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Abstract Rice straw hemicellulosic hydrolysate was used as fermentation medium for
ethanol production by Pichia stipitis NRRL Y-7124. Shaking bath experiments were
initially performed aiming to establish the best initial xylose concentration to be used in this
bioconversion process. In the sequence, assays were carried out under different agitation
(100 to 200 rpm) and aeration (Vpask/Vmedium ratio varying from 2.5 to 5.0) conditions, and
the influence of these variables on the fermentative parameters values (ethanol yield factor,
Ypss; cell yield factor, Yx/s; and ethanol volumetric productivity, Qp) was investigated
through a 2° full-factorial design. Initial xylose concentration of about 50 g/l was the most
suitable for the development of this process, since the yeast was able to convert substrate in
product with high efficiency. The factorial design assays showed a strong influence of both
process variables in all the evaluated responses. The agitation and aeration increase caused
a deviation in the yeast metabolism from ethanol to biomass production. The best results
(Yps=0.37 g/g and Qp=0.39 g/L.h) were found when the lowest aeration (2.5 Viask/Vimedium
ratio) and highest agitation (200 rpm) levels were employed. Under this condition, a
process efficiency of 72.5% was achieved. These results demonstrated that the
establishment of adequate conditions of aeration is of great relevance to improve the
ethanol production from xylose by Pichia stipitis, using rice straw hemicellulosic
hydrolysate as fermentation medium.
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Introduction

Bioethanol production has gained large importance in the last few years due to the
increased concern for depleting oil reserves, rising crude oil prices, and greenhouse effect
[1, 2]. Besides to be a renewable energy source, ethanol has other important advantages
when compared with gasoline since it is an oxygenated fuel (contains 35% oxygen), and
therefore, the emission of NOx and particulate materials from its combustion is lower [3].
Currently, sugarcane, cornstarch, and sugar beet are the main raw materials used for ethanol
production by fermentation [4]. Nevertheless, all these products have great use as food, and
thus, it is of interest to find new alternative raw materials for this biocombustible
production.

Ethanol production from lignocellulose is very attractive because of its low cost and
abundance, and non-competition with foodstuffs [5]. Lignocellulosic forestry and
agricultural wastes, such as corn stover, rice straw, sugarcane bagasse, wheat straw, rice
hull, corncobs, oat hull, corn fiber, woodchip, and cotton stalk have been considered
attractive raw materials for ethanol production [2]. Hemicellulose, which is one of the
three major components of lignocellulosic biomass together with cellulose and lignin, can
be easily hydrolyzed to monomeric sugars under mild conditions [6]. Xylose is the main
sugar obtained by hydrolysis of this fraction, and its bioconversion is an important step in
the use of lignocellulosic materials. In this sense, the ability of microorganisms to
produce ethanol from xylose has been investigated by many researchers [7-9] since
Saccharomyces cerevisiae, the most commonly used ethanol producer microorganism,
cannot ferment pentoses [2]. In a recent review, Pichia stipitis has been described as the
most promising naturally occurring Cs fermenting microorganism [10]; in addition, this
yeast is also able of transforming both pentoses and hexoses into ethanol [11] that is an
important advantage since both kinds of sugars are currently found in lignocellulosic
hydrolysates.

The environmental parameters and composition of the culture medium are
important factors affecting the bioconversion process productivity [12]. According to
du-Preez [13], aeration is the most important environmental factor in xylose
fermentation by yeasts, since it determines the partitioning of the carbon flow substrate
between growth and product formation. In fact, Taniguchi et al. [14] reported that
P. stipitis CBS 5773 consumed an insignificant amount of xylose and did not produce
ethanol from xylose under anaerobic conditions. Nigam [15] also verified slow xylose
consumption by P. stipitis NRRL Y-7124 under low aeration conditions (<1 mmol
0,/L.h); however, excessive aeration supply (5 mmol O,/1.h) was also not suitable for the
process, causing a reduction in the ethanol production. Therefore, the establishment of a
suitable aeration level is of great importance to achieve high xylose conversion to
ethanol.

Due to the above reasons, the present study aimed to evaluate the influence of
initial xylose concentration, agitation and aeration on ethanol production by P. stipitis
NRRL Y-7124, from rice straw hemicellulosic hydrolysate. Although several works on
ethanol production by P. stipitis have been published, the research reported in this study
deals with the ethanol production from rice straw hemicellulosic hydrolysate, which
consists in an attractive source of sugars and nutrients for fermentative processes [16]
and has been few explored for ethanol production by P. stipitis. The best experimental
condition to perform this bioconversion process was established by using statistical
tools.
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Materials and Methods
Hydrolysate Preparation

To be used in the experiments, rice straw was initially dried in the sun until approximately
10% moisture content, milled to attain particles of about 1 c¢cm in length and 1 mm in
thickness, and stored in bags. For the hydrolysis reaction, rice straw was impregnated with
sulfuric acid solution (100 mg H,SO,4/g dry matter) in a 1:10 dry matter/acid solution ratio
[17]. The acid hydrolysis was carried out in a 350-L stainless steel reactor, at 120 °C,
50 rpm, during 30 min. After hydrolysis, the residual solid material was separated by
centrifugation and the liquid phase (hemicellulosic hydrolysate) was submitted to a
detoxification procedure, which was performed in the same reactor used for hydrolysis.
Such procedure was carried out at 45 °C, 50 rpm, for 30 min, using 3% (w/w) activated
charcoal, as previously established [18]. The detoxified hemicellulosic hydrolysate was
separated from the solid residue material by centrifugation and submitted to a vacuum
concentration process at 65 °C, in a 30-L stainless steel evaporator, aiming to increase the
sugars content in sixfold. Before use as fermentation medium, the hydrolysate was diluted
to the desired initial xylose concentration, and had its pH adjusted to 5.5 by addition of
NaOH (pellets), the remaining solid residue being removed by centrifugation at 1,000xg for
15 min.

Inoculum and Fermentation Conditions

P, stipitis NRRL Y-7124 was the microorganism used in the experiments. Cultures of this yeast
were maintained on malt extract agar slants at 4 °C. For inoculum preparation, cells of the yeast
in the maintenance medium were transferred to 125-ml Erlenmeyer flasks containing 25 ml of
the medium composed by (grams per liter) xylose (30.0), urea (2.3), MgSO4x7H,0 (1.0), and
yeast extract (3.0). The inoculated flasks were incubated at 30 °C, 200 rpm, during 24 h. After
this time, the cells were recovered by centrifugation (1,100xg, 20 min) and resuspended in the
fermentation medium to obtain an initial concentration of 1 g/l.

Fermentation assays for evaluation of the initial xylose concentration on ethanol
production were performed in 125-ml Erlenmeyer flasks containing 50 ml of fermentation
medium (hydrolysate diluted to different initial xylose concentrations (Table 1), not
supplemented with nutrients), inoculated with 1 g/l cells. The flasks were incubated in
rotary shaker at 30 °C, 150 rpm, for 48 h.

Table 1 Ethanol and cell concentrations and fermentative parameter values obtained during the ethanol
production by Pichia stipitis from detoxified rice straw hemicellulosic hydrolysate containing different initial
xylose concentrations.

So(g/) Xi(g/) Pg/) Yeis(2/2) Yxs(g/e) Op(g/lh)
88.0 1.74 0 0 0 0
66.0 1.61 0 0 0 0
47.0 2.99 16.00 0.47 0.05 0.34
32.0 3.60 14.00 0.38 0.06 0.29

Sy initial xylose concentration, X, final cells concentration, Py final ethanol concentration, Yp/s ethanol yield
factor, Yy cell yield factor, Op ethanol volumetric productivity
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Fermentation assays for evaluation of aeration and agitation conditions on ethanol
production were performed in 250-ml Erlenmeyer flasks containing 50, 75, or 100 ml
of fermentation medium (hydrolysate supplemented with 3 g/l yeast extract), inoculated
with 1 g/l cells. The flasks were incubated in rotary shaker at 30 °C for 120 h. The
agitation and aeration conditions used in each experiment are shown in Table 2. During
the experiments, samples were taken each 24 h for sugars, ethanol, and cellular growth
determinations.

Analyses

Glucose, xylose, arabinose, acetic acid, and ethanol concentrations were determined by
high-performance liquid chromatography (HPLC) in Waters chromatograph equipped
with a refractive index detector and a Bio-Rad Aminex HPX-87H column (300 %
7.8 mm). Operation conditions included temperature of 45 °C, 0.005 M sulfuric acid
as eluent in a flow of 0.6 ml/min, and sample volume of 20 pl. The cellular
growth was determined by measuring the fermentation broth UV-spectrophotometric
absorbance at 600 nm, which was correlated to a calibration curve (dry weightx
optical density).

Furfural, hydroxymethylfurfural (HMF), vanillic acid, vanillin, syringaldehyde, and
ferulic acid were also determined by HPLC, but using a UV detector (at 276 nm) and a
Waters Resolve C18 5 pm (3.9%300 mm) column at room temperature, acetonitrile/water
(1/8 with 10 g/1 acetic acid, and with the pH adjusted to 2.5 by addition of H3PO,) as the
eluent, a flow rate of 0.8 ml/min and sample volume of 20 pl.

Ethanol yield factor (Yp/s, grams per gram) was defined as the ratio between ethanol
concentration (grams per liter) and xylose consumed (grams per liter). Ethanol volumetric
productivity (Qp, grams per liter per hour) was calculated as the ratio between the ethanol
concentration (grams per liter) and the fermentation time (hour). Cell yield factor (Yy/s,
grams per gram) was defined as the ratio between cell concentration and total substrate
consumed (grams per liter).

Table 2 Experimental matrix for ethanol yield factor (Yp/s), cell yield factor (Yx/s), and ethanol volumetric
productivity (Qp) with coded and real variable values, according to a 2% full-factorial design with three
replicates in the center point.

Assay Variables Responses

Coded values Real values

Aeration Agitation Aeration®  Agitation (rpm) Yris(g/g) Yx/s(g/g) Op(g/1.h)

1 ! -1 2.5 100 0.43 0.09 0.20
2 1 -1 5.0 100 0.29 0.11 0.28
3 -1 1 2.5 200 0.37 0.12 0.39
4 1 1 5.0 200 0.22 0.18 0.29
5 0 0 3.75 150 0.32 0.12 0.30
6 0 0 3.75 150 0.28 0.13 0.28
7 0 0 3.75 150 0.31 0.11 0.29

? The ratio between the volume of the Erlenmeyer flask and the volume of fermentation medium used in the
experiments
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Statistical Data Analysis

Fermentation assays were performed according to a 2° full-factorial design with three
replicates in the center point (Table 2), to evaluate the influence of agitation and aeration
variables on xylose bioconversion to ethanol by P. stipitis from rice straw hemicellulosic
hydrolysate. The ethanol yield factor (¥p/s), ethanol productivity (Op), and cell yield factor
(Yx/s) were taken as responses of the experimental design. Statistical analysis of the data
was carried out using the Statgrafics 6.0, Design-Expert 5.0, and Statistica 6.0, softwares.

Results and Discussion
Hydrolysate Composition

The main components and their concentrations in the original, detoxified, concentrated, and
fermented rice straw hemicellulosic hydrolysate are shown in Table 3. It can be seen that
the acid hydrolysis process promoted a selective removal of the hemicellulosic fraction,
since xylose was the main obtained sugar. Detoxification process did not affect the sugars
content but promoted complete removal of vanillic acid, vanillin, syringaldehyde, and
ferulic acid, and elevated removal of HMF and furfural, which had their concentrations
reduced in 92% and 74%, respectively. In fact, detoxification with activated charcoal has
been reported as efficient for toxic compounds removal from rice straw hemicellulosic
hydrolysate [18]. The total removal of vanillin and syringaldehyde is particularly of great
relevance since both compounds were identified as being of high toxicity for P. stipitis [10].

When submitted to a concentration process, the hydrolysate had sugars concentration
increase proportional to the used concentration factor (sixfold), while the acetic acid content
was reduced in 75%. HMF and furfural concentrations were increased, but not
proportionally to the used concentration factor. Even so, the toxic compounds (acetic acid,

Table 3 Concentration of sugars and main toxic compounds in rice straw hemicellulosic hydrolysate in the
forms: original (OH), detoxified with activated charcoal (DH), concentrated (CDH), and used as fermentation
medium (FH).

Component OH DH CDH FH
Sugars
Glucose (g/1) 3.1 3.0 18.7 7.5
Xylose (g/l) 19.0 18.2 114.9 49.5
Arabinose (g/1) 3.1 29 17.1 8.5
Toxic compounds
Acetic acid (g/1) 1.5 1.2 0.3 n.d
Hydroxymethylfurfural (mg/1) 54 4 7 3
Furfural (mg/l) 132 34 103 7.7
Vanillic acid (mg/l) 71 n.d. n.d. n.d
Vanillin (mg/1) 45 n.d. n.d. n.d
Syringaldehyde (mg/l) 288 n.d. n.d. n.d
Ferulic acid (mg/l) 67 n.d. n.d. n.d

n.d. not detected
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HMF, and furfural) were present in the concentrated hydrolysate in levels below to those
reported to cause inhibition of the microbial metabolism. For example, ethanol production
by P, stipitis CECT 1922 was not affected by furfural concentrations up to 2 g/l, neither by
acetic acid concentrations up to 6 g/l. The simultaneous presence of acetic acid (1.5 g/l),
formic acid (0.5 g/1), and furfural (1 g/l) did not affect also the microorganism performance
in converting xylose and glucose to ethanol [19]. According to the authors, such
compounds when not present in concentration high enough to totally inhibit cellular
growth exert a positive effect on ethanol yields. Cantarella et al. [20] reported also that
ethanol yields were increased during the fermentation of poplar wood hydrolysates in the
presence of acetic acid, vanillin and HMF. Recently, it was demonstrated that P. stipitis
reduces the aldehydes group in the furan ring of HMF and furfural [21, 22], and is able to
consume acetic acid during fermentation [23].

Effect of Initial Xylose Concentration on Ethanol Production

Establishing the initial substrate concentration to be used in a fermentation process is
important to attain elevated product formation. Therefore, the present work evaluated, in a
first stage, the effect of different initial xylose concentrations on ethanol production by
P. stipitis from rice straw hemicellulosic hydrolysate. By dilution of the detoxified
hydrolysate, xylose concentrations varying from 32 to 88 g/l were obtained. The initial and
final concentrations of xylose, cells and ethanol, as well as the fermentative parameters
values (ethanol (Yp,s) and cell (Yx/s) yields, and the ethanol productivity (QOp)) obtained in
each one of these experiments are shown in Table 1.

According to the results, sugars consumption, cell growth, and ethanol production only
occurred for initial xylose concentrations of 47 and 32 g/I. For xylose concentrations higher
than 47 g/l, any product formation was not observed, although the microorganism was able
to grow in these media. This means that under these conditions, the metabolism of the yeast
P, stipitis was inhibited, even using the previously detoxified hydrolysate, i.e., with a large
amount of the toxic compounds removed during the activated charcoal treatment. To
overcome the inhibition problem thus found, the subsequent study on ethanol production by
P. stipitis was performed using rice straw hemicellulosic hydrolysate containing an initial
xylose concentration of about 50 g/l. du Preez et al. [24] reported also that initial xylose
concentration had a significant effect on the fermentation parameters of P. stipitis with
maximum ethanol productivities occurring at xylose concentration of 50 g/I.

Effect of Agitation and Aeration on Ethanol Production

P, stipitis was able to produce ethanol in all the evaluated fermentation conditions; however,
the maximum product concentration varied according to the agitation and aeration level
employed. Table 2 shows the ethanol (Yps) and cell (Yxss) yields, and the ethanol
productivity (Qp) obtained in each experimental condition. Statistical analysis of these data
revealed that the aeration (factor A) had a main effect significant at 95% confidence level
for the responses Yp;s and Yy/s. However, such effect had a negative signal for Yp,5 and
positive signal for Yy, suggesting that the lowest aeration level favored the ethanol
production, while the highest level favored the cell growth (Table 4). The agitation (factor
B) level had also influence on Yp,5 and Yx/g responses, with a positive signal significant at
95% confidence level for Yx/s and a negative signal significant at 90% confidence level for
Yp/s. For ethanol productivity (QOp), the agitation was the unique main variable with
statistically significant effect. Nevertheless, although the aeration effect was not statistically
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Table 4 Effect estimates (EE), standard errors (SE), and ¢ test results for ethanol yield factor (Yp/s), cell yield
factor (Yxss), and ethanol volumetric productivity (Qp) during the xylose-to-ethanol conversion by Pichia
stipitis from rice straw hemicellulosic hydrolysate, according to a 27 full-factorial design with three replicates
in the center point.

Variables and Y5 Yx/s Op
interactions

EE SE t test EE SE t test EE SE t test
Aeration —0.1450 +0.0250 —5.8111° 0.0400 +0.0090 4.4458° —0.0100 +0.0082 —1.2247
Agitation —0.0650 +0.0250 —2.6050° 0.0500 +0.0090 5.5572° 0.1000 +0.0082 12.2474*
Aeration x —0.0050 +0.0250 —0.2004 0.0200 +0.0090 2.2229 —0.0900 +0.0082 —11.0227%
agitation

1p<0.01 °p<0.05; ° p<0.10;

significant for this response even at 90% confidence level, its interaction with the agitation
was significant at 99% confidence level for Op with a negative signal, which suggests that
the highest Op values can be achieved when the lowest aeration levels are used.

Based on the statistical analysis results, mathematical models describing the responses
Yps, Yxss, and Qp within the studied region were established (Egs. 1, 2, and 3,
respectively). All the models presented determination coefficients (R?) higher than 0.90,
explaining thus more than 90% of the responses variations.

Yp/s =0.317—0.073 A — 0.033 B (R* =0.93) (1)
Yx/s = 0.123 +0.020 A +0.025 B (R* =0.95) (2)
Op = 0.290 — 0.010 A + 0.100 B — 0.090 AB (B> =0.99) (3)

Through the Eqgs. 1, 2, and 3, it was possible to plot response surfaces describing the
variations in the responses Yp/s, Yx/5, and Qp, within the studied region (Fig. 1a, b, and c,
respectively). Figure 1a shows that the increase in the value of both variables had a negative
influence on ethanol yield, the aeration effect being more evident than the agitation effect.
The maximum Yp, value (about 0.42 g/g), was obtained when the lowest agitation
(100 rpm) and aeration (2.5 Viask/Vimedium ratio) levels were used.

Unlike Yp/s, the increase in the variables values had a positive influence on Yy/g, as can
be seen in Fig. 1b. The maximum Yy value (about 0.16 g/g), was obtained when the
highest agitation (200 rpm) and aeration (5.0 Viask/Vimedium 1atio) levels were used. The Yp/s
and Yx/g results shows that the carbon flow division between cell growth and product
formation is strongly influenced by the aeration level used during the fermentation.
Increasing the agitation from 100 to 150 rpm promoted also a higher cell growth rate during
the ethanol production by P. stipitis CBS 6054 from corn stover hemicellulose hydrolysate
[23]. Biomass concentration increase was also verified when the agitation was increased
(from 70 to 130 rpm) during fermentation of sunflower seed hull hydrolysate to ethanol by
P. stipitis NRRL Y-7124 [25]. According to Skoog and Hahn-Hégerdal [26], oxygen plays
an important role in cell growth, redox balance, functioning of the mitochondria, and
generation of energy for xylose transport in P stipitis. Since this yeast is respire-
fermentative [27], excess oxygenation could lead to low ethanol yields. Some studies have
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Fig. 1 Response surfaces for ethanol yield factor (a), cell yield factor (b) and ethanol volumetric
productivity (c¢) as a function of the agitation and aeration (Vjask/Vimedium ratio) used during the rice straw
hemicellulosic hydrolysate fermentation by Pichia stipitis
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shown that P. stipitis produces ethanol under anaerobic conditions, but microaerobic
conditions appear to be optimal for ethanol production [10].

Figure 1c shows the Qp variations as a function of the aeration and agitation levels. It
can be noted in this figure that the agitation increase had a strong positive influence in the
Op values when the aeration was set at the lowest level. On the other hand, when the
aeration was set at the highest level, changes in the agitation showed no significant effect
in the productivity. Curiously, the aeration had opposite effects in the Qp values when
used in the lowest or in the highest agitation levels. A positive effect of the aeration
increase in Op was observed under the lowest agitation level; whereas a negative effect of
the aeration increase was noted under the highest agitation level. Maximum Qp value
(about 0.39 g/l1.h) was obtained when using the highest agitation (200 rpm) and the lowest
aeration level (2.5 Vias/ Vinedium ratio). Other authors have also shown that the volumetric
productivity rates increases with increased agitation [25].

Based on the discussion above, the fermentation condition able to promote high Yp,5 and
Op values was established. Such condition consisted in using 200 rpm agitation (maximum
evaluated value) and 2.5 Viag/Vinedium ratio (minimum evaluated value). Although low
aeration and agitation levels lead to the highest Yp;s values, under these conditions the
xylose consumption was very slow, which affected the Qp values. High aeration levels
caused faster substrate consumption, but the xylose conversion under these conditions was
low, due to the product oxidation or the high growing cell. By using these established
fermentation conditions the xylose conversion yield to ethanol (Yp) and the ethanol
volumetric productivity (Qp) were 0.37 g/g and 0.39 g/lh, respectively. Such value
corresponded to a process efficiency of 72.5%, since in the absence of cell growth and
maintenance, the maximum theoretical yield of ethanol from xylose in yeasts has been
considered to be 0.51 g ethanol/g xylose consumed [7, 28].

The ethanol yield and productivity obtained in the present work (0.37 g/g xylose)
can be well compared to others achieved using hemicellulosic hydrolysates from
different lignocellulosic wastes. For example, hemicellulosic hydrolysate produced
from dilute acid pretreatment of corn stover was fermented to ethanol by P stipitis
CBS 6054 with yields between 0.37-0.44 g/g (glucose+xylose), but productivity of only
0.21 g/L.h [23]. Ethanol yield and productivity were 0.32 g/g and 0.065 g/l.h during
fermentation of sunflower seed hull hydrolysate to ethanol by P. stipitis NRRL Y-7124
[25]. Much better results were attained using this same yeast in rice straw hemicellulosic
hydrolysate (present work), suggesting that our substrate has great potential for use on
ethanol production.

Conclusions

P. stipitis NRRL Y-7124 was able to produce ethanol from rice straw hemicellulosic
hydrolysate, but the initial xylose concentration, as well as the aeration and agitation
conditions, was found as important variables affecting the efficiency of this process. Initial
xylose concentration of 50 g/l was the most suitable for the process development; and
200 rpm agitation and 2.5 (Vfaa/Viedium 1atio) aeration was the best operational condition
in the studied range of values, able to promote high Yp5 (0.37 g/g) and Qp (0.39 g/l.h)
values. Under this condition, a process efficiency of 72.5% was achieved. These results
demonstrated that the establishment of adequate conditions of aeration is of great relevance
to improve the ethanol production from xylose by P. stipitis, using rice straw hemicellulosic
hydrolysate as fermentation medium.
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