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In this work, the cell growth and ethanol productivity was tested for lignocellulosic biomass sugars of
overliming-detoxified and NaOH-neutralized rice straw acid hydrolysate by using Candida shehatae
CICC 1766. When the acetic acid reached 3 ¢/L in defined xylose medium, the final ethanol
concentration was 33% of that in the medium without acetic acid addition. C. shehatae CICC 1766 could
bear lower pH (ethanol yield 13.5 g/L at pH 4.0) in overliming-detoxified hydrolysate. At the optimal pH
5.0 the ethanol yield attended to 16.1 g/L. Ethanol yield in NaOH-neutralized hydrolysate was 13.7 g/L
which is better than in overliming-detoxified hydrolysate (7.0 g/L). It suggested that NaOH-neutralized
hydrolysate could be directly fermented by using C shehatae CICC 1766.
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INTRODUCTION

Lignocellulose has been considered to be an attractive
raw material for fuel ethanol production (Nigam, 2002). In
order to release free sugar monomers from the lingo-
cellulose matrix and produce fuel ethanol, the hydrolysis
of lignocellulose requires one or more pretreatment steps.
Dilute sulfuric acid hydrolysis is thought to be one of the
promising pretreatment methods and was extensively
employed in industry (Nichols et al., 2005; Mosier et al.,
2005). However, during the pretreatment of lignocellulosic
biomass, a broad range of inhibitory compounds are
formed (Palmqyvist et al., 2000).

Acid hydrolysate comprises a complex mixture of
components, in which more than 35 potential microbial
inhibitors have been identified (Luo et al., 2002). The
inhibiting compounds are divided in three main groups
based on origin: weak acids, furan derivatives, and phe-
nolic compounds. Dilute acid pretreatment in particular
also may cause formation of furfural and 5-hydroxy-
methylfurfural (HMF) from the dehydration of released
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sugars. These compounds have been characterized as
inhibitors of microbial growth and negatively affect fer-
mentation of the sugars (Almeida et al., 2007). Therefore,
for successful hydrolysate fermentation process of the
lignocellulosic hydrolysate should be detoxified or an
inhibitor-tolerant microorganism should be used (Almeida
et al., 2007; Hahn-H&agerdal et al 2007).

Various physical and chemical methods can be used to
detoxify the lignocellulosic hydrolysates. Physical detoxi-
fication methods are based on the principle that inhibitors
can be removed by phase equilibrium separations, such
as liquid-liquid extraction or evaporation (Palmqvist and
Hahn-Hagerdal, 2000). Chemical detoxifications such as
overliming, are based on chemical modifications of the
inhibitors to a less toxic or non-toxic products (Palmqvist
and Hahn-Hagerdal, 2000).

Overliming with a combination of high pH and
temperature (Martinez et al., 2001) has for a long time
been considered as a promising detoxification method for
dilute sulfuric acid-pretreated hydrolysate of lingo-
cellulosic biomass. This process has been demonstrated
to help with the removal of volatile inhibitory compounds
such as furfural and hydroxymethyl furfural (HMF) from
the hydrolysate (Martinez et al., 2000; Ranatunga et al.,
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2000). Dilute acid pretreatment technology was able to
produce acceptable xylose yields of 75 - 90% by con-
version of hemicellulose (Mosier et al., 2005; Eggeman
and Elander, 2005; Sun and Cheng, 2002), which
account for nearly one-third carbohydrate of the lingo-
cellulose. Xylose utilization is one of the prerequisites to
make lignocellulosic ethanol processes to be more
economically competitive (Galbe and Zacchi, 2002).

To enhance the conversion efficiency in the ethanol
production process, the organism used should be able to
ferment all monosaccharides in the medium. A number of
naturally occurring xylose-fermenting yeast species,
including Pichia stipitis, Candida shehatae and
Pachysolen tannophilus, have been found to be highly
efficient xylose-fermenting strains that can be used in
ethanol production (Agbogbo et al., 2006). To date, there
have been mostly reported for P. stipitis (Nigam, 2002;
Agbogbo and Coward-Kelly, 2008; Huang et al., 2009).
However, very few studies were done by C. shehatae and
P. tannophilus. This work studied of ethanol production
from the defined media and fermentation of overliming-
detoxified and NaOH-neutralized hydrolysates using C.
shehatae CICC 1766.

MATERIALS AND METHODS

Microorganism and growth media

C. shehatae CICC 1766 was obtained from the China Center of
Industrial Culture Collection. The stock culture was grown at 28°C
for 3 days on agar plate containing glucose 10 g/L, yeast extract 3
g/L, malt extract 3 g/L, peptone 5 g/L, agar 20 g/L. A colony from
the plate was then transferred by loop to a 250 mL Erlenmeyer flask
containing 50 ml of YPX growth medium and incubated at 30°C in a
rotary shaker at 150 rpm for 36 h.

Preparation of rice straw hydrolysate

Rice straw was collected from fields near Wuxi, Jiangsu province,
China. Prior to dilute acid hydrolysis, the raw straw material was
sliced to a suitable size (between 0.4 and 0.9 mm) and dried at
65°C overnight to ensure a low content of moisture. Dried rice
straw was pretreated with 1.5% (w/v) sulfuric acid at 10% (w/v)
solids loading in an autoclave at 121°C with residence times of 60
min. The liquid fraction was separated by filtration and stored in ice
refrigerator at 4°C.

Preparation of the overliming-detoxified and NaOH-neutralized
hydrolysates

The overliming-detoxified hydrolysate: The concentrated acid
hydrolysate (100 mL) was heated to 50°C, and held at that tempe-
rature for 15 min to remove or reduce the concentration of volatile
components. This was followed by the addition 34 g/L of calcium
hydroxide (lime), which raised the pH of the hydrolysate to 10.0.
Agitation was then carried out for 30 min. The calcium sulfate
(CaSO0s) sludge and the liquid were separated by filtration and
finally the pH of the filtered overliming-detoxified hydrolysate was
adjusted with sulfuric acid (H2SO4) to 5.0. NaOH-neutralized
hydrolysate: The concentrated acid hydrolysate was directly

neutralized with 10 M NaOH to pH 5.0.

The defined medium and rice straw hydrolysate medium

The defined medium consisted of xylose 50 g/L or xylose 40 g/L,
glucose 10 g/L, yeast extract 3 g/L, urea 0.25 g/L, CaCl, 0.25 g/L,
MgSO, 0.25 g/L, KH:PO4 2.5 g/L and pH 5.0. The overliming-
detoxified hydrolysate medium (A): The overliming-detoxified
hydrolysate contained xylose 50.4 g/L, glucose 3 g/L, acetic acid
2.51 g/L, furfural 0.01 g/L. The overliming-detoxified hydrolysate
medium (B): The overliming-detoxified hydrolysate contained xylose
50.4 g/L, glucose 3 g/L, acetic acid 2.51 g/L, furfural 0.01 g/L, yeast
extract 3 g/L, urea 0.25 g/L, CaCl, 0.25 g/L, MgSO, 0.25 g/L, and
KH:PO4 2.5 g/L.

The NaOH-neutralized hydrolysate medium (A): The NaOH-
neutralized hydrolysate contained xylose 53.3 g/L, glucose 2.5 g/L,
acetic acid 1.58 g/L, furfural 0.016 g/L. The NaOH-neutralized
hydrolysate medium (B): The NaOH-neutralized hydrolysate
contained xylose 53.3 g/L, glucose 2.5 g/L, acetic acid 1.58 g/L,
furfural 0.016 g/L, yeast extract 3 g/L, urea 0.25 g/L, CaCl. 0.25 g/L,
MgSO0Os 0.25 g/L, and KH.PO,4 2.5 g/L.

Shaking flask experiments

The defined medium and all treated hydrolysates were fermented
by C. shehatae at 30°C, in 150-ml shake-flasks containing 50 ml
medium at 150 rpm. Fermentation medium was inoculated with
20% (v/v) seed cultures to give an initial cell concentration 1.6 g/L.
Fermentation time was 96 h.

Analytical methods

The amount of monosaccharides in the reaction mixture was
quantified by HPLC using Agilent technology 1100 series, equipped
with RID-HP1047A and kromasil NH, (4.6 mm x 250 mm, 5 pym),
with an elution system of V (acetonitrile): V (water) = 80:20 at a flow
rate of 1 ml/min, and injection volume was 10 pl. Samples were
filtered through 0.25 um filter and injected into the chromatograph.
The ethanol concentration was determinated by GC using
Shimadzu GC-2010 with FID/HS and PEG-20M column (30 m x
0.32 mm), and with nitrogen as carrier gas at flow rate of 1.5
mL/min. The temperature for injector and detector was 200 and
250°C, respectively, and for the column oven was maintained at
40°C for 5 min, ramped to 180°C at a rate of 10°C /min, and
subsequently maintained at 180°C for 5 min.

RESULTS AND DISCUSSION
Effect of acetic acid on ethanol production

When the acid hydrolysate was overlimed with solid
Ca(OH),, volatile compounds, such as furfural and 5-
hydroxymethylfurfural, were removed only a portion,
acetic acid was slightly affected by overliming, mean-
while, detoxification also resulted in the loss of sugar.
This observation was reported during the neutralization of
water-hyacinth hemicellulose acid hydrolysate (Nigam,
2002). In order to investigate the effect of acetic acid on
the formation of ethanol by C. shehata CICC 1766, cells
were grown in defined medium containing acetic acid at
different levels. The obtained results signified that the
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Table 1. Ethanol production in batch cultures by C. shehatae CICC 1766 from defined xylose containing acetic

acid at different levels.

Acetic acid xylose Ethanol production

(gL™ Initial (g L") Residual (gL") Concentration (g L") Productivity (gL"h™) Yield (g g" xylose)

0 50 0 16.4 0.342 0.33

0.25 49.5 2.0 13.5 0.281 0.28

0.5 50.5 4.8 10.6 0.221 0.23

1.0 49.8 5.0 11.9 0.248 0.26

2.0 49.3 14.5 9.0 0.188 0.26

3.0 49.7 15.1 5.5 0.115 0.16

Table 2. Ethanol production by C. shehatae CICC 1766 from rice straw overliming-detoxified hydrolysate.

H xylose Ethanol production
P Initial (L") Residual (g L") Concentration (gL"') Productivity (g L"'h™) Yield (g g" xylose)
4 48.8 4.6 13.5 0.161 0.30
45 49.7 3.8 15.4 0.183 0.33
5.0 50.4 0 16.1 0.192 0.32
5.5 49.1 1.7 14.7 0.175 0.31
6.0 50.9 3.7 13.2 0.157 0.28

xylose consumption strongly depended on the amount of
acetic acid. When the acetic acid reached 3 g/L, the
residual xylose was 15.1 g/L, and the final ethanol con-
centration was decreased to 33% of that in the medium
without acetic acid addition (Table 1). The presence of
acetic acid in the medium inhibited the sugar utilization
and fermentation activity of the yeast. This result is in
agreement with that reported by (Diaz et al., 2009). Thus,
C. shehata CICC 1766 was sensitive to acetic acid. The
addition of acetic acid to the defined xylose medium
resulted in the intracellular pH decrease of the cell. To
maintain intracellular pH, protons must be transported out
of the cell by an ATP-consuming transport system
(Neidhardt et al., 1987). Consequently, the maintenance
energy requirement will be higher in the defined xylose
medium containing acetic acid, which, together with the
lower energy yield from xylose, negatively influences the
fermentation rate. A possible explanation might be that
ethanol production from xylose yields less adenosine
triphosphate (ATP) on a molar basis (Lawford and
Rousseau, 1991).

To compare with acid hemicelluose hydrolysate con-
taining xylose and glucose, fermentation was carried out
in a defined xylose and xylose/glucose medium. The
results showed that, the glucose was consumed prior to
xylose for cell growth during early stages of the defined
glucose/xylose mixture fermentation and the cell
concentrations were higher in 0 - 30 h. However, the cell
concentrations were high in the xylose medium 30 h later,
and the final ethanol concentration, yield and productivity
was high in the xylose medium. This phenomenon can be

explained by higher biomass in defined xylose medium.

Ethanol production from
hydrolysate under different pH

overliming-detoxified

One type of inhibitory effect commonly detected in
hydrolysate fermentations is caused by weak acids such
as acetic acid, and this adverse effect is due to the
undissociated molecular form, which is pH dependent
(Palmqvist and Hahn-H&agerdal, 2000; Almeida et al.,
2007). The inhibitory effect increases with a decrease in
pH as the number of undissociated molecules is higher at
low pH. Minimization of acetic acid inhibition in
hydrolysate has been successfully performed by
controlling the pH of the fermentation at pH 6.0 or above
pH 6.0 (Palmqvist and H&hn-Hagerdal, 2000; Agbogbo
and Wenger, 2007; Nigam, 2001a). With a rise in the pH
of the hydrolysate, however, the risk of microbial
contamination rises during the fermentation. Ethanol
fermentation from rice straw overliming-detoxified
hydrolysate (A) was conducted under various pHs (Table
2). When pH increased from 4.0 - 5.0, ethanol
productivity and yield also rose, which indicated that
acetate inhibition could be alleviated to some extent by
pH adjustment. The optimum pH for C. shehatae CICC
1766 to ferment hydrolysate was 5.0. It was different from
the reported optimum pH of 5.5 for C. shehatae to
ferment hydrolysate, such as C. shehatae NCIM 3501
by(Chandel et al., 2007), C. shehatae NCL 3501 by (Abbi
et al., 1996a) and C. shehatae ATCC 22984 by (Yu et al,,
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Figure 1. Time course of ethanol fermentation by C. shehatae CICC 1766 with overliming-detoxified hydrolysate (A)
(filled symbols) and NaOH-neutralized hydrolysate (A) (open symbols).
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Figure 2. Time course of ethanol fermentation by C. shehatae 1766 with overliming-

detoxified hydrolysate (B)

(open symbols) and NaOH-neutralized hydrolysate (B) (filled symbols).

1987). The strain still showed good fermentability even at
pH 4.0.

Fermentation of rice straw hemicellulose hydrolysate
at pH 5.0

Figure 1 shows the cell growth rate was higher in
overliming-detoxified hydrolysate (A) than that in defined
xylose or xylose/glucose medium and NaOH-neutralized
hydrolysate (A). An ethanol concentration (16 g/L) in
defined xylose or xylose/glucose medium was similar to
that in overliming-detoxified hydrolysate (A) during 72 h
or 84 h. However, the ethanol concentration was low
using the NaOH-neutralized hydrolysate (A), and xylose
consumption was also low (residual xylose 31.1 g/L). The
consumption rates of xylose were 0.89 and 0.27 g L™ h™
using overliming-detoxified hydrolysate and NaOH-
neutralized hydrolysate for fermentation, respectively.

The poor fermentability of NaOH-neutralized hydrolysates
as compared to detoxified ones was primarily due to the
presence of higher amount of phenolics, furans and
acetic acid, which might have inhibited the fermentation
efficiency of C. shehatae (Chandel et al., 2007). This
result agrees with that reported by Diaz et al using Pichia
stipitis (Diaz et al., 2009). However, the cell growth in
NaOH-neutralized hydrolysate was faster than that
overliming-detoxified hydrolysate during O - 6 h.
Interestingly, fermentation results (Figure 2) demon-
strated that ethanol concentration was up to 13.7 g/L by
NaOH-neutralized hydrolysate (B), while ethanol
concentration was only 7 g/L by overliming-detoxified
hydrolysate (B). This phenomenon was contrary to
reports by Nigam (2002, 2001a) and Chandel et al.
(2007), these reported ethanol concentration were within
12.9 - 18.0 g/L in overliming-detoxified hydrolysate, and
within 1.8 - 2.5 g/L in NaOH-neutralized hydrolysate. It
suggested that acid hemicellulose hydrolysate without



detoxification could be directly fermented by C. shehatae
CICC 1766. At same time, the latter's biomass was
always higher than the former during hydrolysate fermen-
tation, and a biomass of 20.2 g DCW /L, twice as much
as the former, was exhibited at 96 h. The most of the
carbon sources were used for biomass might be one of
the reasons. An increase in biomass concomitant with the
decrease in ethanol indicates that this strain also utilizes
ethanol as carbon source (Chandel et al., 2007; Abbi et
al., 1996a; b). Meanwhile, this approach could achieve a
good result in hemicellulose hydrolysate fermentation by
C. shehatae CICC 1766.

Conclusion

The final ethanol was higher in defined xylose medium
than that in the defined xylose/glucose medium, and the
glucose was consumed prior to xylose by C. shehatae
CICC 1766 for cell growth in the defined xylose/glucose
medium. The ethanol concentration was attended to 16.1
g/L in overliming-detoxified hydrolysate. We found C.
shehatae CICC 1766 could directly ferment acid hemi-
cellulose hydrolysate without detoxification, Ethanol
concentration was 13.7 g/L, and the optimum pH was 5.0,
which was different from the reported optimum pH of 5.5
for C. shehatae to ferment hydrolysate, C. shehatae
CICC 1766 still showed good fermentability even at pH
4.0.
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