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Abstract: Hydrolysis and fermentation processes are key stages in xylitol production from lignocellu-
losic materials. In this study, pineapple cores, one of the wastes from the canned pineapple industry,
were used as raw material for xylitol production. Two methods was used for hydrolysis: enzymati-
cally using commercial enzyme Cellic HTec2, and acid hydrolysis using 4% H2SO4. In contrast, the
fermentation process was carried out with two selected yeasts commonly employed in xylitol fermen-
tation, Debaryomycess hansenii, and Candida tropicalis. Before these two processes, the pineapple cores
were characterized using the Van Soest method to determine their lignocellulosic content. The hemi-
cellulose content was 36.06%, the cellulose content was 14.20%, and the lignin content was 10.05%.
This result indicates that the hemicellulose content of pineapple cores has the potential to be used as
a raw material in the production of xylitol. The hydrolysis efficiency of enzymatic hydrolysis was
21% higher than that of acid hydrolysis. The highest xylitol and biomass yield of 0.371 gxylitol/gxylose

and 0.225 gcell/gxylose were observed by C. tropicalis using an enzymatic hydrolysate.

Keywords: pineapple cores; Candida tropicalis; Debaryomycess hansenii; enzymatic hydrolysis; acid
hydrolysis; xylitol

1. Introduction

Pineapple, or Ananas comosus (L.) Merr is a popular tropical fruit from South America
but has been cultivated widely worldwide [1,2]. The fruit has been processed into many
kinds of food, but its byproducts such as pineapple peel, core, and crown, have not been
utilized properly. Indonesia is the fourth biggest pineapple producer globally, producing
2,196,456 tonnes of pineapple per year. Therefore, pineapple is a vital commodity in
the Indonesian economy [1]. However, using a massive amount of pineapples results in
biomass waste that causes serious environmental issues if it is not handled correctly. The
utilization of agricultural biomass waste, in addition to reducing the negative impact on
the environment, has the potential to produce many bio-based products. For example,
pineapple cores as byproducts have several advantages, such as high bromelain enzyme
content and large lignocellulose fibers. The hemicellulose concentration of pineapple cores
(28.53%) is sufficient for use as raw material for xylitol production [3].

Xylitol is a non-fermentable sugar alcohol with the same level of sweetness as sucrose
and a low glycemic index. Because xylitol absorption in the body does not require insulin, it
is safe to use as a food sweetener for people with diabetes. Moreover, xylitol has been widely
employed as a sucrose sugar alternative in processed food goods, beverage industries, and

Fermentation 2022, 8, 694. https://doi.org/10.3390/fermentation8120694 https://www.mdpi.com/journal/fermentation

https://doi.org/10.3390/fermentation8120694
https://doi.org/10.3390/fermentation8120694
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/0000-0003-4981-434X
https://orcid.org/0000-0002-6435-0275
https://doi.org/10.3390/fermentation8120694
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com/article/10.3390/fermentation8120694?type=check_update&version=2


Fermentation 2022, 8, 694 2 of 12

diabetic health foods. Xylitol produces a cool sensation, heat-resistant characteristics, and
slow absorption by the intestine [4,5].

Xylitol is produced industrially worldwide by catalytic hydrogenation of a pure
d-xylose solution at high temperatures and pressure. Biotechnological manufacture of
xylitol uses cheap industrial and agricultural waste sugar and softer process conditions [4].
The first step for biotechnological xylitol production is a hydrolysis process that converts
polysaccharide molecules in lignocellulosic material into sugar monomers, such as glucose
and xylose. Chemical and biological hydrolysis are two types of standard hydrolysis
methods. Chemical hydrolysis uses acid or base as a catalyst at high temperatures and
pressure [6]. Because this is a quick process, it must be closely monitored to avoid the
co-production of numerous degradative compounds. However, the process conditions
require utilizing particular reactor materials and accompanying equipment. In addition,
pH must be neutralized after the reaction [7,8].

Biological or enzymatic hydrolysis employing lignocellulosic enzymes can be utilized
instead of chemical hydrolysis. The use of enzymes in hydrolysis requires less energy
and eliminates the use of hazardous and corrosive chemicals [9]. The utilized enzymes
must be compatible with the polysaccharides to be hydrolyzed. Xylan is hydrolyzed
into a D-xylose monomer containing five carbon atoms using the xylanase enzyme [9,10].
Following the extraction of the xylose from the xylan hydrolysis process, the biological
reduction of xylose is executed by fermentation, mainly using yeast [11]. Candida tropicalis
and Debaryomyces hansenii are the most employed yeast in the xylitol production process,
which is environmentally friendly and cost-effective. These yeasts generate the xylose
reductase (X.R.) enzyme that converts xylose to xylitol [8,12]. Fermentation conditions
such as temperature, pH, aeration conditions, substrate content, and the presence of other
sugars, such as glucose, affect the bioconversion of xylose to xylitol via fermentation [8].

Recently, xylitol has been produced from corn cobs (China) and hardwoods such
as birch (US). Large amounts of industrially sourced corn cobs provide an abundant
substrate for xylitol production in China, whereas birch hydrolyzate, a by-product of the
paper and pulp industry, provides the substrate in the United States. A chemical catalytic
reaction generally is still used to convert xylose in the hydrolyzed hemicellulose fraction to
xylitol [13]. The chemical catalytic reaction in xylitol production is typically carried out at
high temperatures and pressures, consuming significant energy and increasing production
costs. As a result, the production of xylitol via fermentation, which can be carried out
under mild conditions, is expected to meet market demand for xylitol at a lower cost
production [14]. However, obstacles such as the high cost of traditional feedstock, low
xylitol titer due to a lack of xylose-utilizing microbial cells, and repressed xylose metabolism
in the presence of glucose, have all contributed to the slow progress of biotechnological
xylitol synthesis. The potency of biochemical conversion of pineapple core waste to xylitol
in Indonesia has yet to be studied. The goal of the current work is to employ cheap and
plentiful lignocellulosic biomass to avoid paying high substrate expenses. It is also ideal for
creating a straightforward yet affordable bioprocess that increases xylitol production. As a
result, major commercial manufacturing initiatives have been related to the rise in interest
in xylitol bioconversion. According to our knowledge, no attempts have been made to
produce xylitol from pineapple core waste. Therefore, this paper focuses on optimizing
hydrolysis processes using acid and enzymatic hydrolysis, and fermentation processes
using C. tropicalis and D. hansenii.

2. Materials and Methods
2.1. Tools and Materials

The pineapples were sourced from an Indonesian pineapple orchard in Subang, West
Java, Indonesia. The pineapple cores were mashed in a blender (Philips, Zhuhai, China)
and dried in a dry oven(B-One, Messgerate Sukses Mandiri Ltd., Tangerang, Indonesia) at
60 ◦C for 24 h to make a powder sieved with a 60–60 mesh size (0.25–0.177 mm).
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Approximately 75 I.U./mL of the Cellic HTec2 enzyme (Novozymes, Copenhagen,
Denmark) was employed for the enzymatic hydrolysis of xylan. Debaryomyces hansenii ITB
CC R85 and Candida tropicalis were collected from the ITB (Institut Teknologi Bandung,
Bandung, Indonesia) Department of Chemical Engineering culture collection.

All of the additional chemicals received from Sigma Aldrich (St. Louis, MO, USA)
were of analytical grade and were used immediately. Each solution was produced with
distilled water.

2.2. Enzymatic Hydrolysis

The pineapple core powder was sterilized by submerging 20 g of the powder in 100 mL
of acetate buffer at pH 5 and then autoclaving it for 15 min at 121 ◦C. Then, 50 I.U./g of
biomass Cellic HTec 2 was added, and the mixture was shaken at 150 rpm for 96 h at 60 ◦C
in a shaker incubator (N-Biotek, Seoul, Republic of Korea). The xylose hydrolyzate was
obtained after 20 min of centrifugation at 5000 rpm. Every 24 h, sampling was conducted.
At 70 ◦C, the liquid hydrolysate was concentrated threefold by evaporation.

2.3. Acid Hydrolysis

A 10 g powdered pineapple core was dissolved in 250 mL of 0.72 M or 4% (v/v) of
96% H2SO4 stock solution and autoclaved for 20 min at 121 ◦C in a 500 mL Erlenmeyer
flask. The hydrolyzate was filtered to remove the dregs before being neutralized with 2 M
NaOH to attain a pH of 7. It was then detoxified using 15 g of activated charcoal for 1 h at
30 ◦C and concentrated threefold by evaporation at 70 ◦C.

2.4. Fermentation

D. hansenii and C. tropicalis seeds were cultivated on growth media containing 50 mL
of xylose (20 g/L) and 50 mL of nutritional medium containing 9.438 g/L (NH4)2SO4,
2.5 g/L KH2PO4, 0.05 g/L CaCl2·2H2O, 0.5 g/L MgSO4·7H2O, 0.5 g/L citric acid, 0.035 g/L
FeSO4·7H2O, 0.0092 g/L MnSO4·7H2O, 0.011 g/L ZnSO4·7H2O, 0.001 g/L CuSO4·7H2O,
0.002 g/L CoCl2·6H2O, 0.0013 g/L Na2CoO4·2H2O, 0.002 g/L H3BO3, 0.0035 g/L KI,
0.0005 g/L Al2 (SO4)3, 0.1 g/L myo-inositol, 0.02 g/L calcium-pantothenate, 0.005 g/L thi-
amine hydrochloride, 0.005 g/L pyridoxal hydrochloride, 0.005 g/L nicotine acid, 0.001 g/L
aminobenzoic acid, and 0.0001 g/L D-biotin. The seeds were cultured for 48 h at 30 ◦C with
a stirring speed of 150 rpm in a shaker incubator.

The pineapple core hydrolyzate used in fermentation was generated via enzymatic
and acid hydrolysis. The microaerobic condition was produced by combining nitrogen
gas and air at a volume ratio of 1:5 in the Erlenmeyer head space. The volume ratio of the
inoculum (106 CFU/mL), hydrolysate, and fermentation medium was 2:2:3.

2.5. Purification of Fermentation Product

The fermentation product was separated from cell biomass using centrifugation at
5000 rpm for 40 min. The supernatant was filtered using filter paper before being trans-
ferred to a 250 mL Erlenmeyer flask for further purification with 15 g/L of activated
charcoal. The purification process was performed at 30 ◦C for 1 h using a magnetic stirrer
(IKA, Selangor, Malaysia) for agitation. In the final step, the purified sample was filtered
with filter paper for further analysis. The total working volume in a 250 mL Erlenmeyer
flask was 100 mL. The microaerobic condition was produced by combining nitrogen gas
and air in the Erlenmeyer head space at a volume ratio of 1:5.

2.6. Analysis Method

Using the Van Soest method [15], the biomass, cellulose, hemicellulose, and lignin
contents were measured simultaneously to estimate the composition of lignocellulose.
An HPLC system with UV and refractive index (R.I.) detectors was used to evaluate the
hydrolysis and fermentation samples (Waters type 1515 pump; Autosampler type 2707,
Waters, Milford, MA, USA.). The concentrations of xylose, glucose, ethanol, and xylitol
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were measured at 65 ◦C, with 5 mM H2SO4 as the mobile phase and 0.6 mL/min as the
flow rate, using an Aminex HPX-87H column with a R.I. detector. Using a calibration curve,
the optical density at 650 nm, which was used to quantify cell growth, was converted
to dry cell weight (D.C.W.). The OPEFB surface was examined with a scanning electron
microscope (JEOL, JSM-6330F; Tokyo, Japan) before and after several processes.

2.7. Data Interpretation

The hydrolysis yield measurement was calculated based on Equations (1)–(5)
Hemicellulose hydrolysis efficiency (%) is:

Xylose (t)
Xylose (theo)

× 100%. (1)

Maximum theoretical xylose from hydrolysis (Xylose (theo)):

Mass of lignocellulose (g)× hemicellulose content in lignocellulose × 0.88 (2)

The yield of biomass (YX/S) (g/g) is:

YX/S = −∆X
∆S

=
X − Xo

So − S
(3)

The product yield (YP/S) (g/g) is:

YP/S = −∆P
∆S

=
P − Po

So − S
(4)

where xylose(t) is the xylose concentration (g/L) produced at time t, X is the biomass
concentration (g/L), S is the substrate concentration (g/L), and P is the product (xylitol or
ethanol) concentration (g/L).

Xylose or glucose Utilization (%) is:

∆S
S0

=
S − S0

S0
(5)

Xylitol fermentation efficiency (%) is:

Xylitol (t)
Xylitol (theo)

× 100% (6)

The theoretical yield of xylitol (xylitol (theo)) is 0.9 mol of xylitol per mol of xylose
utilized [16].

The specific growth rate (µ) is:
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2.8. Statistical Analysis

Student’s t-test was used to determine the statistical significance of each measurement.
The information is given as a standard deviation from the mean. A p-value of less than 0.05
was regarded as statistically significant.

3. Results and Discussion
3.1. Lignocellulose Composition of Pineapple Core

The lignocellulose composition of the raw materials in the pineapple core was deterem-
ined to estimate the quantity of xylose and glucose produced during hydrolysis. Table 1
summarizes the findings of the lignocellulose content analysis of the pineapple cores. The
percentages of cellulose, hemicellulose, and lignin were 14.20 ± 0.31%, 36.06 ± 0.22%, and



Fermentation 2022, 8, 694 5 of 12

10.05 ± 0.93%, respectively. The lignocellulose composition in this material was suitable
for xylitol production by yeast fermentation. The high hemicellulose content will provides
a great deal of xylose as the raw material for xylitol production [17]. The low cellulose
content provides enough glucose to support microbial growth without inhibiting xylitol
production [18]. The low lignin content facilitates the hydrolysis process, both acid and
enzymatic, because the access of enzymes or acids to cellulose and hemicellulose is not
much hindered by lignin [19,20].

Table 1. Composition of Lignocellulosic Content of Pineapple Cores.

Lignocellulose Biomass Result (%)

NDF 1 61.57 ± 0.65
Hemicellulose 36.06 ± 0.22

ADF 2 25.51 ± 0.72
Cellulose 14.20 ± 0.31

Lignin 10.05 ± 0.93
Silica 1.26 ± 0.82

1 Neutral Detergent Fiber; 2 Acid Detergent Fiber.

3.2. Impact of Hydrolysis Types on Hydrolysate Composition

In this study, two different hydrolysis methods were used to determine which resulted
in the most xylose and hemicellulose hydrolysis efficiency, namely enzymatic hydrolysis
and acid hydrolysis.

In the enzymatic hydrolysis of pineapple cores, auto-hydrolysis was used to break
down lignocellulosic tissue and release hemicellulose from the material [9,21]. Because
enzymes have specificity, their role in enzymatic hydrolysis is crucial; thus, enzyme per-
formance is optimal if the substrate used is suitable and at the proper concentration [22].
The commercial enzyme cellic Htech2 was used in this study at a concentration of 50 IU/g
biomass and a solid loading of 20%. This enzymatic hydrolysis yielded 23.792 g/L of xylose,
with a hemicellulose hydrolysis efficiency of 37.550%. Furthermore, 2.73 g/L glucose was
produced as a byproduct of hydrolysis (Table 2). The amount of glucose in the enzymatic
hydrolysis process was low, since xylanase was more dominant than cellulase in the Cellic
HTec enzyme blend composition, and the cellulose content in pineapple cores was lower
than the hemicellulose content.

Table 2. Components of pineapple core hydrolysate.

Components
Type of Hydrolysis

Enzymatic Hydrolysis Acid Hydrolysis

Solid Loading (%) 20.000 ± 0.800 4.00 ± 0.800
Xylose (g/L) 23.792 ± 0.163 9.844 ± 0.159

Glucose (g/L) 2.73 ± 0.080 1.22 ± 0.010
Hemicellulose hydrolysis efficiency (%) 37.550 ± 0.900 31.074 ± 0.700

For acid hydrolysis, concentrations of up to 4% or 0.72 M H2SO4 were utilized. Acid
hydrolysis with diluted acid is frequently employed for processing lignocellulosic material
due to its efficiency and cost-effectiveness in producing sugars such as d-xylose and
d-glucose [23]. However, the toxicity to microbial growth (furans, aliphatic acids, and
phenolic components) complicates the fermentability of hydrolyzate and even stops the
fermentation process [24]. A detoxification process, such as overliming, activated charcoal,
pH adjustment, or enzyme treatment, can increase biomass and xylitol production by
removing 4% to 95% of these inhibitory compounds [25]. Activated charcoal was used
for detoxification in this study because Winkelhausen and Kuzmanova [5] reported that
this approach is a simple detoxification treatment that can be combined with additional
techniques, such as alkalinization and observation of the elimination of acetic acid, lignin
phenolic compounds, furan (5-HMF and furfural), and clarity. The xylose obtained from
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the acid hydrolysis pretreatment was 9.844 g/L, or 31.074% of the theoretical hydrolysis
yield. At the same time, the amount of glucose produced was only 1.22 g/L due to
the low cellulose content in the pineapple core. The factors that affected the amount of
xylose produced by acid hydrolysis were temperature, acid concentration, and reaction
time [26]. More reducing sugar was obtained using a higher acid concentration and
a longer time. However, the disadvantage of the high acid concentration was that it
caused a decomposition reaction in which the sugar components dehydrated into furfural
compounds [17].

Table 2 shows the results of enzymatic hydrolysis, which are significantly better than
acid hydrolysis, including the value of hemicellulose hydrolysis efficiency, which is greater
than 10%. The amount of solid loading is much higher, which can be applied to enzymatic
hydrolysis to produce a high concentration of xylose.

3.3. Influence of Different Hydrolysate Types on Substrate Utilization by D. hansenii and
C. tropcalis

Debaryomyces hansenii consumed xylose from enzymatic hydrolysate at a rate of
47.200%, and glucose was utilized at 98.890%. On the other hand, the consumption rate
for reducing sugar obtained from acid hydrolysis was 41.860% for xylose and 97.540% for
glucose (Table 3). This result implies that D. hansenii did not thoroughly consume all xylose
for metabolite product formation or cell biomass synthesis. However, compared to xylitol
production using OPEFB enzymatic hydrolysate by D. hansenii in a previous study [27], the
xylose utilization in the current study was 57.3% higher. The use of xylose in pineapple
core hydrolyzate and OPEFB may differ due to the complex medium of each hydrolysate,
which contains other unknown substances consumed by the microorganisms [28]. On the
other hand, inhibitory compounds such as acetic acid and furfural in acid hydrolysate
can cause the slow conversion of xylose to xylitol during hydrolyzate fermentation [29];
therefore, the xylitol consumption in the acid hydrolysate was lower than in enzymatic one.
A graph showing the decrease in xylose and glucose concentration during fermentation by
D. hansenii is presented in Figure 1A,B.
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, closed circle), glucose concentration (N, closed triangle), dry cell weight
(�, open square), xylitol concentration (�, closed diamond). The data are the means of three replicated
investigations, and the error bars are standard deviations.
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Table 3. Fermentation products of enzyme hydrolysate and acid hydrolysate by D. hansenii.

Products
Type of Hydrolysis

Enzymatic Hydrolysis Acid Hydrolysis

Initial Xylose Concentration (g/L) 23.790 ± 0.163 10.380 ± 0.050
Final xylose concentration (g/L) 12.560 ± 0.217 6.030 ± 0.030

Xylose Utilization (%) 47.200 ± 0.570 41.860 ± 0.070
Initial Glucose Concentration (g/L) 2.730 ± 0.080 1.220 ± 0.010
Final Glucose Concentration (g/L) 0.030 ± 0.010 0.030 ± 0.010

Glucose Utilization (%) 98.890 ± 0.400 97.540 ± 0.810
Initial Xylitol Concentration (g/L) 0.000 ± 0.000 0.000 ± 0.000
Final Xylitol Concentration (g/L) 3.140 ± 0.080 0.840 ± 0.040

Xylitol Yield from xylose (g/g) (YP/s) 0.279 ± 0.000 0.193± 0.000
Initial Cells Concentration (g cell/L) 0.400 ± 0.040 0.410 ± 0.080
Final Cells Concentration (g cell/L) 2.890 ± 0.022 1.290± 0.051

Biomass Yield of Substrate (g/g) (YX/S) 0.221 ± 0.000 0.203 ± 0.000
Xylitol Yield of Concentration cells (g/g) (YP/X) 0.279 ± 0.000 0.193 ± 0.000

Specific Growth Rate (h−1) (µ) 0.108 ± 0.000 0.102 ± 0.000

C. tropicalis is an excellent yeast for converting xylose to xylitol [30]. Like the xylose
consumption pattern in D. hansenii, C. tropicalis also consumed more xylose in the enzy-
matic hydrolysate. The percentage of C. tropicalis that consumed xylose from enzymatic
hydrolysate was 49.600%, while that which consumed glucose was 98.370%. The consump-
tion of xylose from acid hydrolysate was 40.490%, while for glucose, it was 99.400%. In
summary, the xylose consumption in enzymatic hydrolysate by C. tropicalis was higher
than by D. hansenii, while there was no significant difference in xylose utilization in acid
hydrolysate between the two yeasts. A graph of the decrease in xylose and glucose concen-
tration during C. tropicalis fermentation is presented in Figure 1C,D.

3.4. Effect of Enzymatic and Acid Hydrolysate on Xylitol Production Profile by D. hansenii and
C. tropicalis

Xylitol production by D. hansenii and C. tropicalis was evaluated using enzymatic and
acid hydrolysate as the primary substrate (Figure 1). The two strains grew using glucose
and xylose as a carbon source to build up cell biomass and xylitol. Glucose was consumed
up to the first 24 h, since it is the most readily consumed substrate by the yeast and its
concentration was low in the fermentation medium. However, the xylose consumption, cell
growth, and xylitol production in C. tropicalis tended to be higher than that of D. hansenii in
both enzymatic and acid hydrolysate. Moreover, these xylitol production parameters were
higher using enzymatic hydrolysate than that acid hydrolysate for both yeasts.

D. hansenii converted 49.670% of xylose from enzymatic hydrolysate to produce
3.136 g/L of xylitol with 0.279 gxylitol/gxylose of xylitol yield and 0.221 gcell/gxylose of
biomass yield (Table 3). In contrast, in the acid hydrolysate, the yeast converted 45.090%
of xylose producing 0.837 g/L of xylitol with 0.193 gxylitol/gxylose of xylitol yield and
0.203 gcell/gxylose of biomass yield. The xylitol yield obtained in the current study was
low when compared to other studies using other lignocellulose material. According to
Parajo et al. [31], D. hansenii fermentation from sawdust hydrolysate produced approx-
imately 0.5 to 9 g/L of xylitol from 18 g/L of xylose, resulting in a maximum yield of
0.79 gxylitol/gxylose.

C. tropicalis converted 49.600% of xylose from enzymatic hydrolysate resulting in
4.296 g/L of xylitol with a xylitol yield of 0.371 gxylitol/gxylose and a biomass yield of
0.225 gcell/gxylose, while in the acid hydrolysate, the yeast converted 40.490% of xylose pro-
ducing 0.873 g/L of xylitol with 0.210 gxylitol/gxylose of xylitol yield and 0.211 gcell/gxylose
of biomass yield (Table 4). Our method produced a greater concentration of xylitol than
Tran et al. study [32] in the enzymatic hydrolysate of beechwood and walnut shell which
obtained 2–3.5 g/L of xylitol after 72 h fermentation using C. tropicalis yeast.
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Table 4. Fermentation products of enzyme hydrolysate and acid hydrolysate by C. tropicalis.

Products
Type of Hydrolysis

Enzymatic Hydrolysis Acid Hydrolysis

Initial Xylose Concentration (g/L) 23.340 ± 0.075 10.350 ± 0.037
Final xylose concentration (g/L) 11.480 ± 0.379 6.300 ± 0.216

Xylose Utilization (%) 49.600 ± 0.370 40.490 ± 0.410
Initial Glucose Concentration (g/L) 2.680 ± 0.050 1.220 ± 0.010
Final Glucose Concentration (g/L) 0.020 ± 0.000 0.020 ± 0.100

Glucose Utilization (%) 98.370 ± 0.280 99.400 ± 0.810
Initial Xylitol Concentration (g/L) 0.000 ± 0.000 0.000 ± 0.000
Final Xylitol Concentration (g/L) 4.290 ± 0.110 0.873 ± 0.004

Xylitol Yield from xylose (g/g) (YP/s) 0.371 ± 0.000 0.210 ± 0.000
Initial Cells Concentration (g cell/L) 0.380 ± 0.070 0.400 ± 0.080
Final Cells Concentration (g cell/L) 2.970 ± 0.018 1.500 ± 0.018

Biomass Yield of Substrate (g/g) (YX/S) 0.225 ± 0.000 0.211 ± 0.000
Xylitol Yield of Concentration cells (g/g) (YP/X) 0.373 ± 0.000 0.209 ± 0.000

Specific Growth Rate (h−1) (µ) 0.088 ± 0.000 0.082 ± 0.000

Logarithmic growth of D. hansenii in both enzymatic and acid hydrolysate occurred for
up to 48 h (Table 4). At this time, the cell concentration in the enzymatic hydrolysate was
3.59 g/L and 1.74 g/L in the acid hydrolysate, with a specific growth rate of 1.108 h−1 and
0.102 h−1, respectively. On the other hand, the logarithmic growth for C. tropicalis occurred
at 72 h in both enzymatic and acid hydrolysate resulting in the highest cell concentration of
3.880 g/L and 1.82 g/L with specific growth rates of 0.088 h−1 and 0.082 h−1, respectively.
Both yeast cells in acid hydrolysate grew slower than those in enzymatic hydrolysate
due to the lower xylose concentration and, perhaps, toxic compounds remaining in the
fermentation liquid. Compared to C. tropicalis growth with both hydrolysate, D. hansenii
had a higher specific growth rate because this yeast reached logarithmic growth faster than
C. tropicalis even though the xylitol yield and biomass yield were lower than C. tropicalis in
the enzymatic hydrolysate.

3.5. Morphology Changes of Fresh and Hydrolyzed Pineapple Core

Morphological characterizations of the new and hydrolyzed pineapple cores were
carried out by SEM analysis to determine the changes in the microstructure of the pineapple
core during the enzymatic (xylanase) and acid hydrolysis process. The fresh pineapple
core had a rigid surface and compact structure with fibers organized in bundles, as shown
in Figure 2A. After hydrolysis, the system of the pineapple core was severely damaged,
fractured, and roughened, and pores had formed. It was suggested that most of the lignin
and hemicellulose were removed, resulting in a change of external and internal structure,
and increased porosity. Because the enzyme or acid decomposed the lignin bonds, allowing
it to break down the carbohydrates in the pineapple core inner structure, which contains
hemicellulose and cellulose, the morphology structure was degraded after hydrolysis
(Figure 2B,C), resulting in more and larger pores [33].
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Comparing fresh cores and post acid hydrolysis samples, the average pore area of
enzymatically hydrolyzed pineapple core was much more significant. This was caused by
the 96 h hydrolysis incubation period, whereas the disconnection of fiber chains into sugar
monomers dissolved in the hydrolysate liquid enlarged the pores of fiber particles [9]. Acid
hydrolysis caused damage to most of the surface of the pineapple core sample.

4. Conclusions

This study showed that pineapple cores are a potential source for xylitol-based prod-
ucts due to their high hemicellulose content, which is 36.060%. It was found that the
enzymatic hydrolysis method resulted in over 20% higher xylose concentration than acid
hydrolysis. It was also found that the highest concentration of xylitol production was
4.29 g/L, which was produced by Candida tropicalis. The ratio between product concen-
tration and the substrate consumed (Yp/s) was 0.371 gxylitol/gxylose, and the ratio between
product and growth cell (Yp/x) was 0.225 gcell/gxylose.
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