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Introduction

With volatile fuel and energy prices and renewdbé& mandates such as those in the 2007 Energy
Independence and Security Act, there is a greaterast in finding new feedstocks for biofuel protion.
Sugarbeet pulp has not received a great dealaftath because of its limited supply on a natidszlis. On a
regional basis, however, Minnesota and North Dakotabined typically produce more than 50% of thaltdS
sugarbeets [1]. Ethanol from non-sucrose sugabsét pulp could produce regionally up to 75-9diamilgallons
of ethanol per year. This could potentially be careld with sucrose ethanol from excess beet prooiudti
fermentation facilities were developed.

As a potential feedstock, sugarbeet pulp has sagnéisant logistical advantages over more convemdi
biomass sources such as corn stover, wheat strgverennial bioenergy crops. Biomass harvestagoand
transportation may all be limiting factors in contienal biomass processing while beet pulp requitis or no
extra cost or technical development in these arBaaddition, the relatively unique compositionbafet pulp gives
it some processing advantages. Other biomasstfeédsequire expensive thermochemical pretreatimeot to
enzymatic hydrolysis of the cellulose fraction [Bugarbeet pulp has a large percentage of peudin a
hemicellulose that may be hydrolyzed using comnaéemzyme mixtures without the need for thermocioaimi
processing [3, 4].

Potential challenges of utilizing beet pulp foratbl production include a unique and complex ssgaam
[3]. Sugars hydrolyzed from hemicellulose and jpeiciclude galactose, arabinose, and galacturarid; among
others. Such sugars may be fermented to ethahaoldbly conventional yeasts used for other ethanol
fermentations [5-7]. The organisms that can ferntieese sugars generally do so with lower yieldstaterate
lower final ethanol concentrations (<5%) [8]. Hgbsis solid loading requirements and these lowlearol
tolerances lead to larger reactor volumes and higheipment and distillation costs.

Cellulose hydrolysis yields glucose, a sugar rgddiimented by conventional yeasts to concentratgreater
than 13%. One possible way of circumventing tifiécdlty in achieving higher ethanol titers froneét pulp
hydrolyzates would be through separate hydrolysisfarmentation of the various carbohydrate comptme
Pectin and hemicellulose could be enzymaticallyrblyded leaving a cellulose-enriched componen#[3,The
galactose, arabinose, and pectin-derived galadtuemid could be subsequently fermented with tlhembinante.
coli K011 while the cellulose fraction could be proesswith a conventiona@accharomyces cerevisiae strain in a
higher-solids simultaneous saccharification anthértation (SSF) process to reach higher ethamostiThe
primary objective of this research was to expltvetechnical feasibility of using sequential enzyneatments for
separation of sugar streams derived from cellulesa sugars derived from hemicellulose and pectin.

Materials and Methods

Sugarbeet Pulp. Wet and pressed sugar beet pulp were obtainedAmerican Crystal Sugar Company in
Moorhead, MN. Moisture contents were found to B&@&nd 71% (wet basis), respectively. Samples atered
at -20C.

Enzymes. All enzymes used were produced by Novozymes Catjpm (Bagsvaerd, Denmark) and purchased
from Sigma-Aldrich (St. Louis, MO). Two commercfaeparations of enzymes (Viscozyme L and Pectifiera)
were used to hydrolyze pectin and hemicellulosaiwithe sugarbeet pulp. Both products are composad
combination of enzymes with hemicellulase, pecepasd cellulase activities. The enzymes weredesbth
independently and in combination to quantify intdi@n. Flavourzyme is a fungal protease that wssiuo
hydrolyze the protein component of beet pulp.

Hydrolysis. Sugar beet pulp was sterilized by autoclavind €2 20 min) prior to enzyme treatments. For
hemicellulase/pectinase treatments, beet pulp $1d23g) was mixed with 50 mM citrate buffer (pHOpin 125-
mL Erlenmeyer flasks at a loading rate of 5% wejggtt volume. Hydrolysis was carried out in a waigth at
40°C and 100 rpm. Samples (2 ml) were taken 1-2giper day for up to 48 hours. All treatments veameducted



in triplicate. Protease (Flavourzyme) treatmengsencarried out in a similar manner using 100 midspthate
buffer (pH 6) with temperature and shaking rateS@C and 100 rpm, respectively.

Pectinex and Viscozyme were tested both indiviguatid in combinations with a combined enzyme logdin
rate of 100 pL/dry g. Pectinex was also testddaating rates up to 250 pL/dry g. Individual sugaids were
compared to determine which enzyme was most efieeti separating the cellulose from the other pulp
components.

Flavourzyme was used at a loading rate of 8.1 ylgdiSamples were taken for HPLC analysis afteinrd4
and the remaining solids were vacuum filtered usiBuchner Funnel and Whatman No. 41 filter papitration
was done in a sterile hood and remaining solideweturned to their original flasks for further Inglysis of pectin
and hemicellulose. Residual solids were addedtric acid buffer (50 mM, pH 5; 25 ml/original dg) and heated
at 90C for 20 min to deactivate any remaining prote®sztinex was then added at a loading rate of 100
uL/original dry g. Flasks were then incubated inater bath at 4C and 100 rpm; samples were taken for HPLC
analysis at 0, 6, 19, and 24 hrs.

Sugar Analysis. HPLC was used to quantify sugar yield followimggmatic hydrolysis. Samples were
centrifuged and filtered through a 0.2-um nylotefi{Pall Corporation, West Chester, PA) prior to HPai@lysis.
Cellobiose, glucose, arabinose, galactose, antbBeavere quantified using a Waters (Milford, MAPEC and
refractive index detector. Sugars were separatid)a Bio-Rad (Hercules, CA) Aminex HPX-87P coluwith a
mobile phase of water at a flow of 0.6 mL/min; dwdumn and detector temperatures werd5dnd 85C,
respectively. Cellulosic glucose concentrationsenslculated by subtracting sucrose contributinsaluble
glucose; sucrose hydrolyzes to equimolar quantitideuctose and glucose so sucrose contributios egtimated
by fructose concentration. Galacturonic acid waantjfied and separated using a Waters HPLC antbgloale
array detector (210 nm wavelength). Separationdeag using a Bio-Rad Aminex 87H column with a n®bi
phase of 5 mM sulfuric acid at a constant flow @& tL/min at 60C. All sugars were quantified using a 3-point
external standard curve for each component. Saéichtion yields were calculated as a percenthebretical
based on published composition data [4].

Results and Discussion

Figure 1 shows sugar yields from hydrolysis witkddzyme, Pectinex, and combinations of the twalpcts.
Yields of galacturonic acid were significantly hagtthan 100% of theoretical; it is assumed that ighthe result of
compositional differences between local beet pualp published data. Pectin and hemicellulose wgdedlyzed to
a greater extent with Viscozyme (4:0) than withtPex (0:4) as shown by galacturonic acid and
arabinose/galactose yields, respectively (FigureVi3cozyme also produced greater free glucodedyieom the
cellulose component than did Pectinex but thederdifices were mostly due to higher concentratiéiegliobiose
in Pectinex-treated samples. Combinations ofwlteenzymes yielded no significant difference in tojgsis
indicating that both products hydrolyze similar soimponents of the hemicellulose and pectin.
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Figure 1. Saccharification (after 48 hr) as percentagdebtetical yields using combinations of Viscozymd a
Pectinex. B Glucose M Galactose[d Arabinose [l Galacturonic Acid.



Based on this data, Viscozyme hydrolyzed pectthl@micellulose better than Pectinex. Projectgabto
included separation of the cellulose component ftloenhemicellulose and pectin portions. Viscozymas tested
against increasing loading rates of Pectinex tdeaehsimilar yields of hemicellulose and pectinansg Table 1
shows results of these experiments. Free gluamseeatrations were significantly lower using Pestinbut
cellobiose concentrations were significantly higaeall loadings tested. Cellulose hydrolyzedhdlucose dimer
cellobiose and then into glucose. To determine hmwh cellulose had been hydrolyzed, free glucose
concentrations were added to the glucose contahieaheasured cellobiose concentrations (1.058apgk/g
cellobiose). Table 1 shows that increasing Pextioading rates to 250 pL/dry g did increase yialtisther sugars
to levels comparable to those achieved with Visowzyat 100pL/dry g. At this level, however, celkddhydrolysis
was also greater as shown by the higher total gliconcentrations. These results indicate thangsimilar

hemicellulose and pectin hydrolysis, Viscozyme lojygires less cellulose allowing to be separatediéovnstream
hydrolysis and yeast fermentation.

Table 1. Glucose, cellobiose, and other sugadgi®iscozyme and Pectinex treatments.

Enzyme Loading Rate Free Glucose Cellobiose-Glucose  Total Glucose Other Sugars Glucose :
(uL/dry g) (g/L) (g/L) (g/L) (g/L) Other Sugars
Viscozyme 100 2.410 0.282 2.692 13.936 0.193
Pectinex 100 0.042 1.985 2.027 12.161 0.167
Pectinex 150 0.355 1.776 2131 12.589 0.169
Pectinex 200 1.007 1.740 2.747 13.457 0.204
Pectinex 250 1.304 1.663 2.966 13.745 0.216

The protease Flavourzyme was used prior to Pectiratment to determine if protein hydrolysis wbul
improve hydrolysis and separation of the remaiminlp components. Figure 2 shows individual suggldg for
Pectinex treatments and Pectinex treatments prddmsdElavourzyme treatment. Yields for all sugaese
significantly lower following Flavourzyme treatmenbDestruction of hemicellulases and pectinaseebiglual
proteases should have been minimized or elimindwedigh filtration and inactivation by 80 heat treatment of
solids prior to hemicellulase/pectinase addititmaddition, Flavourzyme and Pectinex have diffegtimum
temperatures and pHs. Further explanation of &huse for inhibition of further hydrolysis was naptred.

Flavourzyme pretreatment failed to achieve the gbaicreasing hemicellulose and pectin hydrolgsid will not
be used in the future.
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Figure 2. Saccharification (after 48 hr)as a percentagdbemfretical yields using Pectinex with or withaut
Flavourzyme pretreatment of sugar beet pfbGlucose [ GalactoseB Arabinose[ Galacturonic Acid



Initial experiments were completed using wet lmap. Use of wet pulp would require less proaegéiut
would limit sucrose recovery; it was therefore dedress desirable than pressed pulp as a feeds®yeksed pulp
and wet pulp were tested at 5% solids loadings Wisitozyme to confirm that earlier results wereidv&br pressed
pulp. Results are shown in Figure 3. Use of Ri§lp resulted in increased galacturonic acidlyieith no
significant difference in yields for other sugars.
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Figure 3: Sugar yields (48 hrs) for hydrolysisaat and pressed sugar beet pulp at 5% solids Igadies. All
samples were treated with Viscozyme at 100 pl/dry g
B Glucose, BGalactose,LlArabinose ™ Galacturonic Acid

With total sugar concentrations in the beet puylgrblyzate less than 17 g/L, increased solids logdates
were tested to determine the impact on hydrolyBigure 4 shows that increasing solids loadingsrafeto 8% had
little impact on individual sugar yields.
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Figure 4: Sugar yields (48 hrs) for hydrolysipoéssed sugar beet pulp with increasing solidsihgagtes. All
samples were treated with Viscozyme at 100 pl/dry g
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Conclusions

Enzymes with hemicellulase and pectinase enzyniestieiely hydrolyzed beet pulp without thermocheahic
pretreatment. Protease treatment was not effeatiircreasing subsequent sugar yields from
hemicellulase/pectinase treatment. Cellulase iiciivthe hemicellulase/pectinase enzyme prodiectgo
cellulose hydrolysis levels of approximately 40%twdoretical values. Given the relatively highdesf cellulase
activity in these products, it does not appearifdaso effectively separate the cellulose compaoigrspecifically
solubilizing the pectin and hemicellulose. Othptians should be explored to take advantage ofitpeer yields
and ethanol tolerance of yeast fermentations.



Increasing solids loading rates to 8% had litt@act on sugar yields but increased yielded total
concentrations to greater than 50 g/L. Hydrolyssults with wet and pressed sugarbeet pulp wargpamable.
Pectin hydrolysis was found to be slightly increhasing pressed pulp. Solid loading rates cambeased up to
8% with little or no impact on hydrolysis. Furthiacreases in solids loading rate may be limitedrixing
requirements but would increase sugar and ethamalentrations leading to lower hydrolysis, fermé&aotg and
distillation costs.
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