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Abstract: Biorefinery of sugarcane bagasse into ethanol and xylitol was investigated in this study.
Ethanol fermentation of sugarcane bagasse hydrolysate was carried out by Saccharomyces cerevisiae.
After ethanol distillation, the vinasse containing xylose was used to produce xylitol through fermen-
tation by Candida guilliermondii TISTR 5068. During the ethanol fermentation, it was not necessary to
supplement a nitrogen source to the hydrolysate. Approximately 50 g/L of bioethanol was produced
after 36 h of fermentation. The vinasse was successfully used to produce xylitol. Supplementing the
vinasse with 1 g/L of yeast extract improved xylitol production 1.4-fold. Cultivating the yeast with
10% controlled dissolved oxygen resulted in the best xylitol production and yields of 10.2 ± 1.12 g/L
and 0.74 ± 0.04 g/g after 60 h fermentation. Supplementing the vinasse with low fraction of molasses
to improve xylitol production did not yield a positive result. The supplementation caused decreases
of up to 34% in xylitol production rate, 24% in concentration, and 24% in yield.

Keywords: yeast; xylitol; bioethanol; sugarcane bagasse; vinasse; biorefinery; value-added products;
biofuels

1. Introduction

Lignocellulosic biomass is a very abundant natural resource [1]. A wide range of
materials can be categorized as lignocellulosic biomass, including woody materials, grasses,
crops, and the associated wastes [2]. The uses of biorefinery have extended from typical
heating and steam generation to the production of many high value biochemicals via
various conversion processes.

Sugarcane bagasse is an agricultural excess, comprising waste from the sugar in-
dustry. Thailand is the world’s third-largest sugarcane-based sugar producer [3]. In the
2019/2020 season, sugarcane production in Thailand was 74.9 million tons, from which the
bagasse generated was approximately 21 million tons [4]. Although most sugar factories
utilize the bagasse to produce steam and generate electricity [5], the bagasse could be used
for other value-added purposes via biorefinery.

Bioethanol has been one of the target products in the biorefinery process [6,7]. It is a
principal transport fuel, with 102 billion liters produced worldwide in 2021 [8]. Bioethanol
from lignocellulosic biomass has immense potential as a transport fuel due to its decar-
bonization benefits [9]. The two principal sugars in the lignocellulosic biomass structure,
glucose and xylose, can be converted to ethanol. However, our previous work has shown
that converting the xylose fraction in the mixed sugar hydrolysate into ethanol with the
use of wild type yeasts has its limitations. It does not allow high ethanol concentrations

Fermentation 2022, 8, 340. https://doi.org/10.3390/fermentation8070340 https://www.mdpi.com/journal/fermentation

https://doi.org/10.3390/fermentation8070340
https://doi.org/10.3390/fermentation8070340
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com
https://orcid.org/0000-0003-2059-0047
https://orcid.org/0000-0001-7836-032X
https://doi.org/10.3390/fermentation8070340
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com/article/10.3390/fermentation8070340?type=check_update&version=2


Fermentation 2022, 8, 340 2 of 18

from the xylose fraction, and the xylose conversion was limited in a high ethanol environ-
ment [10,11]. Therefore, the xylose fraction could be more applicable for other purposes.
One option for the xylose fraction of the lignocellulosic biomass is to produce xylitol.

Xylitol is a value-added chemical obtained from biomass, with no petrochemical
alternative. Industrial production of xylitol is carried out through catalytic hydrogenation
of xylose. Although the chemical conversion process results in high xylitol yields, certain
concerns about the process exist. These included the availability of plants with high xylan
content, the high energy and pressure used in the process, and the need for pure xylose in
the reaction [12].

The biological approach to xylitol production is appealing, as it is more eco-friendly
and less costly than the chemical path. The possibility of xylitol production in integrated
biorefineries is an added benefit [13]. Xylitol production via microbial bioconversion has
often focused on using hemicellulosic hydrolysate prepared from various biomass types,
including grasses, agricultural residues, and woods [13,14]. Hydrolysate can be detoxified
and concentrated to obtain a higher concentration of xylose [15–17].

In addition to xylitol production using hemicellulosic hydrolysate, integrated xylitol
production with ethanol has been used in various operations. A well-studied scheme
involved the separate fermentation of ethanol and xylitol from cellulosic and hemicellulosic
fractions of biomass [15,17–20]. Two-stage hydrolysis was required for this operation, to
obtain hemicellulosic hydrolysate. The remaining cellulignin, when hydrolyzed, would
obtain glucose-rich hydrolysate, which could be a substrate in microbial fermentation.
Alternatively, cellulignin fraction could be used directly in simultaneous saccharification
and fermentation (SSF) for ethanol production. Fermentation using a single strain of
yeast, and co-culture of two yeast strains to co-produce ethanol and xylitol were also
reported [16,21].

Other proposed operating configurations have included model-based platforms in-
volving separate hydrolysis, fermentation, and SSF for ethanol production, followed by
xylitol fermentation. These configurations could be applied as an extension of a lignocellu-
losic bioethanol plant process, involving single-stage hydrolysis of biomass [22].

In this study, integrated biorefinery of sugarcane bagasse was considered, with en-
zymatic hydrolysate of the bagasse as the substrate for ethanol production. The vinasse
containing unused xylose obtained from simple distillation was investigated for xylitol
production as a value-added step in the overall process. Nitrogen supplementation and
aeration level in xylitol production were evaluated as prime parameters in xylitol produc-
tion from vinasse. A study of the addition of molasses to the vinasse to improve the xylitol
production was also carried out.

2. Materials & Methods
2.1. Microorganisms

This study used a commercial strain of Saccharomyces cerevisiae (Thermal Resistance
Yeast, Angel Yeast Co., Ltd., Hubei, China) for ethanol production. The yeast was supplied
in powder form and stored in a refrigerator at 4 ◦C. Xylitol fermentation employed Candida
guilliermondii TISTR 5068. The stock of C. guilliermondii was maintained at −20 ◦C as cell
suspension in 30% (v/v) glycerol. In preparing pre-inoculation cells, the −20 ◦C yeast stock
was streaked on YMX agar plates and incubated at 30 ◦C for 48 h or until the colonies
appeared. Fresh colonies were used to prepare the inoculum. Yeasts on agar plates were
refreshed every two weeks to maintain good cell activity.

2.2. Culture Media for Yeast Growth and Fermentation

YM media were used as the inoculum media. One liter of YM-based solution contained
3 g of yeast extract, 3 g of malt extract, and 5 g of peptone. The carbon source was glucose
or xylose (designated as YMG or YMX medium) at final concentrations of 20 g/L for S.
cerevisiae or C. guilliermondii cultivation.
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Hydrolysate medium, prepared from sugarcane bagasse, was used in all ethanol
fermentation. The bagasse properties and the hydrolysate preparation have been described
previously [23]. In brief, 15% w/v of sugarcane bagasse was heat-pretreated with 2 M
NaOH. After washing and drying, it was then hydrolyzed at a solid loading of 15% w/v
with 40 FPU/g of a mixed enzyme, Cellic CTec2 (Novozymes, Bagsvaerd, Denmark), at
pH 4.8 and 50 ◦C for 3 days. The hydrolysate obtained consisted of 120.5 ± 1.8 g/L
of reducing sugar, with 96.52 ± 9.13 g/L of glucose and 19 ± 5 g/L of xylose. The
hydrolysate and nitrogen source solutions were mixed at the volumetric mixing ratio of
95:5 (hydrolysate: nitrogen source) to make up the medium. Hydrolysate and nitrogen
sources were autoclaved separately before they were mixed after cooling to obtain the final
concentration of the nitrogen source as planned.

Vinasse medium was used as the main medium for xylitol fermentation. In vinasse
preparation, the sugarcane bagasse hydrolysate was prepared and used in ethanol fermen-
tation as described below. After fermentation, the liquid broth was separated from the
cells by centrifugation at 11,200× g for 10 min (Sorvall LYNX 4000/6000, Thermo Scientific,
Massachusetts, USA). The broth was subjected to simple distillation to remove ethanol. The
vinasse contained 20.00 ± 1.19 g/L of xylose, 1.22 ± 0.08 g/L of xylitol, 10.00 ± 1.51 g/L
of glycerol, and 2.40 ± 0.77 g/L of ethanol. In medium preparation, the nitrogen source
solution was autoclaved and mixed with the vinasse at a volumetric ratio of 95:5.

2.3. Ethanol Fermentation

Ethanol fermentation employed a commercial strain of Saccharomyces cerevisiae (Ther-
mal Resistance Yeast, Angel Yeast Co., Ltd., Hubei, China). The inoculum of ethanol
fermentation was prepared by adding 0.01 g/L of the yeast powder to the YMG medium
and incubated at 30 ◦C with 200 rpm orbital shaking for 24 h. The inoculum volume was
increased to suit the fermentation scale by transferring 10% (v/v) of the seed inoculum into
a fresh YMG medium and further incubating under the same condition. All fermentation
used 10% inoculum.

Fermentation at flask scale was done in a 250-mL Erlenmeyer flask using 100 mL of
hydrolysate media with yeast extract, diammonium phosphate, or YM-based solution as
nitrogen sources. The cultures were incubated at 30 ◦C with 100 rpm orbital shaking.

Fermenter-scale fermentation employed a 5-L fermenter with 3.5-L of hydrolysate
medium supplemented with the selected nitrogen source. The cultivation was controlled
at 30 ◦C and constantly stirred at 100 rpm. The fermentation ended when there was no
change in glucose concentration. The analysis of the final sample was necessary to control
the properties of the fermentation broth used in preparing the vinasse. The fermentation
broth obtained from the hydrolysate without nitrogen source supplementation contained
43.70 ± 5.27 g/L of ethanol, 0.65 ± 0.04 g/L of xylitol, and 17.17 ± 0.04 g/L of xylose.

2.4. Xylitol Fermentation

Xylitol fermentation employed C. guilliermondii TISTR 5068 with cultivation in 250-mL
baffled Erlenmeyer flasks or a 2-L fermenter. The inoculum was prepared by transferring a
few single colonies from a YMX agar plate to a YMX medium. It was cultivated at 30 ◦C,
200 rpm for 24 h before inoculation. All cultivations involving xylitol production employed
vinasse medium.

Flask-scale fermentation was carried out using 100 mL of the vinasse supplemented
with nitrogen sources or mixed with molasses. The cultivation was carried out at 30 ◦C
with 200 rpm orbital shaking for 72 h with interval samplings.

Fermenter-scale cultivation was conducted in a 2-L bioreactor with 1 L of working
volume. The temperature was controlled at 30 ◦C. Air was supplied through a ring sparger.
The 100% dissolved oxygen (DO) was calibrated using 2 vvm of airstream at a stirring
speed of 900 rpm. Under these calibrating conditions, dissolved oxygen was 7.7 mg/L
(SensoDirect 150, Lovibond, Dortmund, Germany). The fermentation was carried out for
72 h with interval samplings.
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2.5. Analytical Methods

Cell optical density was measured using a spectrophotometer at 600 nm. Cell dry
weight (CDW) analysis involved drying the known volume of cell suspension at 105 ◦C for
at least 16 h or until constant weight. The weight of the dried cell was calculated using the
known volume of the cell. Reducing sugar was analyzed using 3,5-dinitrosalicylic acid [24].
Total sugar was analyzed using the phenol-sulfuric method.

A high-performance liquid chromatography system (LC-20A, Shimadzu, Kyoto, Japan)
equipped with an Aminex HPX-87H column (Bio-Rad, California, USA) was employed to
analyze xylose, xylitol, and ethanol. The compounds were detected by a refractive index
detector (RID-6A, Shimadzu, Kyoto, Japan). The column’s temperature was 40 ◦C. The
injection volume of the sample was 20 µL. The mobile phase was 5 mM sulfuric acid with a
0.75 mL/min flow rate.

2.6. Statistical Analysis

The SPSS program version 20 was employed for general statistical analysis. One-way
ANOVA was used to compare differences between groups and factors. Duncan’s test was
the post hoc test for mean comparison within the dataset. All tests were carried out at a
95% confidence level.

3. Results and Discussions
3.1. Nitrogen Source Supplementation for Ethanol Fermentation Using Sugarcane
Bagasse Hydrolysate

This part of the study aimed to use the vinasse from ethanol fermentation using
sugarcane bagasse as the raw material for xylitol production. Because ethanol fermentation
from bagasse has not been commercially practiced, we first evaluated the necessity of
supplementing nitrogen sources from enzymatic hydrolysate of sugarcane bagasse. The
results from this part of the study were applied in the ethanol fermentation. Vinasse was
prepared from the ethanol broth and used for xylitol production.

As representatives of organic and inorganic nitrogen sources, yeast extract (YE) and
diammonium phosphate (DAP) were compared as potential nitrogen sources for ethanol
production. Commercial or industrial grades of these nitrogen sources are available for use
on a larger scale if necessary. In the experiments, the amount of each nitrogen source used
varied from 1 g/L to 10 g/L. Controls included no nitrogen source supplementation, and
supplementation with a YM-based solution.

Nitrogen source supplementation did not have a significant effect on sugar utilization
during ethanol fermentation (Figure 1a). Glucose was fully consumed by the yeast, even
without any nitrogen source supplementation to the hydrolysate. This result indicated that
the sugarcane bagasse hydrolysate prepared in this study contained sufficient nutrients
to support the cell activities, which resulted in complete glucose consumption. As well as
glucose, xylose consumption was evident during fermentation. A similar amount of xylose
was consumed regardless of the amount of nitrogen source supplemented, which resulted
in final xylose in the ethanol broth of 14.76 ± 1.96 g/L.

Ethanol production in all the test conditions was similar (Figure 1b). Although there
were some fluctuations in the results, these were not significantly different. The ethanol
concentrations varied from 43.14 ± 5.46 g/L to 50.80 ± 1.93 g/L (85–96% conversion
efficiency). For the diammonium phosphate supplementation, the range of ethanol pro-
duced was narrower, from 45.81 ± 2.95 g/L to 48.48 ± 0.89 g/L (84–99% conversion
efficiency). Nonetheless, these values were not significantly different, even when compared
with the concentration obtained from non-supplemented hydrolysate, which produced
51.15 ± 5.41 g/L of ethanol, or 91% conversion efficiency.
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Figure 1. Comparisons of (a) sugar utilization (dark bars—glucose, white bars—xylose), (b) ethanol,
and (c) xylitol from ethanol fermentation by S. cerevisiae using sugarcane bagasse hydrolysate,
supplemented with yeast extract (YE) or diammonium phosphate (DAP), cultivated at 30 ◦C, 100 rpm
for 36 h. Numbers following YE and DAP are concentrations of the respective nitrogen sources in g/L.
The same letters above the bars indicated non-significant difference in mean values.
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Generally, nitrogen sources had a positive effect on the growth and activity of microor-
ganisms [25]. In our study, the addition of a nitrogen source did not influence cell activity,
as the sugar consumption and ethanol production remained at similar levels without an
added nitrogen source. The results implied that the hydrolysate contained sufficient nitro-
gen levels to support yeast growth and hence ethanol production. The nitrogen content
in the hydrolysate was 0.13 g/100 g or approximately 1.3 g/L. The presence of nitrogen
in the hydrolysate was possibly due to a mixed commercial cellulolytic enzyme used in
hydrolysate preparation. As the crude hydrolysate was used for ethanol fermentation, the
enzyme proteins remained in the hydrolysate and could serve as the nitrogen source in the
fermentation. However, supplementation of nitrogen sources has been reported to increase
the fermentation rate, thus reducing fermentation time [26]. We did not verify that report,
as it was beyond the scope of our current work to consider the necessity of nitrogen source
addition when producing ethanol broth. The broth would be used further to prepare the
vinasse, which would be the feedstock for the xylitol production.

In addition to glucose consumption for ethanol production, there was an unexpected
utilization of xylose, with a small amount of xylitol detected (Figure 1c). S. cerevisiae has no
specialized xylose transporter; xylose uptake occurs through native hexose transporters [27,28].
This occurrence agreed with a study claiming that enhanced sugar consumption occurred
with the addition of nitrogen sources [29]. The uptake was superior as the condition was
more aerobic [30], which was not the case in our study as the ethanol fermentation was
carried out at 100 rpm, which was not an aerobic condition. Xylitol conversion from xylose
in S. cerevisiae was due to a nonspecific aldose reductase [31].

Because ethanol production in sugarcane bagasse hydrolysate is not significantly
different with or without nitrogen source supplementation, we chose to carry out the
ethanol fermentation using sugarcane bagasse hydrolysate without an additional nitrogen
source. The ethanol broth was used to prepare the vinasse for xylitol fermentation.

3.2. Evaluating the Supplementation of Nitrogen Sources for Xylitol Production Using Vinasse
from Ethanol Fermentation

Following the same investigating principle as in ethanol fermentation, supplemen-
tation of yeast extract (YE) and diammonium phosphate (DAP) were applied in xylitol
fermentation using vinasse prepared from distillation of ethanol produced from sugarcane
bagasse hydrolysate. Nitrogen source supplementation may be necessary as available ni-
trogen in the hydrolysate could be depleted in the ethanol fermentation stage. The vinasse
was used without any treatment or detoxification, although Candida mogii fermentation in
concentrated stillage (vinasse) after ethanol fermentation from sweet sorghum juice and
bagasse showed the necessity of detoxifying the stillage [32].

Supplementation of nitrogen sources into the vinasse improved xylose utilization
in the media (Figure 2a). Adding as little as 1 g/L of YE significantly improved xylose
utilization in the vinasse media to 95.2 ± 1.93%, compared with 79.8 ± 0.5% without
added nitrogen source. Adding YE at higher concentrations did not help improve the
overall xylose consumption nor the consumption rate, according to the monitoring of
reducing sugar during fermentation (profiles not shown). The addition of YE increased
the reducing sugar consumption rates from 0.377 g/L.h (no YE addition) to the range of
0.514–0.582 g/L.h (1–10 g/L of YE).

A different response was observed after the addition of DAP. Low concentrations of
DAP resulted in a similar xylose consumption of 96.0 ± 2.6% to 95.6 ± 4.4%. However,
at higher DAP of 7 g/L and 10 g/L, xylose consumption slightly decreased. Regarding
the reducing sugar consumption rate (profiles not shown), the addition of DAP at 1 g/L
increased the sugar consumption rate to 0.511 g/L.h. The rates continuously decreased as
DAP concentration increased.
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Figure 2. Comparisons of (a) xylose consumption, (b) cell dry weight, and (c) xylitol from fermen-
tation of C. guilliermondii TISTR5068 in vinasse from sugarcane hydrolysate-based ethanol broth
supplemented with yeast extract (YE) or diammonium phosphate (DAP), cultivated at 30 ◦C, 200 rpm
for 60 h. Numbers following the abbreviations indicate concentration of the respective nitrogen
source in g/L. The same letters above the bars indicated non-significant difference in mean values.
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Cell growth in terms of dried weight benefited from nitrogen source addition, espe-
cially with yeast extract (Figure 2b). Cell dry weight showed an increasing trend with
nitrogen source addition. However, a high concentration of DAP showed an adverse effect
on cell growth. A decreasing biomass trend was evident when the DAP concentration was
5 g/L and above. This reduction in cell growth followed decreased xylose consumption at
high DAP levels. Regardless of the concentrations, cell yields did not show any significant
differences according to the type of nitrogen sources or their concentration (Table 1).

Table 1. Xylitol yields and cell yields obtained from 60-h xylitol fermentation by C. guilliermondii
TISTR5068 using vinasse supplemented with yeast extract (YE) or diammonium phosphate (DAP).

N Source Xylitol Yield (g/g) Cell Yield (g/g)

(g/L) YE DAP YE DAP

No N-supp 0.671 ± 0.012 ab 0.339 ± 0.006 a

1 0.796 ± 0.039 a 0.645 ± 0.005 ab 0.315 ± 0.018 a 0.332 ± 0.004 a

3 0.732 ± 0.065 a 0.690 ± 0.025 ab 0.334 ± 0.015 a 0.341 ± 0.055 a

5 0.692 ± 0.056 ab 0.658 ± 0.008 ab 0.336 ± 0.002 a 0.291 ± 0.061 a

7 0.704 ± 0.098 ab 0.612 ± 0.011 ab 0.411 ± 0.060 a 0.295 ± 0.116 a

10 0.622 ± 0.143 ab 0.526 ± 0.007 b 0.354 ± 0.038 a 0.261 ± 0.018 a

Note: Comparisons were made between the same results i.e., within the xylitol yields and the cell yields, regardless
of type of nitrogen sources. The same letters indicated non-significant difference in mean values. Theoretical
xylitol yield from xylose is 1.013 g/g.

When supplementing the vinasse with nitrogen sources at different concentrations,
xylitol production showed an inversing trend with cell dry weight, especially in the case
of yeast extract (Figure 2c). Increasing the concentration of YE resulted in a decreasing
trend in xylitol production, while the cell dry weights were statistically unchanged. The
decrease in xylitol production was evident with increasing DAP concentrations from 5 g/L
and above, following drops in xylose consumption and growth. The highest xylitol of
12.6 ± 0.2 g/L was obtained with the addition of 1 g/L of yeast extract. The corresponding
yield was also the highest, at 0.796 ± 0.039 g/gxylose (Table 1).

Organic and inorganic nitrogen sources have shown a positive effect on xylitol pro-
duction by yeasts when used in suitable amounts. Yeast extract has been a popular organic
nitrogen source for use in xylitol production. A few studies have reported that excessive
levels of yeast extract could be detrimental to xylitol production. Xylitol production from
D-xylose by C. tropicalis DMS 7524 degenerated when 15 g/L of yeast extract were added
to the media [33]; the study recommended adding no more than 1 g/L of yeast extract to
the medium for xylitol production. A similar result was also obtained in C. guilliermondii
FTI 20037, where adding yeast extract of more than 1 g/L resulted in decreasing xylitol
concentration, although the cell growth improved [34]. A decreasing trend in xylitol pro-
duction with increasing yeast extract was reported for C. tropicalis NRRLY-12968 growing
in the acid hydrolysate of mung bean hull [35].

Among inorganic nitrogen sources, urea and ammonium salts are the most commonly
used in xylitol production studies. Any form of ammonium salts, including the dihydrogen
phosphate form, resulted in similar xylitol production, except for the chloride form, which
showed an inferior result when used at the same concentration [35,36]. In our results,
high concentrations of diammonium phosphate reduced the fermentation performance,
especially the xylitol production. A study of xylitol production from corncob hemicel-
lulose hydrolysate indicated the significant influence of (NH4)2SO4, KH2PO4, and yeast
extract [37]. Upon optimizing those components, the optimal concentration of (NH4)2SO4
was in the higher level of the varied range, whereas the optimal concentrations of KH2PO4
and yeast extract were at the lower ends of the ranges. Those results implied the negative
effect of high phosphate concentration on xylitol production, which could explain the
lower xylitol production observed in this study when supplementing the vinasse with high
concentrations of diammonium phosphate.
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In a study employing a high concentration of phosphate buffer, it was indicated that
reduced xylose consumption and xylitol yield could be caused by high osmotic pressure
due to high ionic concentrations in the media [38]. In addition, high salt concentrations
could reduce the oxygen solubility in the media. Both of these reasons could apply in our
study. Although the phosphate concentrations we used were much lower than that in that
previously reported study, the vinasse used as the media for xylitol production could fit
the category of high salt concentration, even at the maximum of 10 g/L (75.7 mM) DAP
added into the media.

The results from this section indicate that nitrogen sources, especially yeast extract (as
an organic nitrogen source), improved sugar consumption rates and hence fermentation
rates. High xylose consumption, accompanied by high cell growth due to excess nitrogen
source supply, did not favor xylitol production. Based on the above observations, the
vinasse was supplemented with 1 g/L of yeast extract.

3.3. Effect of Dissolved Oxygen (DO) on Xylitol Production Using Vinasse from Ethanol
Fermentation of Sugarcane Bagasse Hydrolysate

This part of the study involved supplying different levels of dissolved oxygen (DO)
to the fermentation medium. The fermentation was carried out in a fermenter system.
The vinasse supplemented with 1 g/L of yeast extract was used for xylitol production
by C. guilliermondii TISTR5068. Two patterns of aeration were investigated in the study.
Controlled dissolved oxygen levels at 5%, 10%, and 15% were achieved through cascade
control (DO/stirrer speed) with a constant airflow of 2 vvm. An uncontrolled dissolved
oxygen pattern employed a constant stirring speed at 100 rpm with 1 vvm airflow. A
negative control experiment with 100 rpm stirring speed and no aeration was also carried
out for comparison.

The results in Figure 3 and Table 2 demonstrate the importance of aeration on xylitol
fermentation. The fermentation profiles indicate that the dissolved oxygen level affected
fermentation rates, such that the higher DO resulted in faster xylose consumption (Figure 3a).
The xylose profiles demonstrated that the xylose consumption rate at 5% DO was slower
than those at 10% and 15%, at which similar rates were evident for each. In the uncontrolled
aeration using a constant stirring speed at 100 rpm with 1 vvm airflow, the dissolved oxygen
was high at the beginning of the fermentation, dropped to 0% and remained at that level
throughout the fermentation. Note that in this case the DO of 0% implied that the yeast used
the dissolved oxygen as fast as it was supplied to the medium, not that the medium did
not have enough oxygen supply as in the negative control run (100 rpm with no aeration).
Xylose consumption was similar at approximately 90%. Regardless of the incomplete xylose
consumption, the residual concentrations were low, ranging from 1–2 g/L.

Table 2. Parameters from xylitol fermentation by C. guilliermondii using vinasse supplement by 1 g/L
of yeast extract cultivated at different dissolved oxygen levels for 72 h.

Aeration
Conditions

Xylose
Used (%)

Xylitol *
(g/L)

Qp*
(g/L.h)

Yp/s *
(g/gxylose)

CDW
(g/L)

Yx/s
(g/gxylose)

100 rpm 28.1 ± 0.0 b 0.04 ± 0.00 b 0.001 ± 0.000 d 0.010 ± 0.001 c 1.3 ± 0.8 c 0.308 ± 0.202 c

1 vvm & 100 rpm 90.9 ± 1.5 a 9.67 ± 0.10 a 0.134 ± 0.001 c 0.610 ± 0.014 b 5.4 ± 0.8 b 0.342 ± 0.064 c

5% DO 88.3 ± 4.7 a 9.54 ± 0.53 a 0.159 ± 0.009 b 0.656 ± 0.022 b 6.0 ± 0.8 b 0.408 ± 0.048 bc

10% DO 91.9 ± 2.1 a 9.96 ± 0.55 a 0.186 ± 0.010 a 0.685 ± 0.029 a 11.0 ± 0.5 a 0.765 ± 0.106 ab

15% DO 90.3 ± 1.9 a 10.4 ± 0.3 a 0.177 ± 0.018 a 0.697 ± 0.027 a 12.3 ± 0.8 a 0.826 ± 0.044 a

Note: Yp/s = xylitol yield, Qp * = xylitol productivity, CDW = cell dry weight and Yx/s = biomass yield; * Values
are reported for the times of maximum concentration. Comparisons of mean values were made within the same
column. The same letters indicated non-significant difference in mean values.

Cell growth followed the xylose consumption rates (Figure 3b). Faster growth was
evident with higher dissolved oxygen levels. In high DO conditions, yeast growth contin-
ued even when xylose consumption almost stopped, as observed after 48 h and 60 h of



Fermentation 2022, 8, 340 10 of 18

fermentation. A significant increase in the cell dry weight resulted from aeration at any
level (Table 2). Increasing the dissolved oxygen level to 10% significantly increased the cell
biomass. Further increase in DO to 15% did not significantly promote further cell growth.
Nonetheless, cell yield had an increasing trend with higher dissolved oxygen levels in the
range investigated.

Figure 3. Profiles of (a) xylose, (b) cell optical density, and (c) xylitol for cultivated C. guilliermondii
TISTR5068 in vinasse medium at 30 ◦C and various aeration patterns for 72 h.
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Xylose consumption and hence fermentation rate had been reported to increase with
an increase in oxygen transfer coefficient in Candida boidinii NRRL Y-17213 [39]. This report
explains our results, as higher dissolved oxygen levels allowed higher oxygen transfer. Our
results also suggested a limit on the xylose consumption rate, as increasing the DO level
from 10% to 15% did not further increase the xylose consumption rate.

The xylitol profiles showed dependency on the level of dissolved oxygen. Notwith-
standing the distinct effect of DO level on xylose consumption and cell growth, the xylitol
production rate was similar for controlled DO of 10% and 15% (Figure 3c and Table 2).
A slower production rate was observable in the uncontrolled DO conditions. However,
the final xylitol concentrations produced at all the aerated conditions were insignificantly
different (Table 2). The dissolved oxygen level showed a slight but significant effect on
xylitol yield, where the yield increased with an increase in DO level, up to DO of 10%. A
further increase to 15% DO did not significantly improve the xylitol yield.

In the controlled DO conditions, xylitol profiles showed a drop in concentration after
48 h for fermentation at 10% and 15% DO and after 60 h at 5% DO. These decreases in
xylitol occurred after the xylose consumption had ended. The reductions shared a similar
rate, regardless of the dissolved oxygen levels.

Controlling dissolved oxygen to a certain level, as we applied in this study, can help
with continuous and complete consumption of xylose. In studies of Candida sp. strains
under constant agitation, incomplete utilization of xylose was evident at low aeration rates
or low kLa [39,40]. A similar result was observed in another study of C. guilliermondii at a
constant aeration rate, where a low agitation rate resulted in incomplete xylose consump-
tion [41]. A common characteristic of incomplete xylose consumption was slow or no
cell growth following faster growth early in the fermentation. Controlling the dissolved
oxygen promoted complete xylose consumption, even at a low level of 0.5%, although with
a slower fermentation rate [42].

The metabolisms of xylose and xylitol depend on NAD(P)+/NAD(P)H redox bal-
ance [43]. Oxygen-limited conditions result in the ineffective regeneration of NAD(P)+,
causing intracellular NAD(P)H levels to increase. High NAD(P)H represses the activity
of xylitol dehydrogenase, causing xylitol to accumulate. Our results fit this scenario. The
range of dissolved oxygen covered in this study gave rise to oxygen-limited conditions,
where the imbalance of the cofactors occurred with a fast fermentation rate, as demon-
strated in Figure 3. We also investigated xylitol production at a higher dissolved oxygen
level of 20%, and found that the yeast grew to a much higher cell density with a fast xylose
consumption rate, but with no xylitol production (results not shown). Proper aeration led
to high cell growth and no xylitol production [42].

In our study, a drop in xylitol concentration occurred after 48 h when xylose levels were
low. Xylitol consumption or reassimilation have been reported in xylitol-producing yeasts
such as Starmerella meliponinorum and a strain of C. guilliermondii [44,45]. More aerobic
conditions caused faster xylitol consumption in a recombinant Saccharomyces cerevisiae [43].
In our study, small but noticeably faster xylitol assimilation could be observed when the
dissolved oxygen level increased from 5% to 15%.

From the results, we selected controlled dissolved oxygen at 10% as the condition for
xylitol production from the vinasse medium. A higher DO level was not required as it did
not improve the production in terms of xylitol concentration, yield, or productivity. The
results also suggested that xylitol production performance was not particularly sensitive to
changes in dissolved oxygen ranging from 5% to 15%. In addition, close attention should
be paid to the harvesting time, as the yeast could reassimilate the produced xylitol during
prolonged fermentation.

3.4. Effect of Molasses Addition to the Vinasse Medium on Xylitol Production

Investigation of molasses addition to the xylitol fermentation followed the claims
made by several studies that the small addition of carbon sources such as glucose, maltose,
or sucrose could improve xylitol production [16,46–48]. We were interested in supplemen-
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tation with molasses, a by-product of the sugar crystallization process that contains sucrose
and other invert sugars that could support the yeast function. Molasses was added to
the vinasse medium on a weight basis, from 0.5% w/v to 3.5% w/v of molasses. At these
amounts, the total sugar corresponding to the molasses in the medium would range from
11 g/L to 16 g/L, which accounts for 0.59:1 to 0.94:1 of the xylose contained in the vinasse
medium. Two control runs were also carried out, using only the vinasse (V-only) and only
the molasses at 3.5 g/L (M-only).

For sugar consumption performance, only the xylose profiles are shown (Figure 4a).
However, the yeast was able to utilize the sugar in molasses, which was evident in the
M-only control run (results not shown). The results demonstrate that supplementing the
molasses to the vinasse did not promote xylose utilization rates (Figure 4a and Table 3).
It prolonged the fermentation time such that supplementing molasses from 2 g/L and
above increased the fermentation time to 72 h, instead of 60 h when supplementing at
lower amounts.

Table 3. Parameters from xylitol fermentation by C. guilliermondii supplemented by various molasse
concentrations into the vinasse medium.

Molasses
Supp.

Qxylose
(g/L.h)

Xylitol **
(g/L)

Yp/s
(g/gxylose)

Qp
(g/L.h)

CDW
(g/L)

Yx/s
(g/gtotal sugar)

V-only 0.357 ± 0.029 a 9.27 ± 0.05 a 0.499 ± 0.004 a 0.150 ± 0.001 a 5.82 ± 0.05 c 0.193 ± 0.002 b

M-only - - - - 6.57 ± 0.27 a 0.349 ± 0.013 a

0.5 g/L 0.239 ± 0.038 b 8.19 ± 0.09 b 0.443 ± 0.005 b 0.136 ± 0.002 b 5.25 ± 0.08 d 0.176 ± 0.020 b

1 g/L 0.299 ± 0.000 ab 8.33 ± 0.04 b 0.471 ± 0.002 b 0.139 ± 0.001 b 5.80 ± 0.03 c 0.174 ± 0.001 b

2 g/L 0.247 ± 0.003 b 7.70 ± 0.05 c 0.454 ± 0.003 b 0.107 ± 0.001 c 6.03 ± 0.03 bc 0.168 ± 0.002 b

3 g/L 0.263 ± 0.006 b 6.87 ± 0.14 e 0.360 ± 0.006 d 0.096 ± 0.003 d 6.42 ± 0.02 ab 0.176 ± 0.001 b

3.5 g/L 0.242 ± 0.009 b 7.26 ± 0.01 d 0.394 ± 0.020 d 0.101 ± 0.000 cd 6.47 ± 0.20 ab 0.185 ± 0.006 b

Qxylose = xylose utilization rates calculated from the slope of the xylose profiles, Qp = xylitol productivity calculated
when xylose was depleted, Yp/s = xylitol yield based on xylose, Yx/s = biomass yield based on total sugar; ** Xylitol
was reported as the difference between the value for depleted xylose and the initial value. Comparisons of mean
values were made within the same column. The same letters indicated non-significant difference in mean values.

Yeast growth profiles, according to cell optical density, showed that molasses at 3.5 g/L
(M-only control) resulted in the fastest growth rate during the first 12 h of fermentation
(Figure 4b) and the highest cell dry weight (Table 3). The addition of molasses into the
vinasse medium slightly increased cell growth with increased molasses supplementation.
However, the cell yields (Yx/s) did not change. It should be emphasized that the control
with molasses medium contained the lowest total sugar concentration at approximately
21 g/L, while vinasse media with and without molasses supplementation contained total
sugar in the range of 44.7 to 61.3 g/L. Low sugar concentration would benefit cell growth,
as the effect of osmotic pressure was less than that in the higher sugar concentrations.

Supplementation with molasses did not improve the xylitol production rate or the
concentrations. The xylitol profiles in Figure 4c indicate that by using the vinasse medium
without molasses supplementation, the xylitol production rate was faster and resulted
in the highest xylitol concentration. The more molasses, the lower the xylitol obtained
(Table 3). This trend was also true for xylitol yields and productivities.

In addition to xylitol, ethanol was another product of fermentation. In the M-only
control, ethanol concentration increased until 24 h, reaching a concentration of 5.17 g/L.
It consistently dropped after prolonged fermentation (Figure 4d). The drop in ethanol
matched the increase in cell optical density, implying that the yeast cells utilized ethanol as a
carbon source to support their growth. In the media supplemented with molasses, the yeast
produced ethanol early in the fermentation process. The amount of ethanol corresponded
to the amount of molasses supplemented. Supplementing 0.5 g/L of molasses resulted in
2.40 ± 0.01 g/L of ethanol, while supplementing 3 g/L and 3.5 g/L of molasses resulted in
6.13 ± 0.02 g/L and 5.89 ± 0.07 g/L of ethanol, respectively.
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The results obtained in our study did not suggest a positive effect of molasses supple-
mentation on xylitol production by C. guillermondii TISTR5068 in a vinasse medium. The
results contradicted claims that supplementation of other carbon sources helps improve
various aspects of xylitol production including xylose consumption rate, xylitol production
rate, xylitol concentration, and yield [16,46–48]. Supplementation with molasses appeared
to deteriorate xylitol production while improving yeast growth.

Several studies into carbon source supplementation to improve xylitol production
involved supplementing carbon sources in their pure forms. These studies did not report
any ethanol production by yeast, even with distinctively high concentrations of the sup-
plementary glucose and sucrose [47,48]. However, other studies used complex carbon
sources, such as sugarcane syrup and molasses, as supplements to xylitol production using
sugarcane bagasse and straw hydrolysates, and reported the production of ethanol [16,47].
The amount of ethanol depended on the amount of sugar supplemented; over 20 g/L was
reported. Our results showed that maximum ethanol of ~5 g/L was produced from the
supplementation of sugar via molasses addition. Ethanol has been reported to harm the cell
viability of xylose-utilizing yeast, with viability dropping to 50% at high ethanol concentra-
tions [49]. Ethanol tolerance in xylose-utilizing yeast was also strain-dependent [50]. Expo-
sure to ethanol during the first 12 h to 24 h could affect the yeast performance, especially in
conversion of xylose to xylitol, causing inferior xylitol production when supplementing
with molasses.

Although slight improvement in xylitol production, especially in xylose uptake rate,
when supplemented with sugar syrup or molasses was reported in other studies [16,47], our
results did not follow those earlier findings. A significant decrease in the xylose utilization
rate was evident in our case. Nonetheless, the reduction in xylitol yield that we observed
concurred with a study that used molasses as a supplement [16].

Based on our results and those reported, we inferred that the differences in various as-
pects of xylitol production performance would depend on substrate type and characteristics.
The amount and type of supplementary carbon did not necessarily guarantee improved
xylitol production. In our study, we employed vinasse of ethanol broth obtained from
the fermentation of sugarcane bagasse hydrolysate. It contained mainly xylose with other
sugars and oligosaccharides, and a low level of ethanol remaining after the distillation.

3.5. Proposed Process for Ethanol and Xylitol Production from Sugarcane Bagasse

By integrating the results obtained in this study, each step in the proposed process was
combined, and the flow chart of the process is demonstrated in Figure 5. In this process,
separate streams of ethanol and xylitol resulted. Ethanol obtained in this study was within
the same range as a previous study with a similar design using sweet sorghum juice and
bagasse [32]. Increased quantities of xylitol were obtained in this study, compared with less
than 5 g/L obtained from the stillage (vinasse) of the study employing Candida mogii.

Other studies have reported co-production of ethanol and xylitol with separate streams
of hydrolysate. A similar range of ethanol concentrations resulted, with values between
48–56 g/L [16–18]. These values were comparable to results from this study at approx-
imately 50 g/L. The higher xylitol obtained in those studies, ranging from 24.0 g/L to
34.5 g/L, was the result of high xylose concentration after concentrating the hemicellulosic
hydrolysate, or from high solid loading in hydrolysis by xylanase. Regardless of the lower
xylitol concentration in this study (~10 g/L) due to the use of non-concentrated vinasse,
the conversion yield was comparable.

From the diagram (Figure 5), it should be noted that some xylose was converted to
xylitol during the ethanol fermentation, due to the activities of native hexose transporters
and a nonspecific aldose reductase, as discussed earlier. Regarding the separation of ethanol
by simple distillation, ethanol cannot be fully separated from the aqueous solution so a
small amount of ethanol was present in the vinasse. The mass balance showed a 15% loss
from distillation. This loss could be due to evaporation and residual liquid holdup in
the instrument, because a simple laboratory glass distillation set was used. In addition, a
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noticeably large loss of bagasse after pretreatment was due to lignin loss and small residue
loss during the washing steps after pretreatment, when mesh cloth was used for draining
the liquid.

Figure 5. Diagram of the proposed ethanol and xylitol production process, illustrating important
substrates and products at each stage of the operation.

4. Conclusions

This study demonstrated the integrated biorefinery of sugarcane bagasse for ethanol
and xylitol production. The results showed the possibility of integrating xylitol production
into the lignocellulosic-based ethanol process by utilizing vinasse from the distillation
stage containing remaining xylitol. A small supplementation with nitrogen sources was
necessary to improve xylitol production from the vinasse. Limited oxygen conditions
promoted xylitol production, whereas excessive aeration was observed to result in xylitol
consumption in the later stages of fermentation, resulting in a low xylitol yield. It was
not necessary to supplement a carbon source to improve the xylitol production when
using vinasse as the substrate. Using a waste stream from cellulosic ethanol production, as
demonstrated in this study, represents waste utilization through biological processes and
serves as a part of the circular bioeconomy.
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