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Xylose is a pentose sugar with the potential to convert a variety of valuable chemical

products. In this study, acidic pretreatment wastewater generated during a sequential

acid-/alkali-pretreatment process was recycled to increase the hydrolyzed hemicellulose

fraction from empty palm fruit bunch fiber (EPFBF), a lignocellulosic biomass. The xylose

in the reused wastewater was subjected to overliming and an activated charcoal column

was used to remove inhibitory compounds, for xylitol fermentation using the adapted

C. tropicalis strain. The cell growth and xylose uptake rates in the adapted strain were

1.7- and 5-fold higher, respectively, compared to the wild-type strain. During batch

fermentation using the adapted yeast strain and the post-pretreated xylose solution, 35.2

± 0.8 g/L xylitol was obtained within 61 h for a production yield of 0.44 g xylitol/g xylose.

These results indicate that xylose in the byproducts produced in the bioethanol process

could be recovered for production of xylitol.

Keywords: acidic pretreated biomass wastewater, sequential acid-/alkali-pretreatment process, xylose, xylitol,

adapted C. tropicalis, overliming, empty palm fruit bunch fiber

INTRODUCTION

Lignocellulosic biomass including agricultural plant byproducts, forestry wood residues, and other
cellulosic materials are all potential resources of low-cost fermentable sugars, which could be used
as biofuels and biorefinery chemicals (Kim and Kim, 2012, 2014; Kim et al., 2013; Brethauer and
Studer, 2015; Caicedo et al., 2016; Kim, 2018a). These materials are composed of three major
components: cellulose, hemicellulose and lignin. These polymeric materials could be hydrolyzed
by either a physicochemical or a biological process, to generate monomeric sugar compounds
in addition to a variety of aromatic/aliphatic compounds (Caicedo et al., 2016). However, these
polymeric structures have chemically complex and resistant structures. Therefore, for generation of
fermentable sugars from lignocellulose, physical, chemical, and biological pretreatment processes
have been applied to convert the complex and rigid structures of lignocellulose into fermentable
sugars (Silveira et al., 2015; Capolupo and Faraco, 2016). Depending on the pretreatment process
and the type of biomass, i.e., soft or hard biomass, the physicochemical properties of the
pretreated biomasses could be changed to obtain the maximum yield of fermentable sugars
(Silveira et al., 2015).
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Several different biomass pretreatment options exist,
including physical, chemical, and biological methods. Chemical
pretreatment under acid and alkali conditions, combined with
high temperature and pressure or mechanical disruption, is
currently the most widely used biomass pretreatment process
(Shen et al., 2015; Silveira et al., 2015; Capolupo and Faraco,
2016). Among the various chemical pretreatment processes
reported to date, acid and alkali pretreatments were shown to be
the most effective for reducing hemicellulose or delignification
in biomass under mild operating conditions (Alvira et al.,
2010; Kim and Kim, 2014; Silveira et al., 2015; Kim, 2018a,b).
In our previous work, we combined these two agents to
pretreat empty palm fruit bunch fiber (EPFBF), which is an
abundant byproduct in the palm oil industry, using a sequential
acid-/alkali-pretreatment process to enhance the cellulose
content per unit biomass (Kim et al., 2012; Kim and Kim, 2013).

EPFBF contains relatively high levels of hemicellulose and
lignin per gram biomass compared to other lignocellulosic
biomasses (Piarpuzán et al., 2011; Kim and Kim, 2012, 2013;
Kim et al., 2012; Raman and Gnansounou, 2014). In the first
pretreatment step, the removal of hemicellulose increased the
pore sizes of the biomass (Kim et al., 2012). Therefore, it
increased both the accessibility and digestibility of cellulase
(Kim et al., 2012; Kim and Kim, 2013). The hydrolyzed
hemicellulose fractions were solubilized in the pretreatment
water. This is considered to be wastewater, containing extremely
high concentrations of organic substances and low pH under
wastewater treatment guidelines (Zhang et al., 2010; Abdolali
et al., 2014). In a case study on second-generation (2G) ethanol
production, wastewater treatment during the pretreatment
process accounted for ∼20% of the total production cost
(Humbird et al., 2011). Therefore a reduction of the costs
associated with wastewater treatment would decrease the overall
costs of using lignocellulosicmaterials (Humbird et al., 2011; Kim
et al., 2019).

Nevertheless, acid extracted during EPFBF pretreatment
under the sequential acid-/alkali-pretreatment process could be a
valuable resource due to its high xylose content. Moreover, acidic
wastewater produced during the first step of pretreatment still
contains acidic catalysts. Thus, the chemical catalysts could be
reused and enriched in the hydrolyzed hemicellulose fraction of
the wastewater. In the case of EPFBF, the chemically hydrolyzed
hemicellulose mostly comprised xylose, which is a pentose sugar
that can be fermented to produce xylitol, xylonate, and other
biorefinery products (Kim et al., 2012, 2019; Toivari et al., 2012;
Brethauer and Studer, 2015). Moreover, xylitol is an expensive
sugar alcohol and one of top 12 high value-added intermediate
chemicals as a building block for organic synthesis (Werpy
et al., 2004; Ravella et al., 2012). The downstream process for
purification and formulation have been already established well
(Aliakbarian et al., 2012). The sugar alcohol production from the
wastewater could be also an alternative approach for overall cost
reduction of bioethanol production.

In this work, I examined the effect of recycling the acidic
wastewater generated during the first biomass pretreatment step
under a sequential acid-/alkali-pretreatment process. The acidic
pretreated solution and biomass washing water were separated
from the biomass, and then these solutions were reused five times

to enrich the pentose sugar content. After the acidic treatment
solution had been neutralized, the biomass pretreatment
byproduct containing a high concentration of xylose, a valuable
fermentable sugar, was applied for xylitol production.

MATERIALS AND METHODS

Material
The EPFBF was obtained from a local oil processing company in
Malaysia. It was washed with tap water to remove soil and other
particles and then dried at 105◦C for 24 h (Kim, 2018b).

Chemical Pretreatment
The overall xylose extraction procedure based on sequential
acid/alkali-pretreatment of EPFBF is summarized in Figure 1.
Dry EPFBF (10% w/v) with no physical treatment was soaked
in diluted H2SO4 solution within the concentration range of
0.1∼8.0% (v/v) and heated in an autoclave at 121◦C, 15 psi
for 15min. During the first pretreatment step, the dilute acid-
treated EPFBF was obtained from the acid solution, soaked in
the same volume of water, and occasionally mixed for 1 h. The
washed pretreated-EPFBF was dried at 105◦C for 24 h. During
the second pretreatment step, the dried EPFBF was treated using
10N NaOH solution, as described in the previous work (Kim
et al., 2012). The compositions of the non-treated and pretreated
biomasses were analyzed using the National Renewable Energy
Laboratory (NREL) chemical analysis and testing laboratory
analytical procedures (LAPs) of the US Department of Energy
(DOE): the lignin contents in biomass were analyzed by LAP-003
and LAP-004.

Recycling Acidic Wastewater for Biomass
Pretreatment
The acidic wastewater generated during the sequential
acid/alkali-pretreatment was reused in a repeat of the first
acid pretreatment process. The biomass-soaked sulfuric acid
solution and washing water were used separately for the
acid pretreatment and biomass washing, respectively. During
the acidic-thermal pretreatment, the acidic solution was
evaporated and the ratio of biomass to solution was fixed at
10% (w/v). The solution was recycled five times during the first
biomass pretreatment step. This increased the acid-hydrolyzed
sugar concentration in the solution. Monosaccharides and
other sugar derivatives were analyzed after each biomass
pretreatment step.

Analysis of Carbohydrate Content in
Wastewater Generated From the Acidic
Pretreatment Processes
To determine the carbohydrate content of the acidic wastewater
generated during the chemical pretreatment process, the
xylose, glucose and other sugars in the wastewater samples
were diluted with distilled water, without any further
neutralization, and then passed through a 0.20-µm filter.
The monosaccharides hydrolyzed from the pretreated biomass
in the acidic wastewater samples were then identified and
quantified using high-performance liquid chromatography
(HPLC), as described below.
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FIGURE 1 | The overall procedure for xylose extraction from the acidic wastewater byproducts generated during the first step of the sequential

acid-/alkali-pretreatment process, for utilization of empty palm fruit bunch fiber (EPFBF).

Neutralization of the Acid Wastewater
For neutralization of the acidic wastewater solution for yeast
cultivation, the solution was slowly titrated with solid calcium
carbonate (CaCO3) or calcium hydroxide (Ca(OH)2) to a
pH of 5.5–6.0. The temperature of the titrated solution was
maintained at around 25–35◦C in an ice-water bath. The
CaSO4 precipitate in the titrated solution was removed by
centrifugation and then passed through an activated charcoal
fixed-bed column. The solution was filtrated using a 0.20-µm-
cellulose membrane filter. The final pale, yellowish solution was
stored at room temperature.

Microorganism, Growth Conditions, and
Cultivation
Candida tropicalis CBS94 was used as a xylitol fermentation
strain (https://www.uniprot.org/taxonomy/559300). The yeast
strain was cultivated in complex medium containing 1% Bacto
yeast extract, 2% Bacto peptone, and 2% (v/v) xylose at 30◦C and
200 rpm for 24 h, for seed culture and maintenance.

Yeast Strain Adaptation
The single yeast strain colony was transferred into 25mL of liquid
broth containing 10% (v/v) of neutralized biomass hydrolysate,
in turn containing 25 g/L xylose and a 6.7 g/L yeast nitrogen
base. After a 24-h incubation at 30◦C, 1% (v/v) the pre-culture
was transferred to the fresh culture broth and then cultivated
under the equal condition. This process was repeated 10 times. In

each batch culture, cell growth, xylose, and xylitol content were
monitored. After strain adaptation, the final culture was spread
on an agar medium having the same culture composition, and
single colonies were selected for xylitol fermentation.

Xylitol Fermentation
For xylitol fermentation, the neutralized acidic wastewater
solution containing ∼80 g/L xylose was re-filtrated through
a 0.22-µm pore filter membrane system (Corning, Corning,
NY, USA). The seed-culture of the adapted C. tropicalis strain
10% (v/v) was then inoculated into a 1-L fermentor (FMT ST-
S; Fermentec, Cheongju, South Korea) with a 0.5 L working
volume containing the filtered xylose solution and a 1% (w/v)
yeast nitrogen base. The fermentor was operated at 30◦C with
stirring at 240 rpm/min. The xylitol fermentation was performed
in triplicate.

Analytical Procedures
Levels of monosaccharide sugars and organic acids were
determined using an HPLC system equipped with a refractive
index detector, an auto-sampler, and an Aminex HPX-87P
column (Bio-Rad, Hercules, CA, USA) for monosaccharide
analysis, or with a Rezex ROA-Organic Acid H+ column
(Phenomenex Inc., Torrance, CA, USA) for organic acid analysis,
as described previously (Kim, 2018a,b). All samples were clarified
by filtration with a 0.20-µm filter and then injected into
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the analytical HPLC column. All analyses were performed
in triplicate.

RESULTS

Characterization of Xylose Extract in the
Acidic Wastewater
In my previous work, the cellulose, hemicellulose, and lignin
content of the raw EPFBF material before chemical pretreatment
was measured to be 39.8, 17.3, and 28.8%, respectively (Kim
et al., 2012). The relative composition of these three components
varied depending on the harvest time, cultivation area, and
several environmental factors associated with plant growth. It
has been reported that dried EPFBF consists of 41.3–46.5%
cellulose, 25.3–32.5% hemicellulose, and 27.6–32.5% lignin (Kim,
2018b). During the sequential acid-/alkali-pretreatment process,
the hemicellulose content in the biomass was reduced during
the first diluted acid pretreatment step. During the thermal-
acidic pretreatment step, the concentration of the dilute sulfuric
acid increased from 0 to 8% (v/v), while the hemicellulose
content decreased from 17.3 to 1.6 g per 100 g of biomass
(Kim et al., 2012).

The hemicellulose portion in the pretreated biomass was
extracted and hydrolyzed in the diluted acidic pretreatment
solution. After the first pretreatment, xylose, a monomer sugar
of xylan, which is a major component of hemicellulose, was
mainly observed in the acidic wastewater (Figure 2A). The major
component in the acidic solution was xylose depolymerized from
hemicellulose (82%). Minor compounds in the solution included
oligosaccharides (6%), disaccharides (4%), glucose (4%), acetate
(3%), and other unidentified substances (1%). Increasing the
strength of the diluted sulfuric acid from 0 to 8% (v/v) caused the
xylose concentration to increase from 0.69 ± 0.2 to 33.8 ± 0.5
g/L (Figure 2B). The xylose concentration in the solution tended
to increase in proportion to the elimination of hemicellulose
extracted from the biomass. Up to 4% (v/v) diluted sulfuric acid,
the xylose concentration was dramatically enhanced. However,
the efficiency of the xylose extraction was only slightly enhanced
by using a stronger acidic solution of 8% (v/v). Thus, these
data suggest that 4% (v/v) diluted sulfuric acid could be the
optimum concentration for hemicellulose extraction under these
pretreatment conditions (121◦C, 15 psi, for 1 h).

Effect of the Number of Acidic Wastewater
Reuse Cycles Used in Biomass
Pretreatment
The acidic wastewater from the first pretreatment was dark
brown-colored and contained the acidic substances extracted
from the biomass. However, the solution still contained the
sulfuric acidic catalyst, which could be reused in further
biomass pretreatment steps. To test the effect of recycling
acidic wastewater on the hemicellulose fraction extraction, the
solution was reused for biomass pretreatment of fresh, untreated
EPFBFs. After the pretreatment, the level of sugars and their
related compounds, dissolved in both the generated acidic
solution and biomass washing water, were analyzed (Figure 3).

FIGURE 2 | High-performance liquid chromatography (HPLC) profiles of the

carbohydrate substances (A), and xylose extraction profiles in acidic

wastewater according to the concentration of diluted sulfuric acid used during

the pretreatment process (B). Percentages indicate the relative amounts of

carbohydrate substances in the acidic solution.

In agreement with previous studies, xylose was found to be the
most abundant sugar compound in both the acidic solution and
the washing water (Figure 3A). In both solutions, the xylose
concentration was relatively similar. The xylose concentration
(hydrolyzed from the hemicellulose fraction) reached 82.3 ±

0.5 g/L in the acidic solution after five cycles. On average,
the concentration of xylose increased by 1.74-fold with each
pretreatment, which is in agreement with first-order reaction
kinetic theory (data not shown). Interestingly, the biomass
washing solution contained a relatively large amount of xylose
(38.8 g/L) after five washing cycles. Acetate, glucose, and furfural
were additionally detected in both solutions asminor compounds
(Figure 3B). The concentration amounts were in the order
of acetate > glucose > furfural in each pretreatment batch.
Interestingly, the concentration of acetate was relatively high,
where this compound is hydrolyzed from acyl groups attached
to hemicellulose. In addition, the levels of furfural, a thermally
degraded pentose compound, increased after batch pretreatment.
Small amounts of xylose were converted into furfural under
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FIGURE 3 | Effect of the number of diluted acid batch pretreatments on the

concentrations of extracted soluble substances in the acidic wastewater

(black bars) and washing solution (gray bars). Xylose, the most abundant

sugar substance (A), and other minor soluble byproducts [glucose

(blue-violet), acetate (blue), and furfural (deep blue)] (B) remained in the acidic

wastewater. The minor soluble compounds [glucose (brown), acetate (orange),

and furfural (yellow-green)] in the washing solution.

the thermal acidic pretreatment conditions. Glucose was also
present as a hydrolyzed cellulose fraction during the diluted acid
pretreatment process.

Preparation of Xylose Solution From the
Acid Wastewater
To apply xylose solution for xylitol fermentation, the acidic
solution was titrated to pH 5.5–6.0 with solid CaCO3 or
Ca(OH)2. Sulfuric acid present in the acid wastewater containing
xylose was precipitated by the formation of calcium sulfate
(CaSO4). After centrifugation and filtration to remove the
calcium salt, the clarified xylose solution with a deep brown
color was passed through an activated charcoal (mesh 100 particle
size) fixed-bed column to reduce the levels of thermally degraded
sugar products, unknown aliphatic and aromatic compounds,
and thermally degraded lignin products. The xylose solution

prepared from the acidic pretreatment wastewater had a pale
yellow color. Following path though the column, the total volume
of the xylose solution decreased ∼5%. The concentrations of
xylose, glucose, and acetate were 80.1 ± 1.2, 5.1 ± 0.5, and 4.2
± 0.3 g/L, respectively. The final prepared xylose solution did not
contain any residual furfural (data not shown).

Adaptation of the Yeast Strain to Xylose
Extract
To produce xylitol via fermentation using the xylose solution,
a yeast strain know as Candida tropicalis CBS94 was chosen.
The wild-type strain grew slowly in the xylose solution prepared
from the acidic wastewater due to unknown growth inhibitors
(data not shown). Thus, the strains were adapted to 2.5% (w/v)
xylose extract solution; for the adaptation, a single colony was
inoculated in the minimal medium containing xylose solution
and cultivated for 24 h. The 1% (v/v) batch culture was then
transferred to fresh medium; this process was repeated 10 times.
The cell growth, xylose uptake, and xylitol production were
all monitored (Figure 4). During the first batch culture, cell
growth (Figure 4A) was very slow due to the low level of xylose
uptake (Figure 4B). Xylitol did not accumulate in the culture
medium (Figure 4B).

After the first cultivation, cell growth and xylose utilization
rates gradually increased with longer adaptation times. Repeating
the batch culture phase 10 times gave a total adaption
time of 240 h, which enhanced cell growth without any lag
phase. Comparing the initial status of the yeast cells, xylose
consumption and xylitol production were dramatically increased
in the adapted strain. After the 10 repeated cycles of batch
culture, the adapted yeast strain had completely consumed the
xylose and produced 9.62 ± 0.25 g/L xylitol in 24 h (Figure 4B).
The cell growth and xylose uptake rates in the adapted strain
were 1.7- and 5-fold higher, respectively, vs. the values for the
wild-type yeast.

Production of Xylitol by the Adapted Yeast
Strain
To assess xylitol production using the xylose solution prepared
from the wastewater of the acidic pretreatment, batch
fermentation was performed with the adapted C. tropicalis
strain in a 1-L jar fermentor. The initial concentration of xylose
in the culture medium supplemented with a yeast nitrogen base
was 80.0 ± 1.5 g/L. After inoculation of the adapted yeast strain,
xylitol fermentation proceeded gradually for 61 h (Figure 5).
Yeast cell growth was slow until 9 h, according to a lag phase,
and then increased exponentially before entering a stationary
phase between 45 and 58 h (Figure 5). The concentration of
xylose decreased gradually due to cell growth. All of the xylose
in the culture broth was depleted at 54 h. The highest xylitol
concentration was 35.2 ± 0.8 g/L at 61 h, giving a xylitol yield of
0.44 g xylitol/g xylose at 61 h.

Ultimately, the fermentable xylose in the culture broth was
completely used up for xylitol fermentation by the adapted yeast.
No reduction in xylitol concentration was observed until the
xylose had been depleted. Xylitol fermentation of the xylose
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FIGURE 4 | The profiles of cell growth (A), xylose consumption (open circle)

and xylitol production (filled circle) (B) for Candida tropicalis strain CBS94

adapted in the batch culture containing the culture medium supplemented

with xylose extract as the sole carbon source.

FIGURE 5 | Batch fermentation of the xylose extract by the adapted Candida

tropicalis strain CBS94 in a 1.1-jar fermenter. Profiles of xylitol (open circle) and

xylose (filled circle) in fermenter were analyzed by HPLC.

solution prepared from the acidic pretreatment wastewater by
the adapted C. tropicalis produced several metabolites, including
acetic acid, ethanol, and glycerol (data not shown). All of the

metabolites produced by the yeast were present at concentrations
>1 g/L, lower than that of the xylitol. In addition, these
metabolites accumulated, with no consumption occurring in
the fermentation broth. These metabolites did not appear to
affect cell growth or xylitol productivity during the fermentation
process. Levels of these byproduct metabolites were probably too
low to have any negative effects on cell metabolism due to the
short xylitol fermentation time.

DISCUSSION

Sequential acid-/alkali-pretreatment of EPFBF with dilute
sulfuric acid followed by sodium hydroxide is among the
chemical pretreatment technologies used to enhance cellulose
content in pretreated biomass, by removing hemicellulose and
lignin (Kim et al., 2012). It is also effective in reducing the
size of fibers and the strength of physical fibril interactions,
thus enhancing the efficiency of the enzymatic process. The first
pretreatment process using the diluted sulfuric acid effectively
removed the hemicellulose fraction from the biomass. After
this process, the acidic pretreatment wastewater was found to
have a high concentration of xylose, which was hydrolyzed
from hemicellulose. In this study, xylose and other substances
in the acidic wastewater generated during EPFBF pretreatment
were analyzed, and the pentose sugar enriched in the reused
wastewater was applied for xylitol fermentation using an adapted
yeast strain.

In addition, the acidic pretreatment solution still harbored
sulfuric acid as an acidic catalyst, which could potentially
be reused during further pretreatment cycles. The acidic
pretreatment wastewater and biomass washing water were
reused five times for the repeated batch pretreatment. The
hemicellulose removal efficiency in the biomass pretreatment
did not decrease with the sequential acid-/alkali-pretreatment
(data not shown). Pretreatment of wastewater generated during
bioethanol production is considered to be a cost-intensive
treatment process (Zhang et al., 2010; Abdolali et al., 2014).

Reusing acidic wastewater could reduce the processing cost
of the chemical catalyst and acid wastewater treatment.
In addition to the reuse of pretreatment wastewater,
fermentable sugar compounds chemically hydrolyzed from
hemicellulose in the biomass could serve as resources in future
biorefinery applications. The diluted sulfuric acid pretreatment-
hydrolyzed hemicellulose fraction in EPFBF mainly comprised
monomerized xylose (Figure 2A). Other pentose sugars such,
as arabinose, fructose, and so on were not detected in the
acidic solution extracted from EPFBF by diluted sulfuric acid
pretreatment. The repeated batch pretreatment also enriched the
xylose content of the acid pretreatment solution (Figure 2B).

It is also important to consider the fact that thermal
acidic pretreatments generate thermally degraded products,
such as furfural (2-furaldehyde), hydroxymethylfurfural (5-
hydroxymethyl-2-furaldehyde, 5-HMF), and other aliphatic
acids (acetic, formic, and levulinic acid) (Parajó et al., 1998;
Palmqvist and Hahn-Hägerdal, 2000). During the diluted acid
pretreatment of EPFBF, acetic acid and furfural were the
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main compounds detected in the acid wastewater. Moreover,
the amounts of these compounds increased following reuse
of the sulfuric acid for the repeated batch pretreatment
(Figure 3B). To overcome the effects of these inhibitory
compounds to allow utilization of the xylose sugar present
in acidic wastewater, calcium salt precipitation, a charcoal
column, and strain adaptation were applied in this study. Other
detoxification strategies, such as physical methods (evaporation,
stream stripping, solvent extraction, phase separation, membrane
filtration, etc.), chemical methods (ion-exchange column), and
biological methods (enzyme-mediated approaches) could also
be applicable to reduce or eliminate these inhibitory chemicals
(Parajó et al., 1997; Mpabanga et al., 2012).

The soluble sulfate ion in the acid wastewater was easily
precipitated by calcium ion to form CaSO4 and gypsum; then,
the precipitated gypsum was removed by filtration. During this
process, other inhibitory compounds were co-precipitated with
formatted salts; however, the xylose in the solution was lost.
Therefore, calcium salt precipitation could serve as a simple and
cost-effective procedure, and the remaining gypsum could be
used as a soil acid neutralizer for sustainable agriculture.

After neutralization and filtration, the solution contained
unknown substances generated by the acid-thermal pretreatment
process and decomposition of the biomass (Parajó et al., 1997;
Mpabanga et al., 2012). One way to reduce unknown inhibitory
compounds is to apply an adsorption method that uses either
activated charcoal (Vinke and van Bekkum, 1992; Zhang et al.,
2011) or ion exchange resins (Mpabanga et al., 2012). Application
of activated charcoal could be an effective method for the
adsorption of furfural, 5-HMF, and phenolic compounds, despite
loss of xylose in the solution. In this study, the xylose solution
passing through a charcoal column was a pale yellow color due
to the adsorption of colored compounds (data not shown). In
a previous study, charcoal adsorption with a combination of
overliming and organic solvent extraction for Eucalyptus wood
hydrolysates improved both xylitol production and yeast cell
growth due to reduced fermentation inhibition (Parajó et al.,
1997). Other methods involving activated charcoal adsorption
could be useful to improve the quality of the fermentable
sugars obtained from lignocellulose hydrolysate, but the cost of
post-pretreatment during the overall preparation process might
need to be considered when reusing byproducts in biorefinery
processes (Melin and Hurme, 2011; Jönsson and Martín, 2016;
Liu et al., 2017).

Adaptive evolution using lignocellulosic hydrolysates
is an alternative strategy to overcome the inhibitory by-
products that arise during pretreatment of lignocellulose
under acidic conditions (Liu, 2011; Jönsson and Martín, 2016).
A microorganism quickly responds to stress conditions by
reprogramming metabolic pathways and regulatory machinery,
and overexpressing stress response proteins, etc., to achieve
homeostasis in vivo and stress tolerance (Liu, 2011; Thompson
et al., 2016; de Witt et al., 2019). Candida tropicalis, a xylose
fermentable yeast strain, could be responsible for the inhibitory
compounds associated with xylitol production (Kim et al.,
2019). Although the strain was inhibited by unknown inhibition
compounds in the first-step culture in this study, the repeated

batch culture improved cell growth (Figure 4A) and xylitol
production (Figure 4B). However, the adaptive mechanisms
remain unknown due to gaps in our understanding of the
cellular processes. Nevertheless, previous metabolite analysis
of C. tropicalis treated with an inhibitory compound mixture
demonstrated that cell growth and xylitol production could be
influenced by changing the xylose uptake and xylitol oxidation
rate, as well as by metabolites accumulating according to
the redox balance and osmoregulation (Wang et al., 2015).
Repeated batch culture outcome might be affected by the
NAD+/NADH+ ratio, which is important in xylose reduction
and xylitol oxidation. Although inhibitory compounds disturbed
the redox balance in cells, in vivo detoxification mechanisms
could correct any imbalance during adaptation periods. This
should be evaluated further in the context of biochemical
and genetic changes in the adapted strains, to achieve a
stress-tolerant phenotype.

CONCLUSION

This study showed that the acidic pretreatment wastewater
generated during the sequential acid-/alkali-pretreatment
process was reusable, and could be employed to increase the
hemicellulose fraction from EPFBF, a lignocellulosic biomass,
and produce xylitol via the hydrolyzed xylose present in the
post-pretreated solution. Recycling the acidic wastewater five
times in the repeated biomass pretreatment resulted in the
accumulation of up to 82.3 ± 0.5 g/L of xylose hydrolyzed
from hemicellulose. The xylose in the reused wastewater was
subjected to overliming and an activated charcoal column was
used to remove inhibitory compounds, for xylitol fermentation
using the adapted C. tropicalis strain. The cell growth and
xylose uptake rates in the adapted strain were 1.7- and 5-
fold higher, respectively, compared to the wild-type strain.
In batch fermentation using the adapted yeast strain with
the post-pretreated xylose solution, 35.2 ± 0.8 g/L xylitol
was obtained within 61 h for a production yield of 0.44 g
xylitol/g xylose. Taken together, these results confirm that
acidic pretreatment of wastewater could be used to generate
a valuable fermentable sugar for xylitol production, as well as
for repeated batch pretreatment of biomass. These strategies
could be employed to reduce wastewater while also making use
of byproducts.
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