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Summary:

Collaborative efforts of Midwest Consortium havebgut forth to add value to
distiller’s grains by further processing them ifgomentable sugars, ethanol, and a protein rich
co-product consistent with a pathway to a biorer@@sindustry (Schell et al, 2008). These
studies were recently published in the enclosediapedition (Volume 99, Issue 12) of
Bioresource Technology journal. Part of them hasmonstrated the utilization of distillers’
grains as additional feedstock for increased ethamaluction in the current dry grind process
(Kim et al., 2008a, b; Dien et al.,2008, Ladisclalet2008a, b). Results showed that both liquid
hot water (LHW) pretreatment and ammonia fiber exgoan (AFEX) were effective for
enhancing digestibility of distiller's grains. Emmgtic digestion of distiller’s grains resulted in
more than 90% glucose yield under standard assajitamns, although the yield tends to drop as
the concentration of dry solids increases. Simdlat®cess mass balances estimated that
hydrolysis and fermentation of distillers’ grairendncrease the ethanol yield by 14% in the
current dry milling process (Kim et al., 2008c).dgking co-products from the modified process
are richer in protein and oil contents than conweral distiller’s grains, as determined both
experimentally and computationally. Other reseaoglics in the special edition include water
solubilization of DDGS by transesterification raantwith phosphite esters (Oshel el al., 2008)
to improve reactivity of the DDGS to enzymes, hygss of soluble oligomers derived from



DDGS using functionalized mesoporous solid catal{Bbotsma et al., 2008), and ABE
(acetone, butanol, ethanol) production from DDGSdlyentogenic€lostridia (Ezeji and
Blaschek, 2008). Economic analysis of a modifiedrdilling process, where the fiber and
residual starch is extracted and fermented to m®duore ethanol from the distillers’ grains
while producing highly concentrated protein co-proid has shown that the process is
economically viable resulting in an increase inpreisent value (Perkis et al., 2008). According
to the study, the revenue is expected to incraasieer with improved amino acid profile of the
protein rich co-products and lower cost of cellalaazyme mixture. Also, Kim and Dale (2008)
discuss using life cycle analysis to enhance tlve@mmental performance of the corn based
ethanol.

On the second phase of the research, concertatlseffere directed on assessing
compositional variability of dry milling co-produgtollected from 4 different dry grind ethanol
plants has been measured and its effect on enaydigéstibility and fermentability.
Fermentation utilized a recombinant glucose/xyloséermenting yeastSaccharomyces
cerevisiae 424A (LNH-ST)). No significant compaosital variability among the samples was
found. Simultaneous saccharification and glucodeseyco-fermentation of the pretreated
distillers’ grains at solids and cellulase loadie§450 g dry solids per liter and 6.4 mg protein
per g dry substrate, respectively, yielded 74-8@f%eoretical maximum ethanol concentration
using recombinaraccharomyces cerevisiae 424A (LNH-ST). The paper summarizing the
results from the second phase of the Midwest Cainsoiis currently submitted to Bioresource
Technology journal. The copy of the paper submiiteehclosed.

Detailed Results:

Below summarizes combined results and progressewethi throughout the project.
Experimental methods and discussions on the resuéispresented in the enclosed papers
published in the special edition of Bioresourcehiedogy.

1. Composition of Dry Mill Co-Products

Chemical compositions of DDGS, wet distillers’ griand thin stillage were determined
by a series of analyses adapted from NREL’s stahckeliulosic biomass compositional analysis
procedures. The compositional analysis of DDGSvaeiddistillers’ grains following the
established procedures produced reproducible andate results, with a close to 100% mass
closure. DDGS and wet distillers’ grains are iiiclglucan, xylan and arabinan, the source of
fermentable sugars for ethanol production. A sungro&the average composition (dry basis) of
DDGS, WDG (wet cake) and thin stillage determingdhyee consortium partners (Purdue,
USDA NCAUR, and U. of lllinois) are given in Tahle Total available sugars (glucan and
xylan) of DDGS and wet distillers’ grains for prading ethanol were measured to be
approximately 30-35% based on a total dry massbda3iude protein comprises 25% of the
total dry mass of DDGS. Crude oil measured as etkigactives is 11.6%. Table 2 summarizes
composition of wet distillers’ grains samples coléa from four different dry mill plants in
Midwest area. With the exception of sample #4, W@s collected after mixing of the syrup
and prior to drying step, the WDG were found toéhaimilar compositions. Variation in
feedstock composition is not expected to be a n@ocern for applying our processes for
ethanol production.



Table 1. Composition of DDGS and WDG (wet cakelbjulosic biomass compositional
analysis (average from three research groups, Butghiversity of lllinois and USDA
NCAUR).

DDGS WDG (Wet cake
Dry Matter 88.8% 35.3%
Water Extractives 24.7% 8.8%
Ether Extractives 11.6% 9.6%
Crude Protein 24.9% 36.6%
Glucan (total) 21.2% 18.5%
Cdlulose (16%) (12.6%)
Sarch (5.2%) (5.9%)
Xylan and Arabinan 13.5% 20.9%
Xylan (8.2%) (14.9%)
Arabinan (5.3%) (5.5%)
Ash 4.5% 2.0%
Total Dry Matter Mass Closure 100.4% 96.4%

Table 2. Composition of DDGS and WDG by % dry weidhlumbers are average of Purdue,
MSU and USDA-NCAUR results. Errors in 95% CI arssléhan 4% for all values.

Component DDGS WDG (Wet Cake)
1 2 3 4 1 2 3 4
Dry Matter (%) 90.3| 90.7/ 90.0 90.4 369 361 36.21.75
\Water Extractives (%) 231 23.0 246 217 78 84 .7 8 31.9
Ether Extractives (%) 12.0 1283 118 107 8|7 85 9 7 127
Crude Protein (%) 280 31.1 304 30]9 333 3b6 535287
Glucan (total) (%) 20.1 18.2 190 1883 202 18.8 .61P 17.6
Starch (%) 6.1 4.7 6.1 59 5.p 4/2 47 8 §.
Cellulose (%) 140 135 129 1214 147 514.149 | 11.9
Xylan and Arabinan (%) 18.0 | 16.4| 158, 16.4 23.1 214 2110 149
Xylan (%) 11.9] 10.7 10.4%010.8 ( 14.4| 135 134 9.7
Arabinan (%) 6.2 5.7 5.5 5.8 8.8 7.8 7175.2
Ash (%) 469| 452 437 450 223 219 204 555
Total Dry Matter Mass| 1o5 91 1055 1060 1028 958 948 947 1113
Closure (%)

2. Pretreatment Enhances Enzymatic Digestibility ofdDilers’ Grains:

Enzymatic digestibility of #2 and #4 WDG and DD&&nples were tested at 5% dry
solids loading (50 g dry solids/L or 10 g glucanfi}h commercial cellulase enzymes. The



material was pretreated by either liquid hot wéRarrdue U) or AFEX (Michigan State U) at its
corresponding optimal pretreatment conditions. Emzywere added at 15 FPU cellulase
(Spezyme CP) and 40 Ig}glucosidase (Novozym 188) per g glucan, whichgisiealent to 32
mg protein/g glucan. A low solids concentration wakected to minimize inhibition effects by
product or other substances released during thelygis, as well as mass transfer resistance
due to mixing difficulties, become minimal. Yieldéglucose from hydrolysis of WDG and
DDGS samples pretreated by either AFEX or LHW amapared in Figure 1. For all cases,
hydrolysis reactions were mostly finished withie ihitial 6 hrs. The maximum glucose yields
were 70-80% for both LHW and AFEX pretreated WD@pkes and 98% for LHW pretreated
DDGS. Yields for untreated WDG were much lower tfampretreated samples: 40% glucose
yield for #2 WDG and 52% for #4 WDG, as measuradréf4 hrs. The results clearly
demonstrated that the pretreatment of the disslignains significantly enhanced both the rate
and extent of hydrolysis. This is of significarweken the large throughput of DDGS in the dry
mill plants is considered.
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Figure 1. Digestibility of LHW pretreated and AFEXetreated distillers’ grains (wet cake,
DDGS). Hydrolysis conditions: modified LAP 009, §¥/w) dry solids loading, 15 FPU
Spezyme CP and 40 IU Novozym 188 per g glucanZang total protein/g glucan). 5C, pH
4.8, 200 rpm, 48 hr hydrolysis. Error bars repreSefo ClI.

3. Xylanase and Feruloyl Esterase Improves Overall @ugields:

Cellulose was readily converted to glucose fromhhdtdW and AFEX treated DDGS
using a mixture of commercial cellulase apdjlucosidase; however, these enzymes were
ineffective at saccharifying the xylan presenthe pretreated DDGS. The heteroxylan of corn
fiber (corn bran) is known to be highly branchedthwiferulic acid ester-linked to



arabinofuranosyl residues, requiring concertedoactf various enzyme activities to facilitate
the hydrolysis of heteroxylan in distillers’ grains

Several commercial enzyme preparations were etegliia combination with cellulase
to saccharify pretreated DDGS xylan and it was tbdinat adding commercial grade (e.g.
impure) pectinase and feruloyl esterase (FAE) pegjmans were effective at releasing arabinose
and xylose. The two enzymes, Multifect PectinaseaR& Depol 740, were supplemented, in
addition to Spezyme CP and Novo 188. Yields of lgititose and xylose from hydrolysis of #2
and #4 WDG, pretreated by either LHW or AFEX, weneproved by addition of the
supplementary enzymes (Figure 2). As expectedyidie of xylose was greatly improved (11%
- 50%). Also, there was 10-15% increase in the glacgield by the action of these
supplementary enzymes.
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Figure 2. Effect of supplementary enzymes (Multifeectinase PE and Depol 740) on sugar
yields from pretreated wet cake. Hydrolysis comaisi: 15% (w/w) dry solids loading, 5G, pH
4.8, 200 rpm, 48 hr hydrolysis. Control: 15 FPU pee CP and 40 IU Novozym 188 per g
glucan. Supplementary enzymes were added at 5diy/gplids xylanase (Multifect Pectinase
PE) and 2 U/g dry solids feruloyl esterase (Depidl)7Error bars represent 95% CI.

4. Expression of supplementary enzymes in Saccharomymevisiae

Due to the strong effect supplementary enzymes bavenzyme hydrolysis as described
above, three enzymes specific to hemicellulosesarsion to fermentable sugars were cloned
into Saccharomyces cerevisiae to determine if these proteins could be expreaseldexcreted in
active form by this biofuel-relevant fermentativecroorganism. The three enzymes were
glucuronidasef3-xylosidase, an@-arabinosidase. The-glucuronidase enzyme cleaves
glucuronic acid side-chains from the GAX hemicelids found in the corn pericarp. The gene
chosen to clone this enzyme was Y15405 frspergillus tubingensis (a fungus). Th@-
xylosidase enzyme cleaves xylose dimers released thie hemicelluloses backbone from exo-
active hemicellulases. The gene chosen to cldeestizyme as Y15405 from a closely related



fungusAspergillus nidulans. Thep-arabinosidase enzyme cleaves the arabinose sadesch
from the GAX backbone. The gene chosen to cloiseetizyme was AF040720 from
Selenomonas ruminantium, an important bacterium in the stomachs of runtisammals. The
gene was obtained from work done at USDA-NCAUR &0, IL.

Using a combination of combination of OE-PCR a@RPeach of the three genes were
combined with PGI (a constitutive promoter) and Mpeotein secretion leader) to form PGI-
MFa-gene which was then cloned into the p&RI XK vector. Yeast were then cloned with
each of the three vectors. Transformed yeast Whene selected and then tested for expression
and secretion of active enzyme. The enzyme tesksded growing up a cell culture in 100 mL
of YEP with 2% dextrose in 300 mL side-arm flask2&°C under aerobic conditions for 24
hours. Optical density of the cells was measuegibgdically during the aerobic phase. Samples
of the media were also collected and then assayeenizyme activity. After 24 hours, glucose
was added to the cell culture to a concentratiawden 75 — 100 g/L. The 300 mL flasks were
then sealed with plastic film to generated microbgr conditions to induce fermentation.
Fermentation at 28°C was continued for an additi@dahours (48 hours total). Optical density
of the cells was measured and samples were calldoteenzyme activity assay. The media
samples were also analyzed by HPLC as describedeamomonitor glucose fermentation to
ethanol and glycerol.

Figures 3-5 show the results of the three transéor yeast with the three supplementary
enzymes. The data from hours 0 — 24 are from éneb& culturing of the cells. At hour 24
additional glucose was added (note dilution of emzyand cell mass), after which the
fermentation was allowed to proceed microaerobicalhll cloned yeast fully fermented the
glucose to ethanol within 24 hours. For all thgenes, active enzyme was expressed and
excreted into the media during the aerobic growthse. Additional enzyme was synthesized
and excreted for both-glucuronidase an-xylosidase during the fermentation phase. The
activity for a-glucuronidase remained constant after the gluease depleted (between 36 and
48 hours). However, thg-xylosidase activity decreased after the glucose fully fermented.
Unlike the other enzymeg-arabinosidase activity did not increase during flaenentation
phase. The-arabinosidase activity decreased approximately o5& the fermentation time
course. These results indicate that supplemeetazymes can be expressed and excreted by
cerevisiae, a biofuel producing microbe, during fermentation sigars to ethanol under
laboratory conditions.
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5. Inhibition of cellulase enzymes mixture during hydlysis of pretreated distillers’
grains:

Liquid hot water pretreatment of wet cake solulkizarabinoxylan and other soluble
components during the pretreatment, some of whrehidentified as potential inhibitors to
cellulase enzymes. It was expected that removahefpotential inhibitors would improve the
overall enzymatic digestibility from the pretreatdDG. The identified inhibitory compounds
include ferulic acid, sugar oligomers, starch hyghis products, monomeric sugars, etc. Since
all these compounds are found in the pretreatmguaotdl of the WDG, its removal from the
whole pretreated WDG slurry on the hydrolysis wsseased as following.

The liquid fraction of the pretreated WDG slurrysir@moved by filtration. The resulting
pretreated solids were then washed with hot DI imeaate re-suspended in a pH 4.8 citrate buffer
to give 23% (w/w) dry solids slurry. The resultisigirry was hydrolyzed by a cellulase enzyme
cocktail for 48 hr. As a control, the whole pretegh WDG slurry at 23% dry solids was
hydrolyzed at the same conditions. Yields of gh&care given in Figure 6. In Figure 6, the
former is referred as “washed” and the latter ferred to as “unwashed.” As both runs were
carried out at the same dry solids level, mixingrelsteristics and mass transfer were assumed to
be identical between the runs. As shown in FigurereBnoving the inhibitor-containing
pretreatment liquid of WDG improved the overall gdge yield by as much as 25%. The
increase was observed at all enzyme loadings te$tad result demonstrates the benefit of
removing inhibitors on improving digestibility oéltulose.
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Figure 6. Effect of removing soluble cellulase bitors on glucose yield. Hydrolysis conditions:
1% (w/w), 23% (w/w) dry solids loading of whole sl of liquid hot water pretreated wet cake,
23% (2/2) dry solids of washed solids of liquid atter pretreated wet cake. %D, pH 4.8, 200
rpm, 48 hr hydrolysis. Enzyme: 15 FPU Spezyme GP4nIU Novozym 188 per g glucan.
Supplementary enzymes were added at 50 U/g drgsseiilanase (Multifect Pectinase PE) and
2 U/g dry solids feruloyl esterase (Depol 740)0Etyars represent 95% CI.



6. Fermentation of Pretreated and Enzymatically Hydyaked Distillers’ Grains

Glucose-only fermentation: Concentrated hydrolysates of both LHW and AFEX
pretreated wet distiller's grains were successfidhmented bysaccharomyces yeast with 100%
of the theoretical (metabolic) ethanol yield beawmhieved (Figure 7). Over 95% of the glucose
was consumed within 24 hours for the LHW treated®Wiydrolyzate. Glucose was completely
consumed within 6 hrs for the hydrolyzate of AFE&Xated WDG. The slower fermentation rate
for the hydrolyzate of LHW treated WDG is due te thigh concentrations of initially present
sugars and fermentation inhibitors that may aftbet yeast metabolism. The metabolic yield
after 48 hrs of fermentation was 0.53 g ethanotlgsamed sugar or 104% of the theoretical
yield for the LHW treated WDG. It was 0.61 g etblrgy consumed sugar for the AFEX treated
WDG hydrolyzate, which is equivalent to 120% of theoretical yield. The yields higher than
100% of the theoretical ethanol yields imply thataurrent hydrolysis and fermentation of
oligosaccharides or colloidal cellulose in the WB@Irolysates is occurring in the fermentor. In
both cases the glucose was almost totally consumwdt, the difference in ethanol being
proportional to the initial sugar yields. Resudtgygest that, although the sugar consumption rate
was slower for the LHW treated WDG, the extent lnd fermentation was not significantly
affected at the levels of sugars and inhibitoryssaibces found in the concentrated hydrolyzate.
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Figure 7. Fermentation of (A) hydrolyzate of LHvédated WDG at 13% solids (w/w), and (B)
hydrolyzate of AFEX treated WDG at 15% solids (w/™Mgnzyme loading: 15 FPU/g glucan
cellulase (Spezyme CP) and 40 IU/g gluBagiucosidase (Novozyme 188). Hydrolysis atG0
200 rpm for 72 hrs. Final hydrolyzates were coteged by 5 times for LHW treated WDG and
3.4 times for AFEX treated WDG via lyophilizatigorjor to the fermentation.

Glucose/Xylose Co-fermentationAs illustrated in Figure 8, both glucose and xylose
were successfully fermented by glucose/xylose covdating yeast, 424A (LNH ST). Glucose
was completely consumed within the initial 3 hrdeimentation. Ethanol production yield at 3
hr, based only upon glucose was 80% for LHW tre&WiG and 70% for AFEX treated WDG
hydrolysate. Xylose was also quickly consumed a&s férmentation proceeded. The ethanol
production yields calculated suggest that at 184s80% of the fermentable sugars (glucose and
xylose combined) present in the beginning WDG anded xylose were converted to ethanol
during the xylose co-fermentation. Metabolic etHameld (% of theoretical ethanol based on the
consumed sugars) was 103-105% for all runs, suggettat oligomeric sugars were present in
the liquid hydrolysate which were further hydrolgzand converted by the yeast to ethanol
during the fermentation. A reference fermentatibmeagent grade glucose (115 g/l) and xylose
(50 g/l) was completed within 48 hr and the metabethanol yield was 97% (data not shown).

These results suggest the presence of fermentetiitors in the hydrolysate of WDG that
impedes xylose consumption.
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Figure 8. Fermentation time course of LHW pretréated AFEX pretreated wet cake with
added xylose. (A) LHW treated; (B) AFEX treated.dfylysis conditions: 15% (w/w) dry solids
loading for 48 hrs using 15 FPU Spezyme CP andJ4Rdvozym 188 per g glucan, Multifect
Pectinase PE at 50 U xylanase/g dry solids and IDefibat 2 U feruloyl esterase/g dry solids.
50°C, pH 4.8, 200 rpm. Fermentation conditions: liginattion of the hydrolysate,
Saccharomyces cerevisiae 424A (LNH-ST), 28°C, 100 rpm 72 hrs. Error bars represent 95% CI.
Data without error bars are average of duplicate.ru
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7. Feed analysis of enhanced DDGS

The solids remaining after fermentation had sigatfitly higher protein content and are
representative of a protein-enhanced wet DG thatdwesult in enhanced DDGS. Enhanced
DDGS refers to the solid product of a modified drind process in which the distiller’'s grains
are recycled and processed further to extracttinéilized polymeric sugars. The laboratory
prepared enhanced DDGSs were found to contain 20+8@her proteins than conventional
DDGS (see Table 3). Feed analysis and amino aofdgs of the enhanced DDGS indicated
that several heat-sensitive amino acids were dadndigieng heat treatment of the distiller’s
grains. This could be caused by Maillard reactlaring pretreatment of distiller’s grains, which
also explains the color change of the processdillelis grains. These preliminary observations
necessitate a study of utilization of the enhari@B&S as animal feed, in much greater depth, to
evaluate its value over that of DDGS accurately.

Table 3. Feed analysis results of DDGS and enltbDE¥5S. Results are expressed on a dry
matter basis (wt/wt %).

% Compositions A[z/ggse DDGS, Enhanced DDGS| Enhanced DDGS

P Vel (this work) | (from LHW WDG)|(from AFEX WDG)
Moisture 11.1 10.4 6.6 11.5
Crude Protein* 30.2 28.3 41.2 50.8
Crude Fat 10.9 14.5 14.7 7.2
Crude Fiber 8.8 6.5 2.9 0.5
Ash 5.8 4.8 5.3 6.0

Pepsin Digestibility**| ---- 86.7 86.7 92.2

Carbohydrates*** 52.5 38.8 36.0

* Crude protein by Kjeldahl.

** Percentage of crude protein digested by pepsin.

*** Carbohydrates calculated by difference from xiroate data.
*Spiehs et al., 2002.

8. Process simulation of modified dry grind ethanolgpit:

A simulated material balance model was establisioedevaluation of the impact of
incorporating pretreatment and fermentation of iltkss’ grains in conventional dry grind
process. The simulated material balance model piregerovides an initial frame work for an
economic study and for estimating impacts of improents.

Our simulated material balances for the three diffeproposed dry grind processes with
recycle and saccharification of the distillers’iggashowed that the modified dry grind processes
yield 14% higher ethanol yield than the conventiop@cess. The theoretical mass balance
showed that the modified processes yield 134 gatiadnol based on input of 1000 kg of dry
corn. However, the results (see Figure 9) alsoipted at least 2-5 times higher concentrations
of by-products and inhibitory components in therfentation step of the modified processes as
compared to the conventional dry grind process. iifgact of toxic substances at anticipated
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levels on kinetics of enzymatic hydrolysis and fentation of the distillers’ grains requires
further investigation to validate the process modifons. The water balance for the modified
dry grind processes showed that the proposed mesagquire less fresh water input for the
liquefaction than a conventional dry grind procemsd hence compensates for the increased
overall water requirement for the modified procesdéhe final co-product, eDDGS, contains a
higher amount of protein per total mass. The tetdids sent to the drier, as well as the total
water, are decreased, thus decreasing the dridr |dacomplete analysis on protein quality,
digestibility, amino acid and mineral profiles dietenhanced DDGS is still needed to verify its
value as an animal feed.
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Figure 9. Effect of levels of backset in the praces relative (A) water soluble inhibitors in
fermentation mash; (B) amount of fresh water irtputquefaction; (C) amount of thin stillage
processed through evaporator; (D) amount of wat®owed from dryer. Conventional dry grind
process (base case) with 30% backset represerttasbecase (i.e. 100% on y-axis).
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9. Economic Analysis of modified dry grind ethanol pia

A dry grind financial model, which has been valathtagainst other financial models in
the industry, was utilized to determine the finahanpact of the process changes in a modified
dry grind process. A 32% increase in net presahiev (NPV) for the overall operation is
expected when applying the process modificatiorns 1@0 million gallon ethanol plant, and an
enzyme cost of $0.20 for each additional gallortb&anol produced (Table 4). However, there
may be no value added to the enhanced dried drstilgrains (eDDGS), even in light of its
higher protein levels, as current pricing is expddb be more sensitive to the amino acid profile
than the total protein level, and the eDDGS haselolysine levels, a key amino acid. The
financial improvements are a result of the incrdasevenue from higher ethanol vyields
outpacing the sum of all added costs, which incloigger capital costs, larger loan payments,
increased operating costs, and decreased revaoneslfied distillers’ grains. At current ethanol
prices, the economics of the pretreatment techiyolyg encouraging, and finding a way to
maintain lysine levels in the dried distillers’ gra would likely make the technology even more
economically attractive. Any changes which eithmaréase the value of the eDDGS or decrease
the cost of the enzyme mixture would help to loties breakeven price even more, thus making
ethanol production by the dry grind process feasiiver a larger range of ethanol prices.

Table 4. Annual Revenue and Operating Cost Detéiilse Base and Alternative Processes

Revenues Base Process With Pretreatment
Ethanol $223,000,000 $251,254,754

DDGS or eDDGS $37,694,685 $28,735,669

co2 $2,004,506 $2,271,200

Total Revenue $262,699,191 $282,261,623
Costs Base Process With Pretreatment
Materials $166,843,443 $171,035,283
Energy and Water $33,707,243 $39,552,795
Indirect $27,917,734 $30,813,358
Total Operating Costs $229,165,569 $241,401,436
Net Benefits Base Process With Pretreatment
without loan $33,533,622 $40,860,187

10. Pretreatment of DDGS via derivatization with phosphite esters:

In addition to liquid hot water and AFEX pretreatthederivatization of DDGS by
phosphite esters was studied as a mean to increastvity of cellulose in DDGS by disrupting
hydrogen bonding between cellulose polymers. Wadelubilization of cellulose and
hemicellulose in DDGS facilitate access to themcbilulases and other hydrolytic enzymes.
DDGS was pretreated with commercially available méthylolpropane phosphite
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[P(OCH2)3CEt] in the presence of a slight molaresscof water. Greater than 90% DDGS
solubility was achieved (Table 5). FTIR spectradlgsis indicates that the mode of action of this
pretreatment method is to cleave glycosidic bonds carbohydrates, thus leading to
solubilization of DDGS.

Table 5. LHW-DDGS Solubility with Varying Amountsf Water in the Presence of phosphite
ester3.®

Entry Phosphite (g) kD or MeOH % Solubl8

(mL)

1 7.14 0.00 19%

2 7.14 1.00 99%
3 0.50 0.07 86%
4 7.14 0.08 37%
5 0.93 1.00 89%
6 4.50 1.00 100%
7 7.14 1.76 MeOH 36%

%Al treatments were performed with 250 mg LHW-DDG&ated at 156C for 48 h.
®Determined from (weight of insoluble material afteethanol extraction)/(initial
weight of lignocellulosic material)x100%6.0 mol%3 based on water; reaction
mixture turned black’50 mol%3 based on water.

11.Acid-functionalized mesoporous silica as a catalyst for hydrolysis of
oligosaccharides:

As an alternative to enzymes, propylsulfonic acidctionalized mesoporous silica was
examined for the hydrolysis of oligosaccharidesaséd from the hydrothermal pretreatment of
distiller's dry grains. The use of solid acid dgsés would obviate the need for the
neutralization and separation step unlike a ligaiid. Acid-functionalized mesoporous silica
was shown to be an effective catalyst for the hiydie of the oligosaccharides at temperatures
above 175C particularly if an activated silica material wased to remove impurities. A simple
activated silica treatment was appeared to be tefeemn removing deactivating impurities such
as proteins.

Yields of released monosaccharides by propylsutf@did functionalized catalyst are
compared to yields obtained from hydrothermolysisi@own in Figure 10. Glucose degradation
over 90 min of the solid acid catalyzed reactions weegligible. Solid acid catalysts were
effective in this hydrolysis, but the more desieabigh temperature precludes the use of standard
acidic resin materials. The optimal hydrolysis temgpure for high recovery of glucose and
xylose was different from that for arabinose. Gkeoand xylose recovery favored high
temperature at which arabinose started to degfdsults suggest that, while these organic-
inorganic hybrid materials appear to be promisititg rate of monosaccharide degradation
particularly for the C5 sugars may limit the ugiliof solid acid catalysts in the hydrolysis of
oligosaccharides released from hydrothermal pretresat of distiller’'s dry grains. A multi-step,
continuous fed plug flow-type reactor would improselectivity to the monosaccharides,
minimizing sugar degradation.
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Figure 10. (A) Monosaccharides released at 175U¢td hydrothermolysis(glucose,
A xylose, ¢ arabinose); (B) Monosaccharides released usingribgylsulfonic acid-
functionalized catalyst at 175°@ @lucose,A xylose, ¢ arabinose).

12.ABE (Acetone-Butanol-Ethanol) production from DDGS by solventogenic
clostridia:

Another potential use of DDGS includes productidn ABE by solvent producing
clostridia. Ability of solventogenic clostridia terment the hydrolysates of pretreated DDGS
was examined. The effect of sugars and inhibitoesgnt in DDGS hydrolysates on the cell
growth and ABE production was also investigated.

ABE production by solventogenic clostridia usingetpeated and enzymatically
hydrolyzed DDGS is summarized in Figure 11. Bothxdse and pentose sugar were
concurrently utilized for growth and ABE fermentatiby the solventogenic clostridia, although
the rate of sugar consumption was sugar specifetabblic yield of ABE from fermentation of
DDGS hydrolysate ranged from 0.3 to 0.35, whilevdts 0.36-0.39 for a reference fermentation
of a mixture of reagent grade monosaccharides.liEeand p-coumaric acids were found to be
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potent inhibitors of growth and ABE production fradDGS. Presence of furfural and HMF (2.0
g/L) in the DDGS hydrolysates was not inhibitorythe solventogenic clostridia; rather they are
stimulatory to some of the clostridia.
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hydrolyzed DDGS as carbom\. Hot water pretreated DDG8; AFEX pretreated DDGS.
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13.Life cycle assessment of fuel ethanol from corn:

Life cycle analysis serves as a useful tool foeassient of environmental and economic
impact of enhancing corn ethanol yields using ¢edie@ conversion technology in a conventional
dry milling process. Based on data from eight cmsnin seven Corn Belt states as corn farming
sites, the study has shown that using ethanol el@rirom corn grain dry milling as liquid fuel
(E10 fuel) would reduce nonrenewable energy andrireuse gas emissions but would increase
acidification, eutrophication and photochemical gmmompared to using gasoline as liquid fuel.
The environmental performance of corn ethanol dépdmeavily on the farming site due to
different crop management practices, soil propgrtend climatic conditions. Nitrogen losses
from soil are the dominant factor determining gre®ouse gas emissions, acidification,
eutrophication and photochemical smog formatioanthg winter cover crops is suggested as a
mean to reduce the negative environmental impdaterm ethanol by reducing nitrogen losses
from soil (See Table 6).

Table 6. Environmental impacts associated withsttenario analysis

HIA  FIL TMI MNM FMN M(g/l HNE CSD AVG

Nonrenewable energy [MJ Kj
Base case -15.6 -144 -136 -14 -154 -13.6 -14B5.6- -14.6

Winter Cover 1040 151 -145 -140 -157 -143 -150 -15.6 .015

Crop

Greenhouse gas emissions [kg Q. kg']

Base case -1.06 -0.94 -0.83 -0.76 -0.78 -0.22 -0.8600 -0.80
Winter Cover

Crop -143 -153 -128 -1.07 -1.29 -0.80 -1.39 01.3-1.26
Acidification [moles H eq. kg']

Base case 028 053 057 056 018 065 033 03430
Winter Cover

Crop 009 019 023 031 0.07 048 0.09 0.18 0.21
Eutrophication [g N eq. kg

Base case 051 182 244 200 033 360 084 0561 1
Winter Cover

Crop 0.09 -0.14 -0.24 041 0.04 0.12 -0.23 0.24 40.0
Photochemical smog formation [mg N@® ™" eq. kg"

Base case 10.75 17.67 17.75 1883 7.60 21.02 1212368 14.80
Winter Cover

Crop 514 753 7.76 1125 442 1639 504 7.8 8.17
Publications:

The special edition of Bioresource Technology ofiuBese Ethanol in Dry Grind Plants has
been published in August 2008. The manuscriptledtiEffect of Distillers’ Grains Product
Variability on its Conversion to Fuel Ethanol” suranzes the works done in the second phase
of Midwest Consortium project and has been recesubmitted to Bioresource Technology.
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