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Abstract

- Helen Julian? - | Gede Wenten'

Oil palm empty fruit bunch (OPEFB) is one of the wastes that has high hemicellulose composition and potentially processed
into xylitol via biotransformation route. This study explores the effectiveness of ultrafiltration (UF) and nanofiltration (NF)
in purifying and concentrating xylitol from OPEFB hydrolysate-fermentation broth. Various UF membranes, including
UF1 (MWCO 150 kDa), UF2-Psf MWCO 20 kDa), and UF2-PVDF (MWCO 50 kDa), were used, along with NF (MWCO
150 Da). Pre-treating the broth before UF was crucial to remove foulants such as microorganisms and macromolecules.
While microfiltration (MF) achieved 100% microorganism rejection, its flux declined rapidly, necessitating feed centrifuga-
tion before MF. The choice of UF membrane MWCO significantly influenced xylitol retention, with UF2-PSf leading to
substantial xylitol loss and UF2-PVDF showed promising results. NF has shown its applicability in concentrating xylitol in
the UF permeate as much as 4 times higher, while permeating 90% of the acetic adic in the solution.
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Introduction

Xylitol, a class of sweetener known as sugar alcohol, has
been widely used as a substitute of sucrose due to its less
calories and lower glycemic index. One of the potential and
sustainable sources for xylitol production is the oil palm
empty fruit bunch (OPEFB) (Harahap and Kresnowati
2018; Desiriani et al. 2017). There are two most investi-
gated production routes of xylitol from OPEFB: (1) bio-
transformation route by fermentation and (2) chemical route
by acid hydrolysis (Baek and Kwon 2007; Rahman et al.
20006). Xylitol production through the conventional chemi-
cal route, however, requires high energy consumption and
high cost for the following downstream processes. In addi-
tion, harmful chemicals are used and raises great concern
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for the environment (Dasgupta et al. 2017). Therefore, the
biotransformation process for xylitol production arises an
attractive alternative. The biotransformation process is com-
monly started by the selection of empty fruit bunch waste to
be used. The OPEFB hydrolysis process is then carried out
to produced the OPEFB hydrolysate. Fermentation process
can be performed by using yeasts (Debaromyces hansenii,
Candida parapsilosis and Candida tropicalis) to produce
xylitol (Misra et al. 2013; Lopez-Linares et al. 2018). The
composition of the fermentation broth is complex and con-
sists of other componds, such as lignin, xylose, metabolite
products, microorganism cells, acetic acid, pigment, and
other by-product, in addition to the xylitol (Mardawati et al.
2022).

To obtain high purity xylitol crystals, separation of other
compounds from the fermentation broth prior to the crystal-
lization stage is of importance. Methods such as liquid-liquid
extraction (Mussatto et al. 2005), chromatographic, active
charcoal treatment (Wei et al. 2010) and cation exchange
resin columns (Misra et al. 2011; Martinez et al. 2008), have
been utilized to obtain high purity xylitol solutions. How-
ever, the cost of the process and energy consumption are
the main concerns. In addition to the separation process,
the concentration of xylitol in the solution is also of inter-
est. Then concentration process is commonly conducted by
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evaporation (Misra et al. 2011). The evaporation process
is considered as an inefficient process due to the extensive
energy requirement that lead to high production costs. Fur-
thermore, the evaporation process is carried out in atmos-
pheric condition and resulted in brownish xylitol crystals
(Beeram and Morapakala 2021).

In the last decade, membrane-based separation has gain
much attention in the food and bioprocess industries for puri-
fication, fractionation, and separation. In particular, ultra-
filtration (UF) and nanofiltration (NF) have been used for
clarification and separation of protein, metabolite products
(virus, bacteria, and pathogen), and another macromolecule
(Ren et al. 2019; Ma et al. 2014). NF has also been stud-
ied in the purification (Li et al. 2021) and concentration of
d-xylose (Murthy et al. 2005) with promising performances.
In the previous study on downstream processing of microbial
xylitol production, it was evident that 99% of biomass can
be removed by ultrafiltration. The separation performance of
ultrafiltration was better than centrifugation. Further treat-
ment by NF was also able to partly remove the acetic acid
from the broth and concentrated the xylitol up to 1.9 times
(Desiriani et al. 2017). However, the acetic acid concen-
tration in the final xylitol solution was still high. Further
removal of acetic acid and another charged material was con-
ducted by using electrodeionization (EDI). However, while
the removal of ionic impurities including acetic acid was up
to 90%, more than 30% of xylitol was lost during the process
(Kresnowati et al. 2019). Modification of NF by the addition
of Pluronic 127 into polyethersulfone polymer has also been
conducted and indicated increase xylitol separation factor
from a mixture containing xylitol, arabinose, and xylose
(Faneer et al. 2018). Despite the promising performance of
UF and NF, the feed solution used in the previous tests were
either the synthetic solution or model fermentation solution,
which used xylose as the fermentation substrate.

In this research, the downstream processing of xylitol
production from OPEFB hydrolysate fermentation broth by
using integrated membrane technology is investigated. The
purification of the fermentation broth was conducted by uti-
lizing UF at varied pore size. Further clarification and xylitol
concentration by using NF was studied. The performance of
UF and NF in treating feed of different composition were
also explored to investigate the effect of feed complexity on
the membrane’s performance.

Methodology
Materials
The OPEFB for the hydrolysis process was obtained from

PT. Perkebunan Nusantara VIII, Bogor, West Java, Indo-
nesia and the size was reduced to form powders. Xylanase
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enzyme (22,072 U/gr) and citric acid buffer solution (pH
5, 0.1 M) for the hydrolysis process were purchased from
Sigma-Aldrich (St. Louis, USA) and Bratachem Indonesia,
respectively. The media for growing the inoculum culture
were consisted of yeast extract, peptone, xylose and dem-
ineralized water. The fermentation media were consisted
of Debaryomyces hansenii, (NH,),SO,, KH,PO,, MgSO,,
xylose, and demineralized water. The chemicals were pur-
chased from Sigma-Aldrich (St. Louis, USA), and the D.
hansenii ITB CCR85 was provided by the Microbiology and
Bioprocess Technology Laboratory of Chemical Engineer-
ing ITB. Microfiltration (MF) membrane used in this study
was provided by 3M, Germany, (Q3/2) with pore size of
0.2 um. There were three types of UF membranes used in
this study. The first-stage UF (UF1) was hollow fiber mem-
brane made of polysulfone (PSf) with MWCO of 150 kDa.
The second-stage UF was varied between flat sheet mem-
brane made of modified PSf with MWCO of 20 kDa (UF2-
PSf) and the hollow fiber membrane made of polyvinylidene
fluoride (PVDF) with MWCO of 50 kDa (UF2-PVDF). The
PSf membranes were supplied by GDP Filter, Indonesia. The
NF membrane was made of polyamide (PA) in spiral wound
configuration with MWCO of 150 Da.

Preparation of feed solutions

In this reseach, two feed solutions with varied complexity
and concentration were prepared and used accordingly to
study the effect of feed composition on the UF and NF sepa-
ration performance. The first feed solution was the actual
fermentation broth made from the OPEFB hydrolysate
(Desiriani et al. 2017; Mardawati et al. 2015). To produce
the fermentation broth, the powdered OPEFB was mixed
with demineralized water, citric acid, NaNO; and the mix-
ture was sterilized in an autoclave at temperature of 121 °C
for 15 min. Xylanase enzyme was then added to the steri-
lized mixture and hydrolysis was conducted for 48 h in an
incubator shaker at temperature of 50 °C and rotational
speed of 150 rpm. Xylose was added to the hydrolysate and
further sterilized in an autoclave at temperature of 121 °C for
15 min. The yeast extract was then added to the mixture and
aseptically inoculated with the aid of D hansenii. The incu-
bation period was 48 h at pH of 5 and was conducted in incu-
bator shaker at temperature of 30 °C and rotational speed of
150 rpm. The fermentation process was conducted by mix-
ing of the inoculum solution and the sterilized fermentation
media in incubator shaker at temperature of 30 °C, rotational
speed of 170 rpm, and pH of 5 for 48 h.

The second feed solution was the synthetic media fer-
mentation broth. To produce the model fermentation broth,
xylose was used as the substrat for fermentation instead of
the OPEFB hydrolysate. The second feed will be further
regarded as xylose substrate—fermentation broth. The
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composition of the xylose substrate—fermentation broth
was much simpler than the OPEFB hydrolysate fermenta-
tion broth. The concentration of xylitol, xylose, acetic acid,
and cells in each feed solution is indicated in Table 1.

Pretreatment of the feed solutions were conducted to
remove the suspended solids, by either MF at transmem-
brane pressure (TMP) of 1 bar or sentrifugation at 6000 rpm
for 10 min.

Experimental set-up

The UF test was conducted to analyse the separation per-
formance when exposed to complex feed solutions. When
OPEFB hydrolysate—fermentation broth was used as the
feed solution, the experiment stages were pretreatment, first-
stage UF, second-stage UF, and NF. The first-stage UF was
conducted at TMP of 1 bar. The second-stage UF was con-
ducted by using either UF2-PSf or UF2-PVDF at TMP of 1
bar. The permeate of the second-stage UF was then stored
to be purified further by NF. In all UF tests, the permeate
flux was measured periodically during the tests and bacterial
rejections were measured at the end of the tests. UF test was
also conducted with xylose substrate—fermentation broth
as the feed. Due to the limited impurities in the xylose sub-
strate—fermentation broth, first-tage UF only was sufficient
for broth clarification.

The NF tests were conducted by using a PA spiral wound
membrane at TMP of 7.5 bar. The feed solutions for the NF
tests were the UF permeates from the previous tests. The
time to collect every 100 mL of the NF permeate were peri-
odically recorded and the tests were terminated once the NF
permeate reached 700 mL. In all NF tests, the permeate flux
and the rejection of the major components in the NF feed
were measured. The experimental set-up is shown in Fig. 1.

Analysis

High Performance Liquid Chromatography (HPLC) with
Refractive Index Detector (RID) was used to determine
the composition of xylitol, xylose and acetic acid in
UF and NF permeate and retentate. HPX-87X column
was used with mobile phase 0.005M H,SO, at flow

Table 1 The concentration of xylitol, xylose, and acetic acid in vari-
ous feed solution used in the study of UF and NF performance

Component OPEFB hydrolysate—  Xylose substrate—
fermentation broth fermentation broth

Xylitol (gr/1) 7.0 4.9

Xylose (gr/l) 2.7 2.8

Acetic acid (gr/1) 1.76 4.7

Cells—dry weight 6.5 4.02

rate 0.6-0.8 mL/min, column temperature 55-56 °C,
and detector temperature 40—45 °C (Mardawati et al.
2015). Samples were filtered using 0.2 um syringe fil-
ter before injection. Bacteria cells were observed using
methylene blue test staining to verity cell viability by
microscopical observation (Olympus CH20) (Desiriani
et al. 2017). Spectrofotometer UV-Vis (Spectronic 20D,
ThermoFisher Scientific, USA) was used to quantify the
color of OPEFB hydrolysate fermentation broth at 196 nm
wavelength. The feed and permeate concentration dur-
ing MD operation was measured by refractometer and
reported as degree Brix.

The permeate flux (J) for all membrane tests was calcu-
lated as follow:

oy
'=%0 (D

where V is the volume of permeate (L), t and A are the mem-
brane surface (m?) and observation time, respectively. The
rejection of the solute were calculated as follow:

- [ (cp
Re]ecnon(%)—[l <Cf>]X100 2)

where Cp and Cf are the concentration (g/L) in the permeate
stream and in the feed tank, respectively.

Result and discussion

Effect of feed composition and pretreatment
on the performance of first-stage UF

Ultrafiltration was aimed to remove the impurities in the
fermentation broth, such as microorganism cells, which
conventionally is performed by centrifugation. In the test
using pre-centrifuged xylose substrate-fermentation broth
as the feed, high initial UF flux of 93 L/m*h was achieved.
However, 70% flux decline occurred due to the presence of
cells that had not been completely removed by centrifuga-
tion. In UF test using OPEFB hydrolysate—fermentation
broth without pretreatment as the feed, the initial flux was
30 L/m>h and rapidly decline by 77% during the filtration
(Fig. 2a). This emphasized the impact of various compo-
nents presented in the feed, both suspended and dissolved. It
is worth to note that the OPEFB hydrolysate—fermentation
broth contains lignin-derived components, such as coumaryl,
coniferyl and synapsil (Cardoso and Forte 2021), making the
separation process became more challenging. It is widely
known that high concentration of solids in the feed may lead
to (1) concentration polarization, which relates to the con-
centration build up in the boundary layer near membrane
surface and lead to reduce driving force for mass transfer,
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Fig. 1 Experimental set-up
using a OPEFB hydrolysate—
fermentation broth and b xylose
substrate—fermentation broth
as the feed

and (2) fouling, which refers to the solutes deposition on the
membrane surface, blocking the mass transfer through the
pores. This specific UF operation cannot be implemented

@ Springer

PRE FIRST-STAGE ~ SECOND-STAGE
(a) TREATMENT UF UF NF MEMBRANE
I l r _____ |
1 1
[ ! | i = S SIES S =
| . 1 ! '
I J I !
I [ :
I —— ) —'
[
I
. [ 8
I 1 Clarified xylitol
- = solution
1 ' [ I
OPEFB hydrolysate | 1 l "
fermentation broth 1 1
- — | e 1 .
1 [
T 1 1
CENTRIFUGE | | :
1 [ —_—
1 [
1 { I {
- - ¢ =
A
[
[
| .
[
; I
| [
[
MF MEMBRANE 1 —p
[
A |
¢~
— —p> Retentate being recycled to the feed stream
(b)
FIRST-STAGE UF
1
|
|
| NF MEMBRANE
| o A e o e eI e
Xylose substrate | < |
fermentation broth | ! I
—> | : !
I : l
I 1 Y. ] —p!
CENTRIFUGE :
1 1
-
“ Clarified xylitol

solution

— =P Retentate being recycled to the feed stream

due to poor performance and extensive membrane cleaning
efforts need to be done.



Journal of Food Science and Technology

100 ~ .
® B OPEFB-fermentation broth-No pretreatment
(a) 90 A OPEFB-fermentation broth-Centrifuge
80 { o * OPEFB-fermentation broth-MF
20 # OPEFB-fermentation broth-Centrifuge and MF
— X ® ® Xylose substrate-fermentation broth
X 604 4 e
E
= 50 - .
X
5 40 X ¢ * o . . . .
o - A X ¥ ® * ® * L
30 A [ ] A A i ¥ ; L y . . ° ,
20 4 A A A A N A
10 A [ n
. [ [
0
0 20 40 60 80 100 120
Time (min)
(b)  100%
_ 100%
2
g 99%
e
= 99%
%
S 98%
s
98%
97%
Centrifuge MF Centrifuge + MF
Pretreatment
140 ~
(c) ¢ Non-centrifuged feed
120 A ¢ )
® Centrifuged feed
100 -
= ™
o
‘E 80 - ° ¢ .
~ o
= 0 ® ® ® ® i °
§ o
[
40 -
20 A
0
0 10 20 30 40 50 60 70 80
Time (min)
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Pretreatment of the OPEFB hydrolysate—fermentation
broth by centrifugation resulted in higher initial UF flux of
60 L/m>h, which was twice of the test without pretreatment.
The flux declined by 60% in 120 min of operation. Similar
trend was observed in test using OPEFB hydrolysate—fer-
mentation broth pretreated by MF, however, the initial flux
was slightly higher at 67 L/m?h. This indicates that stand-
alone MF was able to remove more impurities than that of
centrifuge. More rigorous pretreatment was conducted by
centrifuge the OPEFB hydrolysate—fermentation broth, fol-
lowed by consecutive MF. The initial flux was 78 L/m?h and
the declined by 48% during the test. The integration of cen-
trifuge and MF as pretreatment methods showed promising
results, at which the first-stage UF can be operated at stable
pH of 40 L/m*h after 20 min of operation. The final opera-
tion flux of test using OPEFB hydrolysate—fermentation
broth pretreated by centrifuge and MF was higher than that
of the test using xylose substrate-fermentation broth with
centrifuge as the pretreatment, despite more complex and
high concentration of impurities in OPEFB hydrolysate—
fermentation broth.

The microbial removal during pretreatment of OPEFB
hydrolysate—fermentation broth is presented in Fig. 2b. In
test applying feed centrifugation as the pretreatment, the
microorganism was removed by 98%, while in test involv-
ing MF, 100% microorganism removal was achieved. The
MF membrane used in this study has a pore size of 0.2 um,
which is much smaller than the size of D. hansenii used
in this study. The microorganism removal during pretreat-
ment directly related to the UF flux profile, that indicated
higher initial flux and delayed flux decline with better
microorganism removal. While stand-alone MF showed
superior microorganism removal, the flux profile should
be carefully assessed. In test utilizing stand alone MF as
the pretreatment, the MF flux rapidly declined by almost
80% in 45 min and led to challenging long-term operation
(Fig. 2c). Centrifugation of the OPEFB hydrolysate—fer-
mentation broth prior to MF resulted in better flux pro-
file due to the removal of most cells during centrifugation
stage.

Purification and concentration of xylitol solution
by second-stage UF and NF

Further purification and concentration of xylitol solution
from OPEFB hydrolysate—fermentation broth was con-
ducted by second-stage UF and NF. The performance of
second-stage UF and NF was assessed by the flux profile
during the separation process and the rejection of impuri-
ties of interest, such as xylose and acetic acid.The second-
stage UF was conducted to further purified UF1 permeate by
using either UF2-PSf (MWCO of 20 kDa) and UF2-PVDF
(MWCO of 50 kDa). The flux profile of the second-stage UF
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tests was presented in Fig. 3a. The tests was conducted using
first-stage UF permeate originated from OPEFB fermenta-
tion broth that had been pretreated by centrifuge and MF.
The flux declined more rapidly in test using UF2-PSf due to
the smaller MWCO than that of UF2-PVDF.

Nanofiltration was applied to further remove the impu-
rities in the fermentation broth. This is of importance to
promote the crystallization of xylitol from the fermentation
broth. The NF tests was conducted at feed pressure of 7.5
bar and the flux profile is shown in Fig. 3b. To investigate
the effect of feed solution’s complexity on the NF perfor-
mance, two types of solution were applied as the feed: (1)
permeate of first-stage UF using xylose substrate—fermen-
tation broth as the feed and (2) permeate of second-stage
UF2-PSf using pretreated OPEFB hydrolysate—fermen-
tation broth as the feed. The flux decline was observed
with the increasing permeate volume for all feed solutions.
The flux reduction was more severe at test using UF2-Psf
permeate of OPEFB hydrolysate-fermentation broth than
that using other feed solution. This was due to the complex
impurities in OPEFB hydrolysate-fermentation broth, such
as HMF, furfural, and organic acids (Weng et al. 2010;
Rahman et al. 2007). At higher solutes concentration,
the concentration polarization was more severe and led
to lower flux and reduced mass transfer. In addition, the
impurities may rapidly deposit as foulants at the membrane
surface and on the pores, hence reducing the mass transfer
area.

The concentration of xylose, acetic acid, and xylitol
in first-stage UF permeate were 1.24, 1.83 and 5.57 g/L,
respectively. The solution was fed to both UF2-PSf and
UF2-PVDF. The concentration of xylose and acetic acid in
the permeate of UF2-PSf reduced by 25% and 35%, respec-
tively, compared to those in the UF2-PSf feed. However, the
xylitol concentration severely reduced by 77%, highlighting
the significant loss of xylitol. The application of UF2-PVDF
with higher MWCO as the second-stage UF showed more
promising results. While the xylose and acetic acid concen-
tration reduced by 8% and 28%, respectively, the retention
of xylitol by UF2-PVDF was only 17% (Fig. 4).

The NF test was conducted using UF2-PSf permeate
as the feed to evaluate the ability of NF to concentrate
the xylitol. The xylitol concentration in NF feed was
1.27 g/L, which was considered as low due to the rejec-
tion of xylitol during the purification process using UF2-
PSf. However, the xylitol concentration after NF opera-
tion increased to up to four times, achieving 5.28 g/L
(Fig. 4). Xylose was also concentrated after the NF test,
even though the enhancement was not as significant as
the xylitol. In opposite, the concentration of acetic acid
after NF test reduced by 90%, implying the permeation
of acetic acid through the NF membrane. The results in
this study were in agreement with that in the literature.
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Fig. 3 a Flux profile of second-
stage UF tests using first-stage
UF permeate originated from
OPEFB fermentation broth that
had been pretreated by centri-
fuge and MF, b Flux profile of
NF tests 120
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In a study to concentrate monosaccharide and oligosac-
charide sugars using NF DK polyamide membranes, the
concentration of sugar increased from 48 to 227 g/L,
while 80—90% of acetic acid was permeated (Ahsan et al.
2014). In NF, one of the separation mechanisms is the
size exclusion mechanism. The molecular weight cut off
(MWCO) of NF membranes used in this study is 150 Da,
while the molecular weight of xylose, xylitol, and ace-
tic acid are 150.13, 152.15, and 60 gr/mol, respectively.
Therefore, the xylose and xylitol were retained by the NF,
while the acetic acid was passed through the membrane
pores.

200 300 400 500 600 700

Permeate volume (1x1073L)

Quality analysis of the treated xylitol solution

Impurities, such as bacteria cell, biomass, macromolecule,
nutrients and lignin, were found in OPEFB fermentation
broth. These impurities led to the brownish color and high
turbidity of the OPEFB fermentation broth. Purification sys-
tems comprising the application of first-stage and second-
stage UF1 were performed to remove microorganisms and
lignin, the major contributors of the turbidity and brownish
substances. The dynamics of absorbance, which suggests
the color quality of the solution is shown in Fig. 5. The first-
stage UF permeate was visually has better clarity compared
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Fig.5 Absorbance and visual characterization of the OPEFB hydro-
lysate—fermentation broth treated by UF and NF

to the feed solution and the lower absorbance was indicated
for the first-stage UF permeate. The result indicated sig-
nificant removal of the microorganism cells, biomass, and
macromolecule. Further purification of first-stage UF per-
meate by second-stage UF (both UF2-PSf and UF2-PVDF)
led to the 32.6% reduction of absorbance, indicating that
both second-stage UF showed comparable ability to purify
the solution. However, it is important to note that the perme-
ate of UF2-PSf and UF2-PVDF had extremely differ xylitol
concentration. The application of NF as the final purifi-
cation stage showed excellent removal of the acetic acid,
while increasing the xylitol concentration in the UF2-PSf
permeate from 1.27 to 5.28 g/L. The absorbance of the NF
retentate was slighltly increased due to the concentration
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of the remaining impurities existed in the second-stage UF
permeate.

Conclusion

This study investigates the performance of UF and NF for
the purification and concentration of xylitol from OPEFB
hydrolysate-fermentation broth. The purification and con-
centration were performed by UF1 (MWCO of 150 kDa),
UF2-Psf (MWCO of 20 kDa), UF2-PVDF (MWCO of 50
kDa), and NF (MWCO of 150 Da). Pretreratment of OPEFB
hydrolysate-fermentation broth prior to UF was necessary
to remove the microorganism and macromolecules that acts
as the main foulants in UF. MF showed 100% microorgan-
ism rejection, however, MF flux declined rapidly. MF per-
formance could be benefit from feed centrifugation prior
to MF. The flux of first-stage UF was significantly affected
by the characteristics and composition of the feed solution.
The use of pretreated feed resulted in better flux profile, as
indicated in high final operation flux of test using OPEFB
hydrolysate—fermentation broth pretreated by centrifuge
and MF, despite its complex and high concentration of
impurities. Further purification by second-stage UF indi-
cated further removal of other impurities, such as lignin-
derived compounds, which indicated by higher clarity of the
second-stage UF. The choice UF MWCO was essential in
the purification stage, particularly as low MWCO UF2-PSf
showed high retention of xylitol that led to significant loss of
xylitol as the main product. UF2-PVDF with MWCO 50 kDa
rejected 8% and 28% of xylose and acetic acid, while passed
through 83% of xylitol. Further xylitol concentration can
be attained by NF, which successfully increase the xylitol
concentration by four times. Beside acted as a concentration
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method, NF was also further increase the composition of
xylitol in the solution by removing the acetic acid. As the
acetic acid has lower molecular weight than the MWCO of
the NF, 90% of acetic acid permeated through the NF. All
in all, promising results were observed in the application of
UF and NF in the purification and concentration of xylitol
from OPEFB hydrolysate—fermentation broth.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13197-024-06044-7.
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