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Sugar beet pulp (SBP) as received has a fairly high moisture content of 75–85%, which makes SBP storage
a challenge. Ensilage was studied over 90 days and was found to effectively preserve SBP without lactic
acid bacterium inoculation. Higher packing density yielded a slightly better silage quality. Ensilage
improved sugar yield upon enzymatic hydrolysis of ensiled SBP washed with water. However, neither
washing nor sterilization improved ethanol production from ensiled SBP using Escherichia coli KO11, sug-
gesting ensiled SBP could be used directly in fermentation. The ethanol yield from ensiled SBP was nearly
50% higher than raw SBP. Fed-batch fermentation obtained approximately 30% higher ethanol yield than
batch. Fed-batch could also be carried out at 12% solid loading with a 50% lower enzyme dosage com-
pared to batch at the same solid loading, indicating opportunities to improve the economics of SBP con-
version into liquid fuels.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Rapid industrialization and population growth require environ-
mentally sustainable energy sources. Bioethanol derived from
plant biomass can contribute to a cleaner environment and help re-
duce US dependency on liquid fossil fuels. With the advancement
of improved economics, rigorous sustainability analysis of ligno-
cellulosic feedstocks and innovations in processing science, ligno-
cellulosic bioethanol has become a more attractive fuel choice
than earlier grain/starch based fuel ethanol [1]. Current commer-
cial bioethanol production using crops such as sugar cane and corn
as feedstocks are well-established. However, agriculture and fuel
production compete for use of these crops [2]. As a result, utiliza-
tion of more abundant, renewable, and inexpensive feedstocks
such as lignocellulosic biomass could make bioethanol a more
competitive alternative to fossil fuels [3]. Although lignocellulosic
biomass constitutes the majority of renewable feedstocks, the
complex structure of the cell wall makes degradation and subse-
quent processing of carbohydrates difficult.

Sugar beet pulp (SBP) is a valuable by-product from the manu-
facturing of beet sugar. Its carbohydrate (cellulose, hemicellulose,
ll rights reserved.
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pectin, and others) contents have been reported to be as high as
85% (w/w, dry basis) and its lignin content as low as 1–2% (w/w,
dry basis) [4,5]. It also contains 10–15% protein (w/w, dry basis).
The US planted 1.2 million-acres of sugar beet crops and produced
29.5 million tons of sugar beet in 2009 [6], which resulted in more
than 1.6 million dry tons of SBP after sucrose extraction [7]. Con-
ventionally, SBP is dehydrated, pelletized and sold as a relatively
low-value animal feed. The profitability of selling SBP as animal
feed depends greatly on the economics of the energy and feed
industries since SBP processing, including drying, pelletizing, and
transporting, is energy-intensive [8]. In many parts of the world,
utilization of SBP is an economically marginal part of beet sugar
processing due to the low feed value and high drying cost [7]. In
certain areas, dehydrating and pelletizing SBP contribute 30–40%
of the overall energy cost of sugar beet processing [9]. Therefore,
the beet sugar industry seeks to add value to SBP via a process that
does not require drying. In light of this, converting SBP into fuel
ethanol through biological pathways, including hydrolysis and fer-
mentation, is an attractive option.

Storage is a major challenge in utilizing SBP for fuel ethanol pro-
duction. Drying of SBP is common as it avoids carbohydrate loss
due to microbial activity. However, in most countries this method
is too expensive [10]. Furthermore, dry storage may not be advan-
tageous when SBP is intended for conversion to biofuels and bio-
based products since anaerobic digestion and fermentation are
typically aqueous processes. For these reasons, it is worth investi-
gating wet storage methods that minimize SBP carbohydrate loss
while maintaining moisture content after sugar extraction.

http://dx.doi.org/10.1016/j.apenergy.2011.12.084
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Ensilage is a storage technology applied to wet or partially dry bio-
mass [11,12]. During ensilage, water soluble carbohydrates (WSCs)
are rapidly fermented under anaerobic conditions into various or-
ganic acids, preferably lactic acid, to quickly and substantially low-
er the pH. Lactic acid bacterium (LAB) inoculants have often been
used to control the fermentation pattern to avoid undesirable
growth of spoilage microorganisms such as butyric acid-producing
clostridia and enterobacteria [13–15]. The addition of molasses
benefited the growth of LAB and improved the SBP silage quality
with low dry matter loss [10]. Both the addition of acids and a
pressing process were used to preserve SBP in ensilage to achieve
high quality SBP with high lactic acid yield and low dry matter loss
[16]. Ensilage has been used to preserve animal feed and may be
applicable to preserve lignocellulosic biomass such as SBP for bio-
fuel production. It was found that ensiling storage of maize im-
proved biogas yield by 15% in anaerobic digestion compared to
non-ensiled maize [17]. Moreover, Passoth et al. [18] reported that
the ethanol yield from moist wheat grain was increased by 14%
through airtight storage (ensilage), compared with the control ob-
tained from traditionally dried stored grain. Previous research
showed that the ensilage process significantly improved enzymatic
hydrolysis of SBP for reducing sugar production [19]. However, lit-
tle research has been done to examine post-ensiling treatments
such as washing, sterilization, and chemical pretreatment prior
to enzymatic hydrolysis and ethanol fermentation.

Both enzymatic hydrolysis and fermentation are critical pro-
cesses for bioconversion of SBP into fuel ethanol. Costly thermo-
chemical pretreatment might not be needed for effective
bioconversion of SBP due to the low lignin and high pectin con-
tents. Pectin removal by pectinase hydrolysis improved cellulose
hydrolysis [20,21]. Therefore, pectinase is usually used in addition
to cellulase/b-glucosidase to hydrolyze SBP into monosaccharides
and galacturonic acid for fermentation into fuel ethanol. However,
conventional ethanol-fermenting yeasts and native strains such as
Saccharomyces cerevisiae cannot metabolize both arabinose and
galacturonic acid into ethanol [22]. Genetically engineered bacteria
including Escherichia coli KO11, Klebsiella oxytoca P2 and Erwinia
chrysanthemi EC 16 have been used to ferment hexoses, pentoses
and galacturonic acid into ethanol [7]. E. coli KO11 was the most
efficient at fermenting arabinose and galacturonic acid and yielded
the highest ethanol concentration of 25.5 g/L followed by K. oxytoc-
aa P2 and E. chrysanthemi EC 16. Rorick et al. [8] used both E. coli
KO11 and S. cerevisiae (Type II -YSC2) in parallel and serial fermen-
tation processes to convert SBP solids into ethanol. The highest
ethanol yields for E. coli KO11 (0.144 g ethanol/g-dry SBP) were
much higher than those for S. cerevisiae (0.092 g ethanol/g-dry
SBP).

In this paper, ensilage was studied to stabilize SBP in 20-L con-
tainers. The effects of both packing density and LAB inoculation le-
vel (Lactobacillus fermentum NRRL B-4524) on the silage quality
were investigated. Washing and sterilization of ensiled SBP were
examined to determine if they improved or deteriorated reducing
sugar yield upon enzymatic hydrolysis and ethanol yield from
E. coli KO11 fermentation. In addition, size reduction, gas purging,
solid loading level, and operation mode (fed-batch and batch) were
studied to determine their effects on ethanol yield from SBP using
E. coli KO11.
2. Materials and methods

2.1. Materials

SBP was obtained from Spreckels Sugar Company in Mendota,
CA in 2007. The moisture content as-received was about 78%
(wet basis). Fresh SBP was stored at �20 �C until use. L. fermentum
NRRL B-4524 (LAB 137) was offered by the Department of Viticul-
ture and Enology at University of California, Davis. The ethanolo-
genic E. coli strain KO11 was purchased from the American Type
Culture Collection (ATCC 55124).

2.2. Preparation of lactic acid bacterium inoculum and SBP ensilage
set-up

Ensilage was performed at the 20-L scale. L. fermentum NRRL B-
4524 was identified as the best LAB strain for SBP silage quality in
previous studies at 50 and 1000 mL scales [19] and was further
examined here. Ensilage of SBP without LAB inoculation was con-
ducted as a negative control. The packing density of silage was se-
lected as a variable in this study as it was found to significantly
affect the ensilage quality in a previous study [23]. Three packing
density levels, 0.48, 0.72, and 0.96 g/cm3, were used. Three repli-
cates were performed for each packing density for both LAB-inoc-
ulated silage and the control.

The LAB inoculum for ensiling SBP were prepared by thawing
frozen L. fermentum stock and establishing a seed culture by adding
100 uL stock to 5 mL Lactobacillus deMan Rogosa Sharpe (MRS)
medium. The seed culture was grown overnight at 28 �C with an
agitation of 140 rpm. A 2.5 mL aliquot of seed culture was trans-
ferred to 100 mL fresh MRS medium in a 250-mL Erlenmeyer flask,
which was incubated at 28 �C with 140 rpm agitation. Cells were
harvested at an optical density (OD) (590 nm) of 0.5 by centrifug-
ing the culture at 7700 g for 5 min at 4 �C. The cell pellet was
washed twice in 1 M sodium phosphate buffer (pH = 7.0) to re-
move residual media. Washed cell pellets were resuspended in
sterilized deionized (DI) water, adjusted to an OD value of 0.5,
and kept cool on ice until used.

SBP was treated with either prepared LAB inoculum or sterilized
DI water (for the control) using 1-L sprayers. The LAB inoculation
level was 106 CFU/g-dry matter (DM). SBP was thoroughly mixed
while spraying inoculum or water to achieve uniform inoculation.
The final moisture content of inoculated SBP was 80%. The inocu-
lated SBP (8 wet kg, equal to 1.6 dry kg) was packed into 30-L poly-
ethylene bags with different density-specific working volumes. The
bags were sealed using a thermal sealer and hung on a steel rack at
ambient temperature (ca. 22 �C) for 90 days. Each ensilage bag was
equipped with a one-way gas outlet valve, through which the pro-
duced gas within the bag was released to the ambient environ-
ment. After 90 days of ensilage, SBP silage was harvested and pH,
organic acids, water soluble carbohydrates, ammonia, and ethanol
levels were measured.

2.3. Effect of water washing on the enzymatic digestibility of ensiled
SBP

Water washing was conducted by mixing deionized water with
SBP silage to achieve liquid-to-solid ratios of 5:1, 10:1, 15:1, 20:1,
30:1, and 50:1 (g:g wet SBP silage). The mixtures were stirred with
stir bars at 200 rpm for 1 h at ambient temperature, then filtered
through glass fiber filter paper (Grade 934-AH, Whatman) with a
Büchner funnel. The washed SBP silage was collected and stored
in a refrigerator for enzymatic hydrolysis experiments. The un-
washed SBP silage was also hydrolyzed as a control. Enzymatic
hydrolysis was conducted with 6% solid loading at a 100-mL work-
ing volume in 250-mL flasks for 168 h. Hydrolyzates were with-
drawn periodically for reducing sugar measurement.

2.4. Enzymatic hydrolysis

SBP was hydrolyzed using an enzyme mixture containing cellu-
lase (Celluclast 1.5 L), b-glucosidase (Novozymes 188) and pectin-
ase (Pectinex� Ultra SPL). All enzymes were purchased from
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Sigma-Aldrich Corp (St. Louis, MO, USA). The enzyme loading was
15 filter paper units (FPUs)/g-cellulose supplemented with 15 cel-
lobiase units (CBUs)/g-cellulose and 60 polygalacturonase units
(PGUs)/g-pectin unless specified otherwise. The enzymes were
sterilized by filtration through 0.2 lm filters before used. Sodium
citrate buffer (0.05 M) was used to maintain a pH of 4.8 during
enzymatic hydrolysis. The mixture of SBP and buffer were auto-
claved at 120 �C and 15 psi for 20 min and cooled to approx.
50 �C prior to the addition of enzymes. The total working volume
was 100 mL in 250-mL bottles which were incubated in a shaking
incubator at 50 �C and 140 rpm for 72 or 168 h. Hydrolyzates of
1 mL were periodically withdrawn, cooked in boiling water for
15 min to denature the enzymes, and then centrifuged at
11,000 g for 10 min. The supernatants were used for reducing
sugar measurements.

2.5. Fermentation of raw and/or ensiled SBP for ethanol production by
E. coli KO11

2.5.1. E. coli KO11 inoculum preparation
E. coli KO11 was used in all fermentation experiments for etha-

nol production in this paper. Chloramphenicol acyl transferase
(cat) and the Zymmonas mobilis genes encoding pyruvate decarbox-
ylase (pdc) and alcohol dehydrogenase (adhB) for ethanol produc-
tion are integrated into the chromosome of this strain [24]. This
strain also carries additional genetic modifications to minimize fer-
mentation by-product formation. The culture stock was stored in
15% glycerol at �80 �C until used.

E. coli KO11 was grown in a 1:1 (v/v) mixture of Luria Bertani (LB)
medium (10 g/L tryptone, 5 g/L of yeast extract, and 5 g/L NaCl in DI
water) and 5% (w/w) glucose solution. E. coli KO11 culture stock was
transferred into the mixture (1:50, v/v) of LB medium and glucose,
and incubated at 37 �C for 12–16 h until the OD of the culture
reached 1.5 at 590 nm. Cells were harvested by centrifugation at
7700 g for 5 min at 4 �C, washed in sterilized DI water three times,
and resuspended in sterilized DI water with an adjusted OD of 1.5 at
590 nm. 5-mL resuspended cell ‘‘solution’’ was used in fermenta-
tion at an initial cell loading of 0.5 mg cells per gram dry SBP.

2.5.2. General fermentation procedures
In E. coli KO11 fermentation, hydrolytic enzymes, including cel-

lulase, pectinase and b-glucosidase were required. The fermenta-
tion scheme used in this paper was simultaneous saccharification
and fermentation (SSF) unless specified otherwise. Cellulase and
pectinase concentrations were 15 FPU/g-cellulose and 60 PGU/g-
pectin, respectively, supplemented with b-glucosidase of 15 CBU/
g-cellulose. Enzymes were sterilized by filtration through 0.2 lm
filters and mixed with autoclaved LB medium which was made
in 1 M sodium phosphate buffer with a pH at 6.0. The mixture
was added to the autoclaved sugar beet pulp in 250-mL medium
bottles (prewarmed to 37 �C) with a 100-mL working volume.
E. coli KO11 inoculum prepared in Section 2.5.1 was then added
into the 250-mL medium bottles which were incubated at 37 �C
and 140 rpm for 7 days. 1.5-mL fermentation broths were sampled
periodically for measurement of fermentation products, including
ethanol, lactic acid and acetic acid. The broths were centrifuged
at 11,000 g for 10 min. The supernatants were filtered through
0.2 lm syringe filters to 2-mL vials prior to high-performance
liquid chromatography (HPLC) measurements.

2.5.3. Effects of gas purging, particle size and solid loading on ethanol
production from raw SBP

Two purging gases, CO2 and He, were used to purge the cultures
for 5 min prior to fermentation to drive trapped air (oxygen) out of
the cultures. Fermentation without purging was also conducted as
a control. Raw SBP was ground at 10,000 rpm for 5 min in a blender
and pressed through a 20-mesh screen. The fermentations of both
ground and unprocessed SBP were compared to test the effect of
size reduction on the ethanol yield. In the tests of purging gas
and particle size, solid loading was controlled at 4% (w/w, dry
basis). SBP solid loading within the range of 2–12% (w/w, dry basis)
were tested in this study to determine the proper solid loading le-
vel for E. coli KO11 fermentation. Since the type of purging gas and
size reduction were found to have no significant effect on the SBP
fermentation, neither purging nor size reduction was used in the
test of solid loading. Other fermentation conditions were described
in Section 2.5.2.

2.5.4. SSF vs. separated hydrolysis and fermentation (SHF) and
fed-batch vs. batch on fermentation of raw SBP for ethanol production

In SHF (when indicated), enzymatic hydrolysis was performed
with 12% autoclaved SBP solid (w/w, dry basis) in the first 24 h
at 50 �C and pH = 5.0 (1 M HCl and NaOH were used if necessary)
without the addition of E. coli KO11 inoculum. Other hydrolysis
procedures and conditions were described in the Section 2.4. Be-
fore inoculation (E. coli KO11 inoculum was prepared by using
the procedure described in Section 2.5.1), the hydrolyzates were
cooled to 37 �C, and the pH of the hydrolyzate was adjusted to
6.0 using 1 M sterilized sodium phosphate buffer and/or 10 M
NaOH. In SSF, the same levels of enzymes, SBP solid loading, and
E. coli KO11 inoculum were used as in SHF, except that the hydro-
lysis and fermentation occurred simultaneously in SSF. The de-
tailed procedures and conditions of SSF were described in
Section 2.5.2.

Both fed-batch and batch were conducted in the SSF process for
comparison. Fed-batch was started from 6% (w/w, dry basis) solid
loading; enzymes were loaded based on the 6% solid loading (not
12% as batch); and E. coli KO11 inoculum was loaded based on
the final target solid loading of 12% (w/w, dry basis). 7.5 g wet
SBP in 1 M sodium phosphate buffer was added every 6 h during
the first 24 h to bring the final solid loading to 12%. Neither fresh
enzymes nor E. coli KO11 inoculum was added with the fresh SBP
during fed-batch. In the batch process, the 12% solid loading (w/
w, dry basis) was loaded with corresponding enzymes and E. coli
KO11 inoculum at the beginning of fermentation, not loaded step-
wise like fed-batch. Other fermentation procedures and conditions
were described in Section 2.5.2.

2.5.5. Fermentation of ensiled SBP for ethanol production
SBP silage obtained from the 20-L ensilage experiment with a

packing density of 0.96 g/cm3 and without LAB inoculum was used
in this study to determine if certain treatments (washing, steriliza-
tion, etc.) are needed prior to ethanol fermentation using E. coli
KO11. Ensiled samples were treated using four different methods,
including (1) washing followed by sterilization, (2) washing with-
out sterilization, (3) non-washing with sterilization, and (4) non-
washing and non-sterilization. Fermentations of raw SBP with
and without sterilization were also conducted as controls. In the
washing process, the ensiled samples were mixed with DI water
using a stir bar at room temperature for 30 min with the
solid-to-water ratio of 1:10. Washing was stopped by filtering
the samples through a glass filter paper on a Büchner funnel. The
sterilization of samples was performed by autoclaving at 121 �C
for 20 min. The SBP samples prepared through different methods
were fermented using E. coli KO11 with 4% (w/w) solid loading.
Other fermentation conditions are described in the Section 2.5.2.

2.5.6. Plate count analysis during E. coli KO11 fermentation of ensiled
SBP

Standard plate counts (colony forming unit, CFU) were per-
formed in duplicate by withdrawing samples from fermenters at
24-h intervals during the fermentation of ensiled SBP as described
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in Section 2.5.5. Cultures were prepared in serial dilutions and ali-
quots were plated on LB medium containing 20 g/L glucose solidi-
fied with 1.5% (w/v) agar with and without chloramphenicol. The
amount of chloramphenicol in plates was 40 mg/L.

2.6. Analytical methods

Dry matter was determined by drying 1 g samples at 103 �C in a
convection oven for 24 h. Dried samples were ignited in a muffle
furnace at 550 �C for 3 h for ash content measurement [25]. Nitro-
gen content was measured by following the Kjeldahl method, and
crude protein was calculated as N � 6.25 [26]. Neutral detergent
fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin
(ADL) were determined by the procedures developed by Goering
and Van Soest [27]. Hemicellulose and cellulose were calculated
as (NDF-ADF) and (ADF-ADL). The pectin content was determined
as galacturonic acid by the protocol proposed by Ahmed and
Labavitch [28] and Melton and Smith [29].

Ensiled samples were diluted 1/10 (w/w) in water and stirred
for 30 min prior to measurement. The mixtures were centrifuged
at 7700 g for 10 min, and then the supernatant was filtered
through 0.22 lm polytetrafluoroethylene (PTFE) filter paper. The
resulting filtrates were used to measure pH, organic acids, ammo-
nia, ethanol, and WSC. The pH was measured using a pH electrode
(Accumet Model 20, Fishersci, Pittsburgh, PA). Organic acids,
glucose, cellobiose and ethanol were measured using a HPLC
(Shimadzu, Columbia, MD) equipped with Aminex HPX-87H col-
umn (Bio-Rad, 300 � 7.8 mm, Hercules, CA). A refractive index
detector (RID-10A, Shimadzu, Columbia, MD) was used to identify
sugars and ethanol, and a UV detector (SPD-20A Prominence,
Shimadzu, Columbia, MD) was used to identify organic acids. The
mobile phase was 5 mM sulfuric acid. The separation temperature
and mobile phase flow rate were 60 �C and 0.6 mL/min, respec-
tively. A wavelength of 215 nm was used on the UV detector.
Ammonia was determined using an ion-selective electrode (Accu-
met ammonia electrode, model 95-12, Fisher Scientific, Pittsburgh,
PA). The pH of extract filtrates was adjusted to 13 by adding 10 M
sodium hydroxide before ammonia measurement [30]. WSC levels
were determined as glucose by the phenol-sulfuric acid method
developed by Dubois et al. [31].

The activities of cellulase and b-glucosidase were quantified
based on FPU and CBU, respectively [32]. Pectinase acitivity, PGU,
was analyzed by the methods developed by Dalal et al. [33] and
Bailey and Pessa [34].
Table 1
Effects of inoculum and packing density on SBP silage quality at 20-L scale. a

Inoculum Packing density (g/
cm3)

pH Amount change during

Lactic acid Acetic a

Control (no LAB
inoculation)

0.48 3.93 AB
(0.00)

28.44 AB
(1.17)

37.20 A
(0.35)

0.72 4.03 A
(0.05)

28.70 AB
(0.99)

37.60 A
(1.41)

0.96 3.91 B
(0.04)

33.00 A
(2.02)

34.69 A
(1.11)

LAB 137 0.48 3.94 AB
(0.03)

27.51 B
(0.61)

37.87 A
(0.40)

0.72 3.94 AB
(0.04)

24.43 B
(3.53)

37.74 A
(3.87)

0.96 3.95 AB
(0.03)

28.92 AB
(0.21)

35.07 A
(0.89)

a All data but pH were corrected by the initial values; the numbers in parentheses
significantly different (p 6 0.05).

b Amount change (mg/g initial dry SBP) = [final concentration (mg/g final dry SBP) � fin
dry SBP (g).

c WSC is consumed during ensilage, therefore, the amount change in WSC represents
2.7. Data analysis

Data analysis was performed using JMP 7.0 (SAS Institute Inc.,
Raleigh, NC, 2008). The significance levels of different treatments
were determined by analysis of variance (ANOVA) and least signif-
icant difference (LSD) (a = 0.05).
3. Results and discussion

3.1. SBP storage by 20-L ensilage

Ensiled samples were removed from reactors, mixed thor-
oughly, and analyzed for dry matter, pH, organic acids (lactic acid,
acetic acid, butyric acid, and iso-butyric acid), ethanol, ammonia,
and WSC. Butyric acid, iso-butyric acid and ammonia were used
to indicate the activity of undesirable microorganisms such as
enterobacteria and Clostridium spp. [35–37].

Both LAB 137 and the control were able to decrease pH below
4.5 during ensilage (Table 1). Acidic conditions benefit the inhibi-
tion of undesirable Clostridium spp., enterobacteria and/or yeast
fermentations which usually lead to the degradation of carbohy-
drates and lactic acid and deteriorate silage quality [35–38]. The
concentrations of acetic acid, ammonia, ethanol, and WSC are not
significantly different among different treatments. The control
and LAB 137 have similar results for the concentration of lactic acid
that silage with packing density of 0.96 g/cm3 has numerically, but
not statistically higher lactic acid concentration than the other
packing densities. Silage quality under the control treatment with-
out LAB inoculation was not significantly different from that inoc-
ulated with LAB, indicating that SBP can be ensiled without LAB
inoculation. Little butyric and iso-butyric acids were detected, sug-
gesting that undesirable organisms, such as enterobacteria and
Clostridium spp. were inhibited. In addition, silage quality was
homogeneous throughout each bag in the vertical direction (data
not shown), indicating consistent ensiling occurred within the
20-L bags.
3.2. Enzymatic hydrolysis of ensiled SBP

While ensilage is a promising storage technology for SBP, it is
unknown whether low pH and the presence of compounds that
accumulate during ensilage would positively or negatively affect
enzymatic activity during hydrolysis. Water washing studies were
ensilage (mg/g initial dry SBP)b

cid Propionic
acid

Total organic
acid

Ammonia Ethanol WSC
reductionc

9.76 A
(0.29)

75.40 AB
(1.70)

1.617 A
(0.208)

16.16 A
(0.09)

11.71 A
(1.83)

9.95 A
(0.10)

76.25 AB
(0.61)

1.453 A
(0.078)

16.22 A
(0.67)

10.39 A
(0.86)

9.99 A
(0.23)

77.68 A (1.09) 1.896 A
(0.255)

15.81 A
(0.62)

11.82 A
(2.38)

9.66 AB
(0.11)

75.03 AB
(0.56)

1.933 A
(0.489)

17.08 A
(0.26)

11.77 A
(2.54)

9.00 B
(0.40)

71.16 C (1.59) 1.542 A
(0.201)

16.11 A
(1.20)

13.11 A
(1.87)

9.59 AB
(0.19)

73.58 BC
(1.20)

1.945 A
(0.287)

17.45 A
(1.29)

12.45 A
(0.89)

are standard deviation; values not connected by the same letter (A, B and C) are

al dry SBP (g)-initial concentration (mg/g initial dry SBP) � initial dry SBP (g)]/initial

reduction.
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designed to determine if washing improved hydrolysis rates and
sugar yields of ensiled SBP upon enzymatic hydrolysis.

Washing with higher water-to-solid ratios resulted in slightly
increased reducing sugar concentration (Fig. 1). After 168 h of
hydrolysis, the reducing sugar concentration for non-washed SBP
silage was 30 mg/mL, which was not significantly different from
that observed in SBP silage washed using a water-to-solid ratio
of 5:1. Although SBP silage washed using a 50:1 ratio had the high-
est final reducing sugar concentration of 38 mg/mL, it did not
achieve a significantly higher hydrolysis yield compared with SBP
silage washed with ratios of 15:1, 20:1, and 30:1. The difference
(1 mg/mL) between the 1:10 ratio and the 1:15 ratio is numerically
small. Therefore, the ratio of 10:1 would likely be sufficient and
practical to remove the inhibitors in the SBP silage and improve
the enzymatic hydrolysis of ensiled SBP.

3.3. Effect of gas purging and particle size reduction on ethanol
production

The presence of LB medium in batch fermentation significantly
increased ethanol concentration by 6 mg/mL as shown in Sec-
tion 3.5. For this reason LB medium was used for all fermentation
experiments in this study. As shown in Fig. 2a and b, no significant
difference was observed among the tested purging gases on the
yield of ethanol and lactic acid. CO2 purge led to the highest acetic
acid concentration after 72 h fermentation (Fig. 2c). SBP size reduc-
tion did not result in a significant difference in the yields of etha-
nol, acetic acid or lactic acid. As a result, gas purging and size
reductions were omitted from additional fermentation studies.
SBP fermentations using E. coli KO11 exhibited rapid fermentation;
the 24-h ethanol concentration reached over 90% of the final con-
centration of 7 mg/mL. After 72 h, negligible ethanol was produced
although the concentration of lactic and acetic acids still increased
until 120 h. The final ethanol yield reached 0.2 g ethanol/g-dry SBP.
The ratio between ethanol, lactic acid and acetic acid under condi-
tions leading to maximum ethanol yield at 72 h was approximately
3:1:1.

3.4. Effect of SBP solid loading on ethanol production

Ethanol concentration increased from 3 to 14 mg/mL as SBP so-
lid loading was changed from 2% to 10%, while ethanol concentra-
tion dropped to 9 mg/mL at 12% solid loading (Fig. 3a). The
decrease in ethanol production with 12% solid loading may have
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Time (h)

Fig. 2. Effect of gas purging and SBP size reduction on E. coli KO11 fermentation.
been due to glucose inhibition of E. coli KO11 [39]. For all solid
loading levels, the ethanol concentration leveled off after 72 h of
fermentation. Lactic acid and acetic acid concentrations increased
slightly with elevated SBP solid loading (Fig. 3b and c). However,
12% solid loading achieved the highest acetic acid and lactic acid
concentration after 168 h. E. coli KO11 is capable of fermenting
galacturonic acid in SBP to acetic acid [22]. It is likely that the
increasing levels of SBP resulted in an increase in fermentation of
galacturonic acid and accumulation of acetic acid.

There is no significant difference in the ethanol yield among the
different solid loadings. The final ethanol yield was 0.2 g ethanol/g-
dry SBP. In addition, the ratio between ethanol, lactic acid and ace-
tic acid (in that order) increased with the increase in solid loading.
With 10% solid loading, the ratio between ethanol, lactic acid and
acetic acid was 1:0.03:0.13 while this ratio became 1:0.07:0.5
when solid loading decreased to 2%. Therefore, 10% SBP solid load-
ing was used for further fermentation studies.
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3.5. Effect of fermentation mode on ethanol production from SBP

High-solid loading is more desirable than low-solid loading dur-
ing either enzymatic hydrolysis or fermentation because of higher
sugar and ethanol concentrations and lower product recovery and
equipment costs. However, high-solid loading has inherent prob-
lems such as mixing and sugar inhibition. To overcome these prob-
lems, fed-batch SSF was used to conduct SBP fermentation for
ethanol production with E. coli KO11. Our previous results showed
that fed-batch operation reduced the requirements for enzyme
dosage while maintaining similar sugar yield (unpublished data).
Therefore, ethanol yields from fed-batch fermentation of SBP were
compared with those from batch fermentation.

SBP enzymatic hydrolysis prior to E. coli KO11 fermentation in
SHF facilitated mixing. However, it increased the maximum
ethanol yield by only 1 mg/mL compared with SSF (Fig. 4). Addi-
tionally, fed-batch fermentation achieved higher ethanol yield (5-
6 mg/mL more ethanol) and required half as much enzyme in
E. coli KO11 fermentation of SBP compared to batch fermentation.
Using fed-batch SSF instead of SHF to mitigate problems with mix-
ing and product inhibition of enzymes during fermentation could
potentially reduce equipment and overall process costs.
3.6. Fermentation of ensiled SBP for ethanol production by E. coli KO11

The necessity of various treatment processes for ensiled SBP
prior to down-stream conversion was investigated. SBP samples
were ensiled in 20-L bags for 90 days. Biochemical conversion of
ensiled SBP into ethanol was performed using E. coli KO11 fermen-
tation with enzyme supplementation. In fermentation of ensiled
SBP, sterilization did not affect ethanol yield. However, steriliza-
tion did enhance ethanol yield for raw SBP. Washing significantly
decreased the maximum ethanol concentration for ensiled SBP
(Fig. 5). The results demonstrate that the ensiling process can sig-
nificantly improve ethanol yield and that washing and sterilization
of ensiled SBP are unnecessary with respect to ethanol production.
To better understand the effects of sterilization and washing, fur-
ther research is needed to study microorganism populations in en-
siled SBP.

E. coli KO11 density was not necessarily related to ethanol yield.
For example, in fermentation of ensiled non-washed sterilized SBP,
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the E. coli KO11 population increased during the first 48 h, but eth-
anol yield leveled off after 24 h (Fig. 6). For the fermentation of en-
siled non-washed non-sterilized SBP, the E. coli KO11 population
decreased after 24 h while achieving similar ethanol yield to the
ensiled non-washed sterilized SBP. One possible explanation is that
enzymes were inhibited after 24 h of fermentation, resulting in
little additional sugar release from enzymatic hydrolysis after this
point. More research is needed to determine the reasons underly-
ing these results.
4. Conclusions

LAB inoculation is unnecessary for obtaining good SBP silage
quality. Higher packing density yields slightly better silage quality.
Neither gas purging nor size reduction is needed for E. coli KO11
fermentation. Increasing SBP solid loading from 2% to 10% results
in increased ethanol yield and decreased yields of by-products.
Fed-batch achieves much higher ethanol yield than batch at 50%
lower enzyme dosage. Ensiled SBP has higher reducing sugar yield
than raw SBP upon enzymatic hydrolysis, but needs water wash-
ing. In fermentation of ensiled SBP using E. coli KO11, sterilization
is unnecessary and washing significantly decreases ethanol yield of
ensiled SBP. Ensilage could be used to not only store biomass, but
also pretreat biomass to enhance biofuel yield. Based on ethanol
yields presented here (0.2 g ethanol/g SBP) and SBP yields of 1.6
million dry tons per year in the US [7], SBP could provide
411,900 m3 (108 million US gallons) of ethanol per year. The trade
off between using SBP for liquid fuel production rather than animal
feed could be a potential drawback and would need to be consid-
ered in an overall economic analysis of biofuel production from
SBP.
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