing factors linked to pellet durability. It is typical for a
single cereal grain, usually corn, to make up a majority portion of dquebgvine diet
(Fahrenholz, 2012 The corn is ground prior to diet mixing and is generallyqueréd via
hammermill. Whole corn is also ground before ethanol fermentation for enzymatic breakdown
of starch and subsequent fermentation. The resulting DDGS will have a decreased patrticle size
as a result of this processhis eliminates the need toiigld DDGS before diet inclusion but
exposes feed production plants to product variability based on the processing parameters of the
ethanol plants.

The small particle size and wider distribution of the whole stillage and fermented whole
stillage caused agnificantly higher angle of repose. This is an indicator of poor flow and a

decrease in overall bin capacity.

Angle of Repose
Carr (1965) suggested that angle of repose below 30° indicate good flowabilkg530°

some cohesiveness, 455° true cohesiverss, and >55° veryigh cohesiveness with very
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limited flowability. Both whole stillage and fermented whole stillage would be classified as very

cohesive materials while DDGS would be classified as somewhat cohesive.

Densities

Both the bulk density antdpped density of the whole stillage and fermented whole
stillage were significantly less than that of the DD®&S(05). This decrease in bulk density
between DDGS and whole stillage could be attributed to the differing particle sizes and
nutritional conposition between the three ingredients.

During handling or transportation, the particle arrangement of bulk solids shifts
significantly due to vibration and tends to rearrange itself based on particle size distribution.
When there is reduced friction bewvethe particles, the particles rearrange and thus tapping
results in tighter packing conditions. This is generally regarded as a negative effect when
dealing with ground feed ingredients since it results in bridging and product flow issues. The
tapped énsity for fermented whole stillage was significantly differét(.05) than both
commercial DDGS and whole stillage. This could indicate that the presence of yeast cells are
increasing the amount of potential compaction occurring and could have &aigrihpact on
the resulting grain characteristics.

There were no observed differences in true deliB#).10)and this was expected since
true density does not account for the void space between particles and the true density of the

individual ground picles is relatively similar.

Porosity

Porosity is the fraction of a porous medium that is void space (John, 20&Q)ofidsity
of whole stillage and fermented whole stillage were significantly greater than that of DDGS

(Table 5.2. Again this is moslikely due to the particle size distribution and drying processes
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Flow indicators

Compressibility Indexand Hausner Ratio

Because the interactisrbetween individual particles influence the bulking properties of
a solid and are also shown to interfere with granular material flow, a comparison of the bulk and
tapped densities gives a measure of flow characteristics. Hausner Ratio and Compyressibilit
Index for the samples are shown in Table 5.2. Table 5.1 shows the classification of powders
based on Hausner Ratio and Compressibility Index (Eben, 2008). All three products showed a
Hausner Ratio of above 1.6, which would be classified as havindlpwotharacteristics. This
is most likely do to the wide particle size distribution. The Compressibility Index for DDGS was
19.1, which correlates to passable on the index. Whole stillage and fermented whole still were
43.36 and 43.92, respectively, whicorrelates to poor flow. This could be due to a combination
of factors such as differences in the drying processes and differences in particle size distribution

and overall size.

Dynamic flow properties

Flow Properties

Table 5.4 shows the comparisarisrarious flow properties between feed types. Basic
flow energy corresponds to the stabilized flow energy that represents the energy needed to begin
moving bulk particulate ingredients. The basic flow energy for DDGS was significantly higher
than both vinole stillage and fermented whole stillag0.05). With a higher particle size and
low compressibility, DDGS has greater forces between particles that requires a greater amount of

energy to begin product movement.
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Air flow and its effect on flow propées is an important factor to consider when moving
and processing bulk solids. Aeration ratios which are close to 1 indicate that a material is not
sensitive to flow and also that they do not segregate during flow. DDGS was the only product to
have an aration ratio between these values at .98 with whole stillage being 1.15 and fermented
whole stillage at 1.31. There was a significant difference between aeration ratios of DDGS and
fermented whole stillagd>0.05) indicating the possibility of segregatiof product during
transportation. In addition, unloading of whole stillage and fermented whole stillage would be
difficult due to their low aeration ratio.

Compressibility is an important factor and can indicate flow problems that might
potentially occuduring bulk bin storage and unloading from overhead bins. Fermented whole
stillage had the highest compressibility at 14.5%. This is most likely due to the wide patrticle
size distribution and the tendency of small particles to fill voids betweenrger |zarticles and
pack tighter. This can lead to product bridging inside storage bins or in piles stored in concrete
pads.

Permeability is a measurement of the relative ease with which a fluid can pass through a
bulk granular material. Packing and qanession during storage results in a change in the
density of the grain mass, which in turn results in a change in porosity. Air permeability
through the bulk solids is important for flow through hoppers and during unloading from any
storage structureddigher pressure loss (low permeability) would indicate flow challenges due
to denser packing of particledJnder pressurized conditions, due to particle compaction and
reduction in the void spaces between particles, the DDGS demonstrated the loweabjhiéym

among ingredients.
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Wall friction values provide important information on how bulk solids will flow against
the sidewall of a bin or storage container. Increased resistance between the ingredient and the
sidewall can lead to segregation andgtdar flow patterns. Table 5.4 shows that wall friction
was highest for DDGS and lowest for whole stillage. There was a significant difference between
each ingredientR<0.05). The wall friction for fermented whole stillage was greater than whole

stillage which indicates greater adhesion between the particle and the wall material.

Shear Properties

As previously stated granular solids are subjected to consolidation stresses during
storage, which results in changes in density and increased forces betevewtividual
particles. Shear properties measure the flowability of powder under stress. At normal stress,
higher shear stress corresponds to higher angle of internal friction and wall friction angle.
Figure 51 shows that byitting Mohr stress coles to the yield locus identifies the Major
Principle Stress (Sigma 1) and Unconfined Yield Strength (Sigma c), and the ratio of the former
to the latter quantifies the Flow Function, AHow Function is a parameter commonly used to
rank flowability, wih values below 4 denoting poor flow and above 10, good fBased on the
FF classification by Jenike (1964), DDGS would be classified as intermediate flow quality while
dried whole stillage and fermented dried whole stillage would be classified asldg@oligher
the flow function value, the easier the bulk solid can flow from bins and silos.
Table 5.5 shows that DDGS demonstrated lower unconfined yield strength and flow
function than both whole stillage and fermented whole stillage. It also shogrsfecant
decrease in flow function and angle of internal friction due to the fermentation of whole stillage

(P<0.05).
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Conclusions

Physical and flow properties BIDGS, dried whole stillage and dried fermented whole
stillage were investigatedzstablshing parameters of the physical properisasecessary for
design of handling equipment anduaderstand the behavior of how these ingredients will
interact with various processing equipment and bins during handling and stohege
fermentation of whie stillagesignificantly influenced the physical and flow propert¢she
material Even though there was a significant decrease in bulk density and increase in tapped
density betweeDDGS and fermented whole stillage, there was either a much lesstimpao
impact at all between the whole stillage and fermented whole stillage. This indicates that the
fault lies in the fact that whole stillage and fermented whole stillage was processed manually for
this study. If product were to go through a comna¢iseparation and drying process then there
would be very little influence on the physical differences betvizd@@S and modifieddDGS
other than particle size and angle of repose. This is due to the addition of yeast cells and the

modified nutritional pofile of the product.
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Figures and Tables
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Figure 5.1 Major Principle Stress and Unconfined Yield Strength Source: Freemantech,
2015)
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Table 5.1 Comparison of Densities Among Feed Types

Ingredient Bulk Density Tapped Density

True Density

kg/m® kg/m® kg/m®
DDGS 306.51+0.63 382.72+3.58 1324.12+0.72
Whole Stillage 235 99+0 43 416.66+1.64 1327.78+0.6%
Fermented Whole 237.9+0.62 424.35+1.45 1328.13+0.80

Stillage

Values in this table represent the average(N=2)

Differing superscripts in a given column denotes a significant difference
(P<0.05)
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Table 5.2 Comparison of Bulk Physical Properties Among Feed Types

Physicql Compresdility Hausner Ratio Porosity % Paricle Size  Angle oﬁ
Properties Index >m Repose,
DDGS 19.91+0.07  1.85+0.02x132 76.85+0.08 787+5.80  43.6+1.2
Whole Stillage 43.36+0.18 1.77+0.11x16° 82.23+0.08 576x4.26  579+0.9
Fermented Whole 45 951014 1.78+0.14x13° 82.09+0.0 495¢327  64.7+1.4

Stillage

Values in this table represent the average (N=2)
Differing superscripts in a given column denotes a significant differd@@5)
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Table 5.3 Hausner Ratio and Compressibility Index (Source: Eben, 2008)

Very

Flow Indicator Excellent Good Fair Passable Poor Poor Cohesive

— 100 112 119 126 135 146
Hausners Ratio 4 14 118 125 1.34 145 159 160

f;’lzrenfress'b”'ty WO  42323.00 1620 2125 2631 3237  >38
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Table 5.4 Dynamic Flow Properties of Feed Types

Basic Flow Aeration  Compressibility, Permeability, Wall

Ingredient Energy, MJ Ratio % mBar Friction, kPa

MGPIDDGS  1296.33+11.05 0.98+0.08 9.04+0.15 0.84+0.02  33.13%0.17

Whole Stillage 568.67+32.57 1.15+0.02" 9.32+0.12 1.17+¢0.02  19.87+0.08

Fernmented

) 546.33+7.38  1.31+0.02 14.50+0.17 1.37+0.0f 23.97+1.36
Whole Stillage

Values inthis table represent the average (N=2)
Differing superscripts in a given column denotes a significant differd@@5)
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Table 5.5 Shearproperties of Feed Ingredients

Ingredient UYS, kPa Cohesion FIOW Angle.dllntgrnal
Function Friction

MGPIDDGS 4.78+0.16 1.13+0.03 7.00+0.28 39.25+0.26

Whole Stillage 3.40+0.08 0.73+0.0f 10.02+0.0% 42.95+0.04

Fermented Whole Stillage 3.47+0.02 0.84+0.02° 9.20+0.04 40.00+0.68

Values in this tableepresent the average (N=2
Differing superscripts in a given column denotes a significant differdtc@{5)
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Chapter6-Compl et e Di et Processing

Introduction

Pellding of animal feeds camprove bothanimalperformance and material handling
(Behnke, 2001) DDGSare the result of removing the starch for ethanol produdia as such
the concetrating of protén, fat, fiber and ash iDDGSis approximately three times tla@nount
of the raw cereal grai(Spiehs, 2002). Combined wither relatively low cost, imakesDDGS
a very attractive ingredient in leasbst formulation.

While this stug has confirmed tha&porobolomyces roseisscapable of fermenting
DDGS and pcawmtdnes; it iswugcle@r how they will withstand processing in a complete
feed. T h e s e n s +caroteneitottgmpenature [ of particular intedestause of the high
temperatureand pressuethatfeedmash undergoeaturing pelleting The majority of the heat is
the result of steam conditionirnd friction from the pellet die (Behnke, 2001)

Both temperature and amount of time the feed mash is conditioasttbe considered.
Gilpin et al. (2002) founthat increasing retention time in two separate conditioners by slowing
the rotation using a VFD led to significantly improvedllet durability. Briggs et al. (1999) also
found that an increase in retention time improved pellet durability, which alstoleadiecrease
in pellet fines directly after the pellet mill and after pellet coolifibis equates to less feed
being recycled through the pellet mill and being subjected to multiplegmditioning steps.

One reason whipDGScan only be used as a dhpercentage of pelleted diets is that the
starch, which would normally gelatinize and act as a binder, has been removed for ethanol
production. Normallythis could be partially offset by increasing the retention twh&h could

compromise th@-carotendecause of its temperature sensitivity.

107

an



Not only can the steam conditioner transfer heat and energy to the feed, but the pellet die
will also transfer heat because of the wall friction. Multiple factors such as metal type, hole
design, hole pgéern and the number of holes can all have an effect on heat transfer, but the
predominant characteristic for heat transfer is the pellet die length to diametéFaatienholz,

2012) A larger L:D ratio means that the die is thicker, which will tygicaicrease pellet

durabiity due to friction andlie retention time.

Materials and Methods
Pelleting

A total of three diet formulations were each run at two different retention times (30 s and
60 s) and performed in triplicatd.he diet is presented table 6.1 The diet was g up into
100 kg batches. 2y of the completeidt was replaced with either 20 BIPGS, 10 kgDDGY
10 kg fermenteddDGS or 20kg fermentedDGS. This resulted in treatments A, B and C
whi ¢ h h a-Garotenetcanteeation @& O grams per tp@5 grams per tonme or 50grams
per tome respectively.Run order was blocked by retention time and randomiZéis was
done to ensure the pellet mill could be operated continuously and reduce the chance of a die plug
due tooverfilling. Treatments were performed in triplicate for a total of 18 runs.

The diets were formulated based onnié&ient requirements for nursery swine23 kg
Pellets were manufactured on a CEX2O-R30pellet mill (Crawfordsville, IN)equipped wih a
3.97 mmx 31.75 mnpellet die A throughput of 135 kg/hr was used for all rufetention
times (30 s and 60 s) weset usinga variable frequency drive arige same temperatuoé 80°C
was used for all run§’he mash feeder screw, which feeds thara conditioner, was also set to

a constant RPM for all treatments usagariable frequency drive
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Pellets were collected immediately upon discharge from the pellet mill and placed into
cooling trays at a depth opproximately 4 cm Pellets were theoooled with ambient air in a
locally constructed batch cooleéwhen pellets reached a teampture within 2.8°@f the
ambient temperature, as measured by an infrared temperature gun (Fisher Scie®fffie, 15
968), they were removed frorhe cooler and &#ed through a U.S. #6 Sievéhis was done in

order to simulate similar fines removal that would occur during a commercial run.

Moisture Content

Moistures were determined for the mash and cooled pellets via AACC International
Method 4419.0, Air Oven Dring at 135°C. Triplicate samples were collected at the mixer and
pelleted samples were taken after they were cooled. Samples were immediately frozen, and were

kept in the freezer until moisture analysis was conducted.

StorageStability

Pelleted and maslasiples of each treatment were collected smglelayerpaper bags
and sewn closedSamples wersplit into 2 bags anstored either in 21°C/45% humidity
(ambient temperature/humidity) or 30°C/70% humidity to simulate mukiplege conditions
the feel might be subjected t&Gamples were left in these storage conditions for &8dd
samples were either kept on the same storage rack or in the same environmental .ciAdtaber.
the cycles were complete they weeenoved andmnmediately analyzed fds-carotene

concentratiorand moisture content

Statistical Analysis
Data were analyzed using the GLIMMIX procedures of SAS (Cary, NC, v. 9.4). Fixed

effects included the main effects of added 4mataotene concentration (0, 25, or 50 g/tonne), diet

form (mash pelleted with a 30 s conditioning time, or pelleted with a 60 s conditioning time),

109



and storage conditions (none, ambient temperature, or accelerated temperature, as well as all
significant interactions. Additionally, orthogonal contrasts were usedadoae mash vs. pellet
(including both 30 and 60 s conditioning times) and no storage vs. 29 d storage (including both
ambient and accelerated storage conditions). Differences were considered signifca0tGb

and trends if 0.05 P < 0.10.

Results and Discussion
General

Feed manufactures have the ability in most instances to control the moisture content of
the feed leaving their facility, but they have much less or no control over how and where the feed
is stored once it leaves there facility. Ateigrated swine facilityfor examplewould utilize the
feed manufactured within a few days or even thaf wagre as a commercial mill might bag
feed and store it in an opgrarehouse, whiclmay or may not have a ventilation system, before
it goes to aetail facility. There is a need to establish what effiesisture content and storage
ti me has on -daloteneef fi cacy of f

Furthermore, there are still a fair number of operations that choose not to pellet feed.
While this can increase the amount of feed wasted and decreaseritit@atperformance of
the swineit eliminates the majority of processing costs and is sometimes more favorable to the
bottom line of an operation. There was a need to evaluate both unpelleted, mash feed and feed
pelleted at multiple conditioning times to determine what kindlos¥nstream effect processing

will have onf i n-eatoterf concentration

Moisture Content

There was a significant differende<0.05) in the moisture contents between the

different forms of feed produced (mash, 30 s retention time, and 60 s retentionTimeed.was
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no significant differenceR=0. 06 19) bet ween t he -cdrotdnd, kowevert a mo

there was a significamtteractionP< 0. 05) bet ween f-ca®tdnef or m and ac
Storage (before storage, 28 d storage at ambient, and 28 d storage at elevated conditions)

was found ® have a significant effect on moisture contefitere was an average increase

difference of 2.17% (w.b.) between the mash sangiteed at ambient and elevated conditions

This would indicate the mash feed hatgadencyto attract moisture at a muchster ratehan

the pellets.There was also a significant interacti®®<(0 . 05) bet ween t-he amour

carotene and the type of storage
Qualitative analysis of the mash feed stored under elevated conditions showed signs of

mold growth, an off smell and an increase in the temperature of the feed bed. There was little

visible difference among the pelleted samples for both storage conditions. Paster (1984) showed

a decrease in Colony Forming Units/g feed after diets had gone through pelleting, which is likely

why there was no visible growth present. Further analysisyedt to be conducted to

det er mi ne -calotane might Hawe ort the[presence of mold in feed.

b-Carotene Concentration

As expected, pell et i-cagtene aodterfhable®yy Amongv e ef f e
the 30 getention time there was a de@edrom 24.84 gonneto 19.64 glonneand a 50.13
g/tonneconcentration to 39.10 among treatments B and C respectively. In the 60 second
retention time there was a decreéi2€0.05)from 24.84 gionneto 19.38 gionneand a 50.13
g/tonneconcentration t@7.10 among treatments B and C respectively. This translated to an
average of 2-tdbtedeecancesptrat®refor the8dgtention time and a 23.5% for

the 60s retention time due to pelleting.
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Among the 30 setention time stored at ambigrtnperature for 28 dhere was a
decrease from 24.30tghneto 18.64 glonneand a 48.96 ¢g¥nneconcentration t@7.14 among
treatments B and,Cespectively(Table 63). In the 60 secetention time there was a decrease
from 24.30 glonneto 17.53 glonneand a 48.96 g@nneconcentration to 35.23 among
treatmentsBandC especti vely. This trans| -asartoeete t o an
concentration for the 30 s retention time and a 23.5% for the 60 s retention time due to pelleting.

The treatments stored in the environmental chamber showed a significanseecrea
(P<0.05)i n-cafdtene concentration from the samples stored at ambient. There was a 20%
decrease in concentration from samples in the ambient environment to those stored in the
environmental chamber for the 30 s retention time and a 17% de(iPe&@5) for the 60 s
retention time. Once agaithere was a decrease from mash concentrations to pelleted
concentrations.

Each main effest( f e e d f o r-carotere,eandaype obstorage) had a significant
effectP<0. 05) on Ldnotenell mv aldsddidafi o, f-caeotkneffard m x | e\
form x type ofcasrtootreangee ,x |teywpeed ooff st or age, and
carotene x type of storage were all significant interact® (05).

The major causes of carotenoid destructlaring processing and storing of dietary
carotenoids is enzymatic or nemzymatic oxidation. Thus, carotenoids are susceptible to the
loss of provitamin A activity through oxidation during processing (Dutta et al., 2005). Studies
have shown reported hees of carotenoids averag88% of the initial concerdition after
undergoingprocessing or storagdiftastapornv anduangsoj 2012 Salunkhe et al., 1991

which is consistent with the results found in this stud@iizey both concluded thtdtal
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carotemid stability inthe final product wamostly dependerdn processing temperatuaiad
overall storage time
Jintagtapornv and¥uangsoi(2012) did not utilize any conditioning step before pelleting.
However, moisture was added to the mash before pell@idghe feed was still subjected to
heat due to friction from the pellet die, but not as much heat as the diet would be exposed to had

a conditioning step been added.

Conclusions

This study found that whi | -earoteteconeentrat@s a de
of the diets both after pelleting for all retention times and concentrations and again after storage
in elevated conditions, the concentration losses were consistergrevious studies which used
benchtop scale processing equipment, which might not accurately reflect all the potential
degradation points this ingredient might encounter during commercial processing.

Thevalueadded ingredient inclusiasutlined in ths stug has many advantages:the
use ofmodified ddgs in existing diets requiregerational changesnd physical behaves very
similarly to traditional ddg<2) use of a readily available substrate for the production of modified
ddgs means it could gere additional revenue streams for the cornmwidiing industry, 3 -
carotene does not require any expensive extraction/purification costs as it is already in a form
that can be included directly into the diethas good shelf lifafter pelleting oas a masht

room temperature,and5 pr ovi des _natur al carotenoi ds
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Figures and Tables

Table 6.1 Diet Formulations

25g/tonne 50¢g/tonne

Ingredient Control Diet i Carotene | -Carotene
Ground Corn 41.30% 41.30% 41.30%
Soybean Meal 33.80% 33.80% 33.80%
Commercial DDGS 20.00% 10.00% 0.00%
Modified DDGS 0.00% 10.00% 20.00%
Choice White Grease 1.50% 1.50% 1.50%
Mono-Calcium Phosphate 1.15% 1.15% 1.15%
Limestone 0.95% 0.95% 0.95%
Salt 0.35% 0.35% 0.35%
L-Lysine 78.8% 0.30% 0.30% 0.30%
DL-Methionine 0.13% 0.13% 0.13%
L-Threonine 0.12% 0.12% 0.12%
Swine Trace Mineral KSU 0.15% 0.15% 0.15%
SwineVitamin KSU 0.25% 0.25% 0.25%
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Table 6.2 Moisture Content of Feed Beforeand After Storage
Treatment A Treatment B Treatment C SEM

Mash 12.7+0.32 12.1+0.15™ 12.3+0.27 (1286

Initial 30s 11.8+0.28 12.5+0.58 12.8+0.48 (1286
60s 11.8+0.28 12.6:0.41 11.20.11™" (1286

Mash 12.9+0.28" 12.3+0.38 12.2+024 0.1286

Ambient  30s 12.1+0.16™" 12.6x0.36 11.9+0.16 (.1286
60s 12.4+0.5%' 12.7+0.40" 13.0+0.483 0.1286

Mash 14.7+0.18  14.3+0.08 14.9+0.68 0.1286

70% H/ 30s 13.4+0.1%" 13.6+0.26" 13.7+0.28° (.1286
60s 13.5+0.167 13.8+0.08 13.3+0.5% (.1286

Values in this table represent the average(N=2) moisture wet basis %
Differing superscripts ithis table denotes a significant differenBe@.05)
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Table 6.3 b-Carotene Levels In Complete Feed Beforand After Storage

Treatment A Treatment B Treatment C SEM

Mash 0.02+0.00%
30s 0.01+0.002
60s 0.03+0.008
Mash 0.05:0.003
30s 0.03:0.002
60s 0.01+0.00F
Mash 0.03:0.004
30s 0.02:0.003
60s 0.02:0.004

Initial

Ambient

70% H/

24.84+0.77
19.64+1.20
19.38+1.1%
24.30+0.90
18.64+0.89
17.53+0.28
22.30+0.6"
17.17+1.02
17.39+0.82

50.13+0.96 271
39.10+1.54 (221
37.1x1.62 (221
48.96+0.88 (221
37.14+1.08 .221
35.23+0.82 (221
46.38+t1.41 o921
29.71+1.27 221
29.24+1.08 (221

Values in this table representthear age{dx D)t e e

content

Differing suyperscripts in this table denotes a significant differes®.05)
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Chapter7-Gener al Conclusions and

Potential Benefits of FermentedDDGS

Carotenoids have traditionally been classified as high value feed additive, but by co
producing them with a widely available feed ingredient, the overallofggbduction and
inclusion into diets can be mitigated.

This study establishes that @porobolomycesoseuss a n p r -Gatotenes by 3
utilizing residual sugars from whole stillgg@) protein and fat levelsf the modified feed
ingredientwere decreasd compared to unfermented whole stillagen though the fermentation
wassupplemeted with various sources of ngmotein nitrogen(3) the prodution process could
be scaled to a 50 L vessel girdduce an equivaleproduct, both nutritionally and iregards to
handling/processing variables, than a shake flask fermentétidhe physical prperties of the
resulting fermented ingredieimt regards to bulkin storage and transportation were measured
and found to be very similar to that of dried whsiidage,and(5) 3-Carotene concentration is
affected by the pelleting process after the modified whole stillage is included into a complete
feed diet specifically there was a decreasefficacy due to retention time.

Animal feed ingredientscanbedraac ed t o i ncl| ud ecdrotenest ur al
Benefits include decreased-band products for the feed mills, advantages for product storage
stability and longevity, generation of a valadded product which could lead to higher revenue

streams for étanol facilities.

Future Research

Due to the decrease in protein and fat in modified DDGS, there is still a need to balance
the nutritional profile of the modified DDGS to bring it closer to that of standard DDGS. This

could still be accomplishdaly a varety of ways, but most notably, there could be a way to either
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cof er ment ed -earoteres Inultameaudly db to stop the ethanol fermentation
prematurely in order to increase the levels of residual sugars in DDGS. The obvious downside to
this pracess would be a decreased throughput in eti@nduction. It would beecessary to

conduct a costnalysis of the process to see if any financial benefits could be realized.

While the scale up from laboratory to pilot scale reaction was successfobucprg
modified DDGS of extremely close quality and nutritional propertiesetfs still a need to
evaluateghe changes that might occur during large scale production of modified DDGS.

Because of the increased volume of the production scale tanikjassible to duplicate the
same shear force, mixing time and product distribution that occurred in the pilot scale.

Large scale bioreactors are typically thermally sterilized with steam or hot water. It is
difficult to predict the time and level of eapure that would need to be maintained in order to
adequately sterilize production equipment or if additional steps, such as chemical cleanout,
would be requiredPlant sanitation schedules will be dramatically altered by the addition of this
process anwiill need to be integrated in such a way so that the production schedule can be
maintained.

Because whole stillage would likely be added directly after the distillation step, the slurry
would already come into the fermentation vessel at a very high tetumggra> 8 5 °© C)
Sporobolomycesoseushhas an opti mal fermentation temper at
time will need to be taken for the mixture to cool or a temperature control line will need to be
added to the fermentation vessel.

During the resealcconducted in Chapter 6, it was noted that mold growth occurred in
some of the tr eat mearadtene presenth Prdliroivaey studiesesuggdstshato f 3

t he i nc tcarctenas m thesé diefs are working to inhibit mold growth. Fursearch
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is needed to classify the fate at which these molds are growing, what species of molds are
growing and different factors which

Now that it has been demonstrated thabrobolomycesoseudermentation of whole
stillage is capable of producirgfee d  wi t h -canotemeeantergahsid@ration must be
given to the nutritional aspects and its effect on swine growth. Specifizd#igding trial will
need to be conducted to measure the effects that different levels of modified DDGS has on swine
average daily gain (ADG), average daily feed intake (ADFI), and feed to gain ratio (F/G).

In addition to a standard feeding trial, it would also be advantageous to conduct an ileal
digestibility trial Information such as total tract digestibility andtgin digestibility could be
derived from such a study in order to obtain any significant nutritional differences between pigs

fed standard DDGS and modified DDGS.
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