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Abstract An abundant agricultural residue, rice straw (RS)
was pretreated using ammonia fiber expansion (AFEX)
process with less than 3% sugar loss. Along with
commercial cellulase (Spezyme® CP) at 15 filter paper
unit/g of glucan, the addition of Multifect® Xylanase at
2.67 mg protein/g glucan and Multifect® Pectinase at
3.65 mg protein/g glucan was optimized to greatly increase
sugar conversion of AFEX-treated RS. During enzymatic
hydrolysis even at 6% glucan loading (equivalent to 17.8%
solid loading), about 80.6% of glucan and 89.6% of xylan
conversions (including monomeric and oligomeric sugars)

were achieved. However, oligomeric glucose and xylose
accounted for 12.3% of the total glucose and 37.0% of the
total xylose, respectively. Comparison among the three
ethanologenic strains revealed Saccharomyces cerevisiae
424A(LNH-ST) to be a promising candidate for RS
hydrolysate with maximum ethanol metabolic yield of
95.3% and ethanol volumetric productivity of 0.26 g/L/h.
The final concentration of ethanol at 37.0 g/L was obtained
by S. cerevisiae 424A(LNH-ST) even with low cell density
inoculum. A biorefinery combining AFEX pretreatment
with S. cerevisiae 424A(LNH-ST) in separate hydrolysis
and fermentation could achieve 175.6 g EtOH/kg untreated
rice straw at low initial cell density (0.28 g dw/L) without
washing pretreated biomass, detoxification, or nutrient
supplementation.

Keywords AFEX pretreatment . Biofuel . Cellulosic
ethanol . Mass balance . Saccharification . Biorefinery

Introduction

Currently, ethanol is widely considered to be one of the
most important alternatives to petroleum. Lignocellulosic
feedstocks, due to their abundance and low cost, have
become attractive raw materials for ethanol production
compared to starch- and sucrose-based materials. Fuels
derived from lignocellulosic biomass also hold the potential
for clean and renewable transportation energy (Bothast and
Schlicher 2005; Farrell et al. 2006; Lin and Tanaka 2006).

Ammonia fiber expansion (AFEX) offers an effective
pretreatment technology for recalcitrant lignocellulosic
materials (Belkacemi et al. 1998; Teymouri et al. 2006).
This physiochemical method has been shown to improve
substrate digestibility several fold through the decrystalli-
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zation of cellulose, the partial depolymerization of hemi-
cellulose, and the cleavage of lignin carbohydrate complex
linkages (Balan et al. 2008). Furthermore, the AFEX-
treated biomass was shown to produce less inhibitors than
dilute acid pretreatment (manuscript in preparation). Enzy-
matic hydrolysate from AFEX-treated corn stover exhibited
high fermentability without any costly processes like
washing the pretreated biomass, detoxification, and nutrient
supplementation (Lau et al. 2008; Lau and Dale 2009).

From an economic feasibility standpoint, a high solid
loading with satisfactory conversion yields (to fermentable
sugars) is required to reduce the cost of distillation during
production. High solid loading (above 30%) has already
been widely used in the starch-based ethanol industry
(Bayrock and Ingledew 2001). The Department of Energy
in the USA has launched several cellulosic ethanol projects,
suggesting that a final ethanol concentration above 40 g/L
is economically desirable (Fan et al. 2003; Wingren et al.
2003). Economic evaluation revealed that the energy
expenditure was reduced by about two-thirds if the initial
ethanol concentration was increased from 1% to 5% in a
single distillation unit for a final concentration of 94.5%
(w/w; Zacchi and Axelsson 1989). However, due to enzyme
inhibition by sugars and degradation products (generated
during pretreatment), conversion of biomass to fermentable
sugars usually decreases with an increase in solid loading
(Byung-Hwan and Hanly 2008; Lübbert and Jøgensen
2001). It has been reported that the cellulose conversion is
reduced to approximately 33.3% at 40% (w/w) solid
loading when compared to 3% (w/w) solid loading. Both
cellulose and hemicellulose conversion decreased approx-
imately linearly with the increase in solid loading
(Jørgensen et al. 2007). Furthermore, fermentation of
hydrolysate at high solid loading may also be hampered
by high viscosity and accumulation of inhibitors like
furfural, acetic acid, phenolic lignin degradation products,
etc. (Lu et al. 2008; Jørgensen et al. 2007).

Traditionally, rice straw (RS) was incinerated to produce
fertilizer minerals in agricultural fields after harvest result-
ing in a large amount of environmental pollution. To
overcome this problem, some states (such as California,
USA) have implemented state laws to restrict the burning of
RS (Forrest et al. 1997). With nearly 800 million dry tons
produced worldwide annually, RS holds great potential for
the cellulosic ethanol market.

Generally, cellulosic ethanol production requires the
following three major processes: pretreatment, saccharifi-
cation, and fermentation. RS was more recalcitrant than
other agricultural residues such as corn stover (Balan et al.
2008). Therefore, a mushroom spent straw (MSS)/AFEX
technology integrating a biological pretreatment by white
rot fungi followed by AFEX pretreatment was used in that
work. Treating RS with a white rot fungus (Pleurotus

ostreeatus) benefits enzymatic hydrolysis by selectively
degrading recalcitrant lignin, while the fungus utilizes free
sugars and cohydrolyzed oligosaccharides for growth of
their fruiting bodies (Balan et al. 2008; Cohen et al. 2002).
However, 23.2% of glucan and 20.1% of xylan were lost
during MSS pretreatment. As shown in that work (Balan et
al. 2008), they investigated the effects of various AFEX
pretreatment conditions on the conversion of RS by glucan
and xylan. Through the optimization of AFEX conditions,
glucan conversion was increased to 92% after MSS/AFEX
at 15 FPU (filter paper unit)/g glucan loading. However,
only 55% of xylan conversion was observed. In this paper,
we have investigated to improve the xylan conversion for
AFEX-treated RS, by appropriate addition of Multifect®
xylanase and Multifect® pectinase in addition to Spezyme®
CP cellulase and Novozyme™ 188 during hydrolysis. The
production of monomeric and oligomeric sugars at different
solid loadings during enzymatic hydrolysate is discussed
thoroughly. Comparison of glucose and xylose co-
fermentation was conducted using three different yeast
strains, including Saccharomyces cerevisiae 424A(LNH-
ST) and Pichia stipitis (FPL-061 and DX-26). A biorefinery
involving AFEX pretreatment and saccharification and
fermentation at optimized conditions was integrated to
analyze feedstock-to-ethanol by mass balance.

Materials and methods

Materials

Rice straw was obtained from California, USA and air-dried
to approximately 7.92% moisture content (based on total dry
biomass). Pre-milled RS, passed through a 5-mm screen, was
stored in the refrigerator (4 °C) until further use.

AFEX pretreatment

AFEX pretreatment was performed in a bench top Parr
reactor under optimized conditions previously described
(Balan et al. 2008). The optimal conditions in this
experiment were as follows: reaction temperature, 140 °C;
moisture content, 80% (on dry weight basis); residence
time, 30 min; and ratio of ammonia to biomass, 1:1 g
ammonia/g dry biomass. The excess ammonia present in
the pretreated RS was removed by flushing with nitrogen
for 20 min and then left under the fume hood for 3–4 h.

Composition analysis

Composition was performed on untreated RS and AFEX-
treated RS to the laboratory analysis protocol (LAP) from
the National Renewable Energy Laboratory (NREL 2004).
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Enzymatic hydrolysis

Enzymatic hydrolysis was performed according to the LAP-
009 protocol from the National Renewable Energy Labo-
ratory (Golden, CO, USA; NREL 2004). Spezyme® CP,
Multifect® Xylanase, and Multifect® Pectinase were
obtained from Genecor Inc., and Novozyme™ 188 was
purchased from Sigma-Aldrich Co. Spezyme® CP and
Novozyme™ 188 were loaded at 15 FPU/g cellulose and
64 pNPGU/g cellulose, respectively. The AFEX-treated RS
was enzymatically hydrolyzed without any prior washing or
detoxification. Tetracycline was added at a concentration of
40 mg/L as an antibiotic during the enzymatic hydrolysis.

The reaction was conducted at pH 4.8, 50 °C, and
150 rpm for 1% glucan loading. For 3% or 6% loading, the
shaker speed was 250 rpm in order to achieve good mixing
performance. The hydrolysis samples were heat-treated at
100 °C on a block heater (Eppendorf, Westbury, NY, USA)
for 20 min to denature the enzyme mixture and then filtered
through a 0.22-μm Whatman membrane filter at predeter-
mined time periods (72 and 168 h) as described in the
previous report (Balan et al. 2008).

Monomeric and oligomeric sugar analysis

Enzymatic hydrolysate was centrifuged at 7,500 rpm to
separate the pellets from the supernatant. The collected
pellets were washed twice at a ratio of 1 g wet pellet to
10 mL of water. Samples were taken from the washed
streams after each washing. Monomeric sugars (glucose
and xylose) in the hydrolysate and washed streams were
diluted tenfold and analyzed using Aminex HPX-87P
column (Bio-Rad, Sunnyvale, CA, USA).

The washed solids were air-dried and weighed. Hydro-
lysate was diluted to about 5.0 g/L glucose and 2.5 g/L
xylose. Oligomeric sugars in the hydrolysate and washed
solids stream were acid-hydrolyzed to analyze the oligo-
meric sugars, following LAP-014 from NREL (NREL
2004). Standards were prepared to calculate the percent
recovery of monosaccharides. Enzymatic and acid hydro-
lysis was conducted in duplicate.

Microorganisms and inoculum culture

S. cerevisiae 424A(LNH-ST), a derivative of ATCC 4124,
is an engineered strain from Dr. Nancy Ho (Purdue
University) with integrated xylose reductase, xylitol dehy-
drogenase, and xylulokinase genes in yeast chromosomes
(Ho and Chen 1997; Sedlak and Ho 2004). P. stipitis FPL-
061 (NRRL Y-21301) and P. stipitis DX-26 are from Dr.
Thomas W. Jeffries (University of Wisconsin, Madison).
P. stipitis FPL-061 is a mutant strain from P. stipitis CBS-
6054 (ATCC 58785), maintained by selective growth on

L-xylose in the presence of respiratory inhibitors antimycin
A and salicyl hydroxamic acid (Sreenath and Jeffries 1997).
P. stipitis DX-26 (NRRL 21304) was derived from P.
stipitis FPL-061 by mutagenesis with ethyl methanesulfo-
nate and selection for growth on D-xylose in the presence of
1.0 g/L 2′-deoxyglucose (Lu et al. 1998).

Solid cultures of S. cerevisiae and P. stipitis were
prepared in YEPD medium which contained 10 g/L yeast
extract, 20 g/L peptone, 20 g/L glucose, and 20 g/L agar.
Inoculum cultures of S. cerevisiae and P. stipitis were
prepared in 250-mL Erlenmeyer flasks overnight. Cells
grown on a YEPD agar plate were inoculated into 250 mL
flasks containing 100 mL inoculum culture medium,
covered with an aerobic stopper. Inoculum culture was
incubated at 30 °C for 18–24 h at a rotary speed of
150 rpm. Tetracycline was added at a concentration of
40 mg/L as antibiotics in solid and liquid inoculum culture.

Fermentation and analysis

Ethanol fermentation was done using hydrolysate under
semisterile conditions without any nutrient supplement. The
initial pH was adjusted to 5.5 for yeast fermentation.
Predetermined inoculum culture was centrifuged at
4,000 rpm and cell pellets were re-suspended into the
fermentation culture. Fermentation was conducted at 30 °C
with a rotary speed of 150 rpm.

Cell density was measured using a Beckman Coulter
UV–Vis spectrometer at 600 nm (1-cm light path). Optical
density (OD) was corrected between 0.1 and 0.8 with the
dilution factors as necessary. Samples were taken and
centrifuged at 13,000 rpm for 5 min. Supernatant was
collected and filtered through a 0.22-μm Whatman syringe
filter with a diameter of 13 mm. Ethanol, xylitol, and
residual sugars were determined by a Waters HPLC. The
HPLC system was composed of a Waters 410 differential
refractometer (Milford, MA, USA), a UV detector, a HPLC
pump (Waters 515), an external heater module (Waters),
and a Waters 717 plus auto sampler. The HPLC was run on
an HPX-87H column (Bio-Rad) at 0.6 mL/min flow rate at
50 °C, with 5 mM H2SO4 as the mobile phase.

Results

AFEX pretreatments and optimization of enzyme addition

Based on appearance, AFEX-treated RS retained its
structure almost completely intact, but appeared slightly
darker than untreated RS (Balan et al. 2008). Composition
analysis revealed that untreated RS had 34.7% glucan,
15.1% xylan, 2.2% arabinan, 19.1% lignin, 16.0% ash, etc.
(Table 1).
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AFEX-treated RS was solubilized to a free flowing
liquid within 6 h of enzymatic hydrolysis, while untreated
RS was still intact after 72 h and little free liquid was
observed in the flasks. For the untreated RS, only 30.9%
glucan conversion and 20.5% xylan conversion at 168 h
were obtained (data not shown). As shown in Fig. 1, the
glucan and xylan conversions of AFEX-treated RS at 72 h
were 66.0% and 63.4%, respectively. Conversion at 168 h
was 10% greater than that at 72 h. Previous studies have
indicated that the initial hydrolysis rate is much higher than
the subsequent rate due to selective initial hydrolysis of
amorphous cellulose or subsequent insufficiency of new
catalytic sites (Mansfield et al. 1999; Eriksson et al. 2002).
The effect of Multifect® xylanase addition on enzymatic
hydrolysis was conducted at 1% glucan loading. Addition

of Multifect® xylanase with 2.67 mg protein/g glucan
improved the glucan and xylan conversion at 72 h by nearly
6.9% and 7.8%. At 168 h, the glucan and xylan conversions
were 75.8% and 74.6%, respectively. Increasing Multifect®
xylanase by fourfold to 10.68 mg protein/g glucan achieves
78.9% glucan conversion and 81.6% xylan conversion.

A previous study has shown that Multifect® Pectinase
contains Xylanase activity of 8.7 U/mg protein (Berlin et al.
2007). In order to determine the effect of Multifect®
Pectinase on enzymatic hydrolysis, the Multifect® Xylanase
level was fixed at 2.67 mg protein/g glucan. At 1% glucan
loading, the addition of Multifect® Pectinase did not show a
significant increase of glucan and xylan conversions (data
not shown). Therefore, the enzymatic hydrolysis was
conducted at 3% glucan loading. As shown in Fig. 2, the
glucan and xylan conversions were only 70.5% and 55.0%
without any addition of Multifect® Xylanase and Multifect®
Pectinase. With the increase of the ratio of Multifect®
Pectinase to Multifect® Xylanase, the change in glucan
conversion was insignificant. However, the xylan conver-
sion increased to 75.8% when the Multifect® Pectinase
level was increased to 3.65 mg protein/g glucan. Further
addition of Multifect® Pectinase did not bring more
improvement in conversion to sugars.

Oligomeric and monomeric sugar analysis at different
glucan loadings

Enzymatic hydrolysis was performed at 1%, 3%, and 6%
glucan loading, corresponding to 3.0%, 8.9%, and 17.6%
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Fig. 1 Effect of Multifect® xylanase supplementation on saccharifi-
cation for AFEX-treated rice straw. Enzyme complex: Spezyme® CP
(15 FPU/g glucan), Novozyme™ 188 (64 pNPGU/g glucan), Multi-
fect® xylanase. Addition of Multifect® xylanase was based on a
loading at gram protein per gram glucan. Values are means of
duplicate experiments. Enzyme loading, 1% glucan loading; temper-
ature, 50 °C; shaking speed, 150 rpm. Values are means of duplicate
experiments
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Fig. 2 Effect of Multifect® pectinase supplementation on saccharifi-
cation for AFEX-treated rice straw. CK: without any addition of
xylanase and pectinase. Enzyme complex: Spezyme® CP (15 FPU/g
glucan), Novozyme™ 188 (64 pNPGU/g glucan), Multifect® xylanase
(2.67 g protein/g glucan), Multifect® pectinase. Addition of Multi-
fect® pectinase was based on a loading at gram protein per gram
glucan. Enzyme loading, 3% glucan loading; temperature, 50 °C;
shaking speed, 250 rpm. Values are means of duplicate experiments

Table 1 Composition analysis of untreated and AFEX-treated rice
straw

Components Percentage (based on dry biomass)

Untreated RS AFEX-treated RS

Glucan 34.7±1.1 33.8±1.7

Xylan 15.1±0.2 15.0±0.9

Arabinan 2.2±0.4 2.9±0.4

Lignin 19.1±1.0 14.4±0.1

Ash 16.0±0.0 15.5±0.1

Extractive 17.9±0.5 32.2±1.0

All values are means of duplicates ± standard deviation
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solid loading, respectively. Sugar concentrations and
glucan/xylan conversion to monomeric/oligomeric sugars
are shown in Fig. 3. At 1% glucan loading, the concen-
trations of glucose and xylose at 168 h were 9.0 and 4.0 g/L,
respectively, corresponding to 84.8% of glucan and 84.3% of
xylan conversion to monomeric sugars, respectively. Glucan
and xylan conversions to monomeric sugars were both
dependent on glucan loadings. The increase in glucan
loading from 1% to 3% led to a decrease of 3.1% in glucan
conversion and a decrease of 8.5% in xylan conversion to
monomeric sugars. With higher glucan loading, we see a
decrease in the conversions of monomeric sugars. The
glucan and xylan conversions to monomeric sugars at 6%
glucan loading decreased to 70.7% and 56.4%, respectively.
Previous studies have shown that high concentrations of the
hydrolysis product (e.g., glucose) greatly inhibit enzyme
performance (Xiao et al. 2004), which could be a possible
explanation for higher decrease in the conversions to
monomeric sugars at higher glucan loading. In addition,
conversions to monomeric xylose declined more than
monomeric glucose, which is consistent with another study
(Jørgensen et al. 2007).

Acid hydrolysis was conducted to determine the pro-
duction of oligomeric sugars in enzymatic hydrolysate and
washed streams. At 1% glucan loading, the concentrations
of glucose and xylose oligomers were 0.7 and 1.2 g/L after
168 h of hydrolysis, which corresponds to 4.8% and 15.6%
conversion, respectively. With increasing glucan loading
(from 1% to 6%), we could see an increase in oligomeric
sugars. The glucan conversion to oligomers was 8.5% and
9.9% after 168 h of hydrolysis at 3% and 6% glucan
loading, respectively. The xylan conversion to oligomers

increased almost linearly with glucan loading. At 3% and
6% glucan loading, the xylan conversion reached 21.8%
and 33.2% after 168 h of hydrolysis, accounting for 24.0%
of the total glucan conversion and 37.0% of the total xylan
conversion, respectively. If oligomeric sugars were includ-
ed, glucan conversion reached 89.6%, 90.2%, and 80.6%
after 168 h of hydrolysis for 1%, 3%, and 6% glucan
loading, respectively, while xylan conversion was up to
99.9%, 97.6%, and 89.6% after 168 h of hydrolysis for 1%,
3%, and 6% glucan loading, respectively.

Fermentations of RS hydrolysate using different
ethanologenic strains

RS hydrolysate at 6% glucan loading was tested for
fermentability using three yeast strains including S. cer-
evisiae 424A(LNH-ST), P. stipitis FPL-061, and P. stipitis
DX-26. Fermentation was conducted in shake flasks with
reaction volume of 70 mL at the initial cell density of
0.28 g dw/L. AFEX-treated RS showed high fermentability
for co-fermentation of glucose and xylose by these three
yeast strains. As illustrated in Fig. 4, glucose and xylose
could be consumed simultaneously using all the three
ethanologenic strains. Glucose (initially 59.6 g/L) can be
consumed to a level of 1.2 g/L within 18 h using S.
cerevisiae 424A(LNH-ST). During the same time, about
32.0% of xylose was consumed. At the end of the
fermentation process (144 h), all of the glucose and
69.2% of the xylose were utilized by S. cerevisiae 424A
(LNH-ST), resulting in an final ethanol concentration of
37.0 g/L (Table 2). P. stipitis FPL-061 and P. stipitis DX-26
also exhibited high ability to digest xylose. About 90% of
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monomeric xylose was consumed by P. stipitis FPL-061
and P. stipitis DX-26. At the end of the fermentation
process (144 h), the final concentration of xylose using P.
stipitis FPL-061 and P. stipitis DX-26 reached about 1.8
and 2.8 g/L, respectively, which is far below 7.4 g/L that
was reached by using S. cerevisiae 424A(LNH-ST).
However, the maximum ethanol concentrations reached by
these two P. stipitis strains were only 29.7 and 27.6 g/L,
respectively.

Discussion

Compared with other agricultural residues, RS has a high
content of ash and lignin, which makes it more recalcitrant
and harder for enzymes to access (Chang and Holtzapple
2000; Jin and Chen 2006; Soest 2006). However, as a
valuable inorganic resource in the semiconductor industry
(Goodman 1996; Farone and Cuzens 1996), 10% to 14% of
silica from RS is left behind after hydrolysis, which holds
great potential for valuable by-product production over
other lignocellulosic materials. As a dry-to-dry process,
AFEX pretreatment was shown to be an effective pretreat-
ment method for generating a highly fermentable hydroly-
sate after enzyme hydrolysis, while less than 3% sugar was
lost during pretreatment (Table 1).

An optimal enzyme cocktail containing sufficient activ-
ities for both cellulose and hemicellulose was added to
improve saccharification efficiency. In one of our previous
studies, AFEX [at a ratio of 2:1 ammonia to biomass (w/w),
40% moisture content, 90 °C]-treated RS could achieve a
maximum of 70–80% glucan conversion using a much
higher cellulase loading of 75 FPU/g glucan (Gollapalli et
al. 2002). In this study, the addition of Multifect® xylanase
at 2.67 mg protein/g glucan and Multifect® pectinase at

3.65 mg protein/g glucan was optimized to greatly increase
sugar conversion of AFEX-treated RS. Glucan and xylan
conversion to monomeric sugars reached 81.7% and 75.8%
even at 3% glucan loading. Furthermore, our cellulase
usage was only one-fifth of that (15 FPU/g glucan loading)
in the previous study. Even at 6% glucan loading (the
equivalent of 17.8% solid loading), about 80.6% of glucan
conversions and 89.6% of xylan conversions (including
monomeric and oligomeric sugars) were achieved in the
hydrolysate.

Hemicellulose is thought to restrict the access of
cellulose by enzymes in pretreated biomass (Berlin et al.
2007). The enzyme cocktail with appropriate cellulase and
hemicellulase activities can work together synergistically to
attack typical parts of cellulose fiber. Positive effects were
observed by supplementation of the cellulase mixture with
these commercial xylanase and pectinase-enriched
enzymes. Although Spezyme® CP contains hemicellulase
activity of 1% (by mass; Bradshaw et al. 2007), it is still
regarded as possibly deficient in xylan-hydrolyzing activity
(Dien et al. 2008). In this study, the addition of Multifect®
xylanase at 2.67 mg protein/g glucan and Multifect®
pectinase at 3.65 mg protein/g glucan resulted in a higher
saccharification efficiency than that given by cellulase
(Spezyme® CP) alone.

In order to make cellulosic ethanol production more
economically feasible, high solid loading is required to
produce a high concentration of sugars for subsequent
fermentation. However, higher glucan loading gave even
greater decreases in the conversions to monomeric sugars,
while conversions to oligomeric sugars increased with
greater glucan loading (Fig. 3). At high solid loading,
mixing and liquefaction (mass transfer issue) are thought to
restrict the access of enzymes to the solid substrate
(Jørgensen et al. 2007). AFEX pretreatment greatly

Table 2 Summary of fermentation parameters by three ethanologenic strains

Glucosea

(g/L)
Xyloseb

(g/L)
CEtOH

c

(g/L)
Fxylose

d

(g/L)
Maximum metabolic
yielde (%)

Volumetric
productivitye (g/L/h)

Xylose
cons.f (%)

S. cerevisiae 424A
(LNH-ST)

59.6±0.7 24.0±0.2 37.0±0.2 7.4±0.0 95.3±1.5 0.26±0.00 69.2±1.5

P. stipitis FPL-061 59.6±0.7 24.0±0.2 29.7±1.9 1.8±0.2 71.7±1.5 0.25±0.02 92.4±0.9

P. stipitis DX-26 59.6±0.7 24.0±0.2 27.6±1.0 2.8±0.1 67.7±2.0 0.23±0.01 88.4±0.6

Errors presented here were standard deviation of duplicate experiments
a Initial concentration of glucose
b Initial concentration of xylose
cMaximum concentration of ethanol
d Final concentration of xylose
eMaximum metabolic yield and volumetric productivity based on consumed glucose and xylose. Volumetric productivity based on the maximum
concentration of ethanol. Xylose consumption based on monomeric xylose in hydrolysate (xylose oligomers were not included since they could
not be utilized by the microorganisms used)
f Percentage of consumed xylose based on initial xylose
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improves substrate digestibility. In this study, AFEX-treated
RS was liquefied within 8 h even at 6% glucan loading. An
agitation speed of 250 rpm was chosen to improve mixing
performance for the saccharification process at 3% and 6%
glucan loading. Cellulases and β-glucosidases are suscep-
tible to shear stress, though β-glucosidases were shown to
be more sensitive to shear stress than cellulase (Tengborg et
al. 2001). This may explain why the percentage of
oligomeric glucose was higher in the hydrolysate at 3%
and 6% glucan loading than at the 1% glucan loading. The
current available commercial enzyme cocktail lacks suffi-
cient hemicellulose activity; the hemicellulosic sheath
needs to be penetrated to allow access to the biomass
microfibrils (Chandawat et al. 2007). This results in lower
conversions to monomeric xylose at a higher glucan
loading. At 6% glucan loading, oligomeric glucose and
xylose after 168 h of hydrolysis accounted for 12.3% of the
total glucose and 37.0% of the total xylose, respectively.
Further improvements will require the utilization of
oligomeric sugars in hydrolysate. Therefore, there are two
ways to solve this problem: develop optimized enzyme
formulations to fully convert oligomeric sugars to mono-
meric sugars or construct engineered strains to produce
appropriate cellulase and hemicellulase that metabolize
oligomeric sugars.

Comparison among the three ethanologenic strains
reveals that S. cerevisiae 424A(LNH-ST) is the most
promising candidate for RS hydrolysate with an ethanol
volumetric productivity of 0.26 g/L/h. Higher xylose
conversions but lower ethanol yields in P. stipitis may be
attributed to continuous cell growth in these two Pichia
strains. As illustrated in Fig. 4, S. cerevisiae 424A(LNH-
ST) achieved a cell density of 4.86 g dw/L (OD600=8.83) at
24 h, which was 86% of the final cell density (5.62 g dw/L).
Evidently, the majority of the sugar consumed was converted
to ethanol rather than used to generate cell mass. Metabolic
ethanol yield using this strain was 95.3% (Table 2). As
fermentation proceeded, the cell density of the two P.
stipitis strains continued to increase, which led to a
maximum cell density of 11.46 g dw/L (OD600=20.9) by
P. stipitis DX-26, followed by 11.14 g dw/L (OD600=20.3)
of P. stipitis FPL-061 (Fig. 4). The maximum metabolic
ethanol yields of P. stipitis FPL-061and P. stipitis DX-26
were 71.7% and 67.8%, respectively. From Fig. 4, we can
also see that the ethanol concentration of the two P. stipitis
strains decreased after 120 h, evidently due to ethanol
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AFEX 
pretreatment 

Enzymatic 

Hydrolysis 

Fermentation with 

S. cerevisiae 

424A (LNH-ST) 

1.00±0.05 Kg  

Rice straw 

385.6±16.7 g Glc. 

172.5±8.8 g Xyl. 

1.01±0.07 Kg 

AFEX treated 
rice straw 

265.2±12.0 g Mo. Glc. 

96.0±5.0 g Mo. Xyl.  

37.2±1.8 g Olig. Glc. 

56.4±0.9 g Olig. Xyl. 

Enzyme cocktail 

175.6±9.3 g 
Ethanol 

375.2±1.7 g Glc. 

170.0±1.7 g Xyl. 

Insoluble solids 

55.2±0.5 g Glc. 

26.0±0.6 g Xyl. 

Initial OD=0.5 
Yeast inoculum 

34.2±0.05 g Mo. Xyl.

36.9±1.2 g Olig. Glc.

56.9±1.3 g Olig. Xyl.

Fig. 6 Overall mass balance of the whole process, from rice straw to
ethanol. AFEX pretreatment condition—80% moisture content (dwb),
1:1 ammonia loading, 140 °C, 30 min residence time. Enzymatic
hydrolysis condition: Spezyme® CP (15 FPU/g glucan), Novozyme™
188 (64 pNPGU/g glucan), Multifect® xylanase (2.67 g protein/g

glucan), Multifect® pectinase (3.65 g protein/g glucan); 6% glucan
loading (equivalent of 17.8% solid loading); 250 rpm, 50 °C.
Fermentation condition: S. cerevisiae 424A(LNH-ST); 30 °C, 150 rpm.
Values are means of duplicate experiments. Monomeric and oligomeric
sugars in hydrolysate, washed streams, and solids were analyzed
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Fig. 5 Effect of initial cell
density on fermentation using S.
cerevisiae 424A(LNH-ST). RS
hydrolysate was from enzymatic
hydrolysis at 6% glucan loading
using enzyme complex shown in
Fig. 3. Fermentation parameters—
30 °C; 150 rpm; initial cell
density, 0.28, 2.75, and 4.40 g dry
wt/L (equivalent of initial OD600

of 0.5, 5.0, and 8.0, respectively).
Values are means of duplicate
experiments
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reassimilation by P. stipitis in shake flask culture (Skoog et
al. 1992). Carefully controlled micro-aeration is required
for P. stipitis fermentation (Skoog and Hahn-Hagerdahl
1990; Sreenath and Jeffries 1997 ). Another report revealed
that an ethanol yield of only 0.05 g/g was achieved in SSF
of steamed pretreated bagasse without micro-aeration
(Rudolf et al. 2008). The maximum specific ethanol
productivity of P. stipitis has previous been reported at an
oxygen consumption rate under 1 mmol/L/h. In our
experiments, shake flasks were used for fermentations.
Rigorous control of micro-aeration conditions could be
achieved using fermentors in subsequent research.

Fermentations using S. cerevisiae 424A(LNH-ST) were
conducted to determine the effects of different initial cell
density on ethanol production, xylose consumption, etc. As
illustrated in Fig. 5, both the consumption rate of glucose
and consumption rate of xylose were enhanced by increased
initial cell density. The highest ethanol concentration
(39.3 g/L) and highest xylose consumption percentage
(86.9%) were achieved with an initial OD600 of 8.0 (4.40 g
dry wt/L), followed by an initial OD600 of 5.0 (38.5 g/L and
80.1%), and then an initial OD600 of 0.5 (37.0 g/L and
69.2%). Compared with the initial OD600 of 0.5, an increase
of 4.1% and 6.2% in the final concentration of ethanol was
observed using an initial OD600 of 5.0 and 8.0, respectively.
Metabolic ethanol yields of S. cerevisiae 424A(LNH-ST) at
an initial OD600 of 5.0 and 8.0 using this strain were 95.8%
and 95.9%, respectively. However, our current results
reveal that the concentration of xylitol was enhanced with
an increase in initial cell density. The final xylitol con-
centration increased by 22.0% and 27.4% at an initial
OD600 of 5.0 and 8.0, respectively, compared with 3.3 g/L
at an initial OD600 of 0.5. Hydrolysate from lignocellulosic
is generally regarded to be deficient of nutrients. However,
our research strongly contradicts this perception. Nutrients
provided by AFEX-treated biomass were sufficient to
support robust yeast growth even at low initial cell density
(Lau and Dale 2009).

It is important to note that xylose utilization by S.
cerevisiae is incomplete. This result is similar to our recent
report regarding the fermentability of saccharified corn
stover (Lau and Dale 2009). On the other hand, Pichia
strains in this report did not appear to show this limitation
(it consumed more xylose compared to S. cerevisiae).

Our results indicate that S. cerevisiae 424A(LNH-ST)
and AFEX-treated RS can achieve excellent fermentation
performance at low initial cell density (0.28 g dw/L),
without washing, detoxification, or external nutrient sup-
plementation. The mass balance of the whole process is
illustrated in Fig. 6. The overall mass balance exhibited
approximately 96.0% closure. Using optimized enzyme
addition profiles, about 80.6% of glucose and 89.6% of
xylose (including monomeric and oligomeric sugars) con-

versions were achieved in RS hydrolysate, even at 6%
glucan loading. However, oligomeric glucose and xylose
accounted for 12.3% of the total glucose and 37.0% of the
total xylose, respectively. Conversion from oligomeric to
monomeric sugars is a bottleneck and requires an optimized
enzyme combination for further improvements. The final
ethanol concentration at a low initial cell density (0.28 g
dry wt/L) was 37.0 g/L, which is very close to the
economically feasible benchmark (40 g/L). In one of our
previous work, treating RS with white rot fungi prior to
AFEX pretreatment (MMS/AFEX) could achieve 92%
glucan and 55% xylan conversion, respectively. However,
during this biological pretreatment, glucan and xylan
contents were reduced by 23.2% and 20.1%, respectively
(Balan et al. 2008). With the optimized addition of
Multifect® Xylanase and Multifect® Pectinase in this study,
84.8% of glucan and 84.3% of xylan conversions to
fermentable sugars were achieved at the same glucan
loading. Even at high glucan loading (6%), glucan-to-
glucose and xylan-to-xylose conversion could be 68.9%
and 56.0%, respectively. Higher conversion to fermentable
sugars implies higher concentration of ethanol; consequent-
ly, the costs on subsequent distillation unit operation were
reduced.

Using RS as feedstock, AFEX as the pretreatment
technology and S. cerevisiae 424A(LNH-ST) as the
ethanologenic strain in separate hydrolysis and fermenta-
tion, we were able to achieve 175.6 g EtOH/kg untreated
rice straw, at a final ethanol concentration of 37.0 g/L
without washing pretreated biomass, detoxification, or
nutrient supplementation. By integrating AFEX pretreat-
ment, enzymatic hydrolysis, and fermentation at optimized
conditions, biorefineries might make use of abundant
supplies of RS.
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