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Abstract

Xylooligosaccharides (XOS) are oligomers constituted of 2 to 10 xylose units derived
from xylan-rich lignocellulosic biomass. These oligomers possess significant value in
biotechnological and functional food applications, which are determined by their degree
of polymerization (DP), and the type and number of substituents. Separation of XOS is
industry-specific, and it presents a formidable challenge for large-scale production due to
their complexity and similarity. This study investigated the use of nanofiltration
membranes to fractionate beechwood-xylan hydrolysates containing XOS. Tubular
ceramic membranes with molecular weight cut-offs (MWCO) of 750, 450 and 200 Da
were able to separate XOS into three distinct DP ranges namely, high (X2-X5), medium
(X2-X4) and low (X2-X3), respectively. The impacts of operating pressure and pH were
evaluated to select the conditions leading to high permeate flux while maintaining high
rejection of X6, X5 and X4 for the 750, 450 and 200 Da membranes, respectively. The
trade-off between XOS rejection and flux was favored at pH 7.0 for the 750 and 450 Da
membranes, pH 4.2 for the 200 Da, and operating pressure of 10 bar for the three
membranes. These results demonstrate the feasibility of nanofiltration for large-scale

separation of XOS with specific properties.

Keywords:  Fractionation;  Glucuronoxylan;  Hemicellulose; = Nanofiltration;

Xylooligosaccharides.
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Bicinchoninic acid

Cleaning-in-place

Degree of polymerization

Evaporative light scattering detector
High performance liquid chromatography

Liquid chromatography coupled with quadrupole time-of-flight mass spectrometry

Molecular weight cut-off [g/mol]
Operating pressure [bar]
Standard liter per minute
Transmembrane pressure [bar]
Xylose

Xylobiose

Xylotriose

Xylotetraose

Xylopentaose

Xylohexaose
Xylooligosaccharides

Concentration of compound 7 in the feed [mg/L]

Concentration of compound 7 in the permeate [mg/L]
Permeability [LMH/bar]
Permeate flux [LMH]

Rejection of compound i [%]

Density [kg/L]
Turbidity [cm™]
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1. Introduction

Bioactive molecules such as xylooligosaccharides (XOS) have gained attention in
recent years for applications in functional foods, medicines, and phytopharmaceuticals
[1]. The XOS are produced by chemical or enzymatic hydrolysis of xylan-rich
hemicellulosic biomass and are composed of xylose (X1) units linked by B-(1-4)-
xylosidic bonds with degrees of polymerization (DP) from 2 to 10 [2]. Enzymatic
hydrolysis is preferred over chemical hydrolysis as it limits the generation of products
such as monosaccharides and their dehydration to furfural and hydroxymethylfurfural [3].
The hydrolysates resulting from enzymatic hydrolysis comprise a mixture of XOS with
various DPs, types and degrees of substitution, which determine their biotechnological
applications [4]. Studies have reported that XOS with DP 2-3 show prebiotic, antioxidant
and antibacterial activities [1, 5, 6], while XOS with DP >4 show stabilizing, thickening
and emulsifying properties [7]. As a result, refining hydrolysates into XOS with specific
DP is important in the application of XOS and to meet the industry standards for high-
purity XOS (75-95%) [8].

A variety of downstream techniques have been evaluated to refine XOS, including
adsorption by surface-active materials, solvent extraction, and chromatography [9].
However, these techniques are not feasible or cost-effective for large-scale production of
XOS [10]. Membrane technology offers a promising approach for the separation and
purification of XOS due to its inherent scalability, compatibility with existing industrial
processes, ability to operate in continuous mode, and high processing capacity [11].

The earliest reports of refining oligosaccharides using membrane technology date back
to the early 2000s using ultrafiltration and nanofiltration membranes [3, 10, 12].

Ultrafiltration results in more polydisperse fractions and the use of membranes with low
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molecular weight cut-off (MWCO) is recommended to minimize the dispersion of
molecular sizes [13]. For XOS, ultrafiltration (MWCO 1 - 50 nm) is more suitable as a
pre-treatment step for the removal of high molecular weight oligomers and enzymes,
rather than for obtaining a highly purified product consisting of short-chain
oligosaccharides [14]. In contrast, nanofiltration (MWCO < 2 nm) is effective in
producing high-purity XOS (92% to 96% purity) [15, 16]. Vegas et al. [15] reported a
multistep process using a ceramic membrane with MWCO of 1 kDa in combination with
solvent extraction and ion exchange could remove monosaccharides and non-saccharide
compounds while retaining XOS with a purity of 92%. Gullon et al. [12] evaluated tubular
ceramic membranes with MWCO of 50, 15, 5, and 1 kDa to refine XOS from
autohydrolysis of Eucalyptus globulus wood, retaining 85% of XOS with 1 kDa
membrane. However, none of these studies reported the range of DP of the purified XOS

mixture.

Zhao et al. [16] used a spiral wound membrane with MWCO of 250 Da in diafiltration
mode to remove xylose and arabinose from corncob and wheat straw syrups containing
XOS with DP 2-6. The concentrated XOS contained 96% of XOS, and the xylose and
arabinose content decreased from 13.39% to 3.05%, and 2.83% to 0.85%, respectively.
In a more recent study, low molecular weight XOS (DP 2-3) were fractionated from
sugarcane straw hydrolyzed liquor using nanofiltration membranes with MWCOs of 500-
600 Da (NP030, polyethersulfone) and 200-300 Da (TS40, polypiperazine amide) in a
dead-end filtration system. The optimal pH, temperature, and pressure for both
membranes were determined but information on fouling after hydrolysate filtration and

membrane performance after different cycles was not provided [7].
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Separation efficiency, i.e., selectivity and permeate flux, is directly influenced by
membrane features (geometry and material), process conditions, and oligosaccharide
composition (molecular weight, type and degree of substitution, and structural
conformation) [17, 18]. The biggest challenge when working with membrane technology,
is fouling, which adversely impacts membrane selectivity and reduces permeability [19].
The primary mechanisms of membrane fouling are concentration polarization and pore
blockage, which can lead to reversible or irreversible fouling [12]. Physical or chemical
cleaning can restore membrane performance lost due to fouling [20, 21]. Ceramic
membranes are particularly appealing due to their ability to withstand harsh environments,
including exposure to chemicals, mechanical stress, and high temperatures [22]. These
membranes can be regenerated through chemical cleaning, making them a durable and
cost-effective option for industrial applications [23].

The aim of this study is to fractionate hydrolysates into three XOS ranges named high
(X2 to X5), medium (X2 to X4), and low (X2 and X3) DP using ceramic nanofiltration
membranes with MWCOs of 750, 450, and 200 Da. The hydrolysates used in this study
were produced via enzymatic hydrolysis of beechwood xylan. The effects of filtration
parameters including operating pressure (5, 10, and 15 bar) and hydrolysate pH (4.2, 7.0,
and 10.0) on the separation performance were evaluated to select the best conditions in

the trade-off between selectivity and permeate flux for the three XOS ranges.
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2. Materials and Methods
2.1 Chemicals and reagents

Commercial beechwood xylan (product code BI3856) was purchased from Apollo
Scientific. Acetonitrile (catalogue number 100030), ammonia solution 25% (catalogue
number 543830), citric acid monohydrate (catalogue number 100242), sodium citrate
dihydrate (catalogue number W302600), and sodium hydroxide (catalogue number
106469) were obtained from Sigma-Aldrich. Endo-1,4-B-xylanase from Thermomyces
lanuginosus (>2500 U/g), expressed in Aspergillus oryzae (EC 3.2.1.8) (catalogue
number X2753), and xylose (catalogue number PHR2102, 99%, X1) were acquired from
Sigma-Aldrich. Xylobiose (product code O-XBI, X2), xylotriose (product code O-XTR,
X3), xylotetraose (product code O-XTE, X4), xylopentaose (product code O-XPE, X5),
and xylohexaose (product code O-XHE, X6) with the purity > 95% were purchased from
Megazyme. Ultrapure water (18.2 MQ-cm at 25 °C) was generated by a Millipore Milli-
Q Advantage A10 water purification system (Darmstadt, Germany).
2.2 Hydrolysate

The hydrolysates used in this study were produced via enzymatic hydrolysis of
beechwood xylan (glucuronoxylan) using endo-1,4--xylanase in sodium citrate buffer
50 mM. Xylose yield-limiting parameters of the enzymatic hydrolysis were determined
in a previous study [24], and used in the present work. Those parameters resulted in
hydrolysates with a complete XOS profile and correspond to xylan concentration of 3.0%
w/v, enzyme dose of 20 mg enzyme per mL of the reaction mixture, citrate buffer pH 4.0,
the reaction time of 90 min and an incubation temperature of 25 °C. Briefly, 50 mL of the
reaction mixture was equilibrated at 25 °C before adding the endo-1,4-B-xylanase and

placing it in an incubator shaker (Infors Ecotron, Bottmingen, Switzerland) at 230 rpm.
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The reaction was quenched by immersing the hydrolysates in a water bath (Thermoline
Scientific, Sydney, Australia) at 100 °C for 10 min (deactivating enzyme). Next, the
hydrolysates were centrifuged at 10,000 rpm for 5 min, and the supernatant was taken.
The resulting hydrolysates were boiled again for 10 min, and 10-fold diluted with
ultrapure water to minimize the osmotic pressure over the membrane [25]. Then, the
diluted hydrolysates were vacuum filtered using 0.45 pm mixed cellulose ester
membranes (Advantec MFS Inc, Tokyo, Japan) before filtration experiments to remove
any macromolecules (protein) and to limit membrane fouling. The quantitative
composition of the 10-fold diluted and prefiltered hydrolysates is presented in Table 2.
For the filtration experiments, the default pH of the diluted hydrolysates was 4.2 and it
was adjusted with 4 M sodium hydroxide depending on the evaluated pH (7.0 or 10.0).
2.3 Membranes

Single-channel tubular ceramic membranes of 1000 mm in length, inner diameter of 7
mm, and outer diameter of 10 mm were purchased from Inopor® (ScheBlitz, Germany)
with the molecular weight cut-offs (MWCOs) of 750, 450, and 200 Da in the range of
nanofiltration. The support layer of the membranes was made out of a-Al,Os, and the
active layer was made of TiO,. Detailed information on the membranes is presented in
Table 1. To prepare the membranes for further use, a diamond saw was utilized to
carefully cut them, resulting in a final effective membrane area of 0.0021 m?. The
membrane ends were sealed using Araldite® 2020 resin (Product code 00052144)
following the manufacturer's instructions.
2.4 Filtration system

A crossflow filtration system from Nanjing Tangent Fluid Technology Co. Ltd (TFT)

(Nanjing, China) was modified and customized for operation with a tubular membrane
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module of 11.4 cm in length. Fig. 1 shows the configuration of the filtration system which
consisted of a 12 L jacketed feed tank, a plunger diaphragm pump followed by a damper
to reduce pulsations, pressure gauges before and after the membrane module to measure
the transmembrane pressure (TMP), and a flowmeter to measure the recirculation flow.
The temperature was controlled by circulating water into the jacket of the feed tank using
a refrigerated bath circulator (Thermoline Scientific, Sydney, Australia). Filtrations were
performed in recycle mode using 2.5 L of feed solution (ultrapure water, sodium
hydroxide solution, or hydrolysate). All experiments were conducted at 25 °C unless
otherwise stated, and the operating pressures (OPs) were selected to ensure the safety

range of TMP recommended by the membrane manufacturer (Table 1).

Table 1. Detailed information on the nanofiltration membranes including molecular
weight cut-offs (MWCOs), temperature range, transmembrane pressure (TMP) and pH

ranges provided by the manufacturer.

Temperature TMP
Membrane MWCO Porosity pH range
range [°C] [bar]
750 Da 30 - 40% 0-300 8-15 05-14
Nanofiltration 450 Da 30 - 40% 0-300 8-15 0.5-14
200 Da 30 - 40% 0- 150 8-15 0.5-14

MWCO: Molecular weight cut-off, TMP: Transmembrane pressure.
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Fig. 1. Schematic representation of the crossflow filtration system customed for a tubular
membrane module. The feed solution is pumped from the feed tank to the membrane
module using a plunger diaphragm pump. The retentate is recycled to the feed tank, and

the permeate is collected in a beaker placed on a weighing scale.

2.5 Filtration experiments
2.5.1 Cleanging-in-place

After the cutting and sealing procedures, a cleaning-in-place (CIP) protocol was
implemented to remove any possible dust or dirt within the membranes. The cleaning
protocol consisted of two steps: (1) circulation of 1% w/v sodium hydroxide at 40 °C for
60 min at OP of 5 bar while recycling the permeate; (2) rinsing the membranes with
ultrapure water at 25 °C and OP of 5 bar until reaching neutral pH in the permeate. The
cleaning protocol was also performed after each filtration experiment of hydrolysates to
remove any build-up of protein or oligomers on the surface or pore structure of the
membranes. The effectiveness of CIP was assessed by measuring pure water flux after

membrane cleaning and prior to hydrolysate experiments. The pure water fluxes were

10
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recorded for the 750, 450, and 200 Da membranes after 30 min of equilibration time at
25 °C, OP of 5 bar, and the results of ten cycles are presented in Fig. S1.
2.5.2 Permeability measurement

The pure water and hydrolysate permeate fluxes were measured using the crossflow
filtration system for each nanofiltration membrane. The permeate collector beaker was
placed on a weighting balance (Mettler Toledo, Greifensee, Switzerland) connected to a
PC running the LabX Direct Balance Software (version 2.5). Data collection started after
setting the OP, and permeate steadily flowed to the collector beaker. The LabX Direct
Balance Software recorded the mass change in the beaker as a function of time. The
steady-state permeate flux (J, L h' m? or LMH) was calculated using Eq. (1) [26], where
AM 1is the change in mass of liquid permeated within a given time interval At, p is the

density of the liquid at 25 °C, and A is the effective membrane area.

AM
J= pA At )]

Permeability (L,) (LMH/bar) was calculated using Eq. (2) [27], where TMP is the

transmembrane pressure (bar).

Ly =g @
2.5.3  Influence of pressure on selectivity and flux

For each membrane, the influence of the OP on the selectivity and permeate flux (J)
was evaluated using the diluted and prefiltered hydrolysate as feed. The evaluated OPs
were 5, 10 and 15 bar, the feed was kept at 25 °C, and filtrations were carried out for 60
minutes. To ensure a constant concentration in the feed, the collected permeate was
returned to the feed tank every 15 minutes. At the beginning of each filtration, feed

samples were collected, while permeate and retentate samples were taken every 15

minutes throughout the experiment. This procedure was implemented to monitor the

11
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concentration in the feed tank and the permeate and evaluate the membrane performance
over time.

For each OP, permeate flux (J) was calculated (Eq. (1)) and the collected samples were
used to measure the concentration of each XOS by HPLC-ELSD. The selectivity of the
membranes for a given compound was expressed by the rejection coefficient (R) [28],
which was determined from the concentration of each compound i in the permeate (C,)
and feed (Cy) solutions using Eq. (3) [29]:

Clﬂ

Ri=(1- 2)x 100 3)

if
2.5.4 Influence of pH on selectivity and flux

The influence of pH on the selectivity and permeate flux (J) was investigated by varying
the pH of the hydrolysate feed. The hydrolysate pH was adjusted from 4.2 (default) to 7.0
and 10.0 using a 4 M sodium hydroxide solution, the feed was kept at 25 °C, and
filtrations were carried out for 60 minutes. Sampling was conducted as described in
section 2.5.3.
2.5.5 Statistical analysis

The results of the filtration experiments using the three nanofiltration membranes at
various operating pressures and hydrolysate pH values were analyzed by Student's #-test
using Minitab 17 software (Minitab Inc., State College, USA). The results were presented
as the mean + standard deviation (SD) and the p < 0.05 was considered statistically
significant.
2.6 Analytical methods
2.6.1 Xylose and xylooligosaccharides quantification

An Agilent Technologies 1260 Infinity 1l HPLC system coupled to an evaporative light

scattering detector (ELSD) (Agilent Technologies, Palo Alto, USA) was used to analyze

12
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the feeds, retentates and permeates collected at the different sampling times for each
filtration experiment. The separation was carried out on a Shodex HILICpak VG-50 (4.6
% 150 mm) chromatographic column (Showa Denko America, New York, USA). Samples
were filtered using a 0.2 pm Acrodisc® syringe filter (Pall Corporation, Port Washington,
USA) and 10 pL were injected via a vial-sampler onto the column. The mobile phase was
an aqueous solution with 0.1% v/v ammonia [solvent A] and HPLC-grade acetonitrile
[solvent B]. The target analytes were separated at 50 °C at a flow rate of 0.7 mL min™! in
gradient elution mode as follows: 80% [B] held for 1 min, 80-65% [B] in 17 min, 65%
back to 80% [B] in 6 min, 80% [B] held 11 min. The ELSD evaporator and nebulizer
temperatures were set at 70 °C at a nitrogen gas flow rate of 1.5 SLM. Instrument control,
data acquisition and processing were conducted using OpenLab CDS software, version
2.6 (Agilent Technologies, Santa Clara, USA). The target analytes were quantified using
the external standard calibration method by preparing a 6-point calibration curve at
defined concentrations for X1-X6 standards. Commercial standards for linear XOS with
DP > 6 and branched XOS were unavailable but their identity was confirmed by liquid
chromatography coupled with quadrupole time-of-flight mass spectrometry (LC-Q-TOF-
MS) using the conditions described in Appendix A (Supplementary Data).
2.6.2 Enzyme concentration

The enzyme concentration in each membrane's feed, retentate and permeate was
determined using the Novagen® bicinchoninic acid (BCA) Protein Assay Kit (Merck
Millipore, Darmstadt, Germany) following the manufacturer's instructions. Briefly, 25 uL
of the sample was mixed with 200 pL of a 50:1 ratio of BCA solution and 4% cupric
sulphate in a 96-well plate. After shaking for 30 seconds, the plate was incubated at 37 °C

for 30 minutes. Upon completion of the incubation period, the plate was promptly
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254  transferred to a microplate reader (Infinite 200 pro, Tecan, Switzerland) and the
255  absorbance was measured at 562 nm. The calibration standard was bovine serum albumin
256 (0-1000 pg/mL), and all measurements were performed in triplicate.

257  2.6.3 Turbidity Measurement

258 The turbidity (t) of the diluted and prefiltered hydrolysates with adjusted pH values
259 (4.2, 7.0 and 10.0) was measured via UV-VIS-spectrophotometer according to Westbye
260 et al. [30], and calculated using Eq. (4), where absorbance corresponds to the sample
261  absorbance at 500 nm and the pathlength is the light path in the sample, in this case, 1

262  cm. All measurements were performed in triplicate.

absorbance

263 = pathlenght

x Ln10 4

264
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3. Results and discussion

The hydrolysates resulting from the enzymatic hydrolysis of xylan were produced
following the parameters optimized in our previous work [24], yielding XOS with various
DP while limiting the generation of X1. The resulting hydrolysates contained a complex
mixture of linear and branched XOS with mono- or di- 4-O-methyl-D-glucuronic acid
(MeGluA) substituents. This composition is typical of hardwood hemicellulose, which
consists of glucuronoxylan, a polysaccharide comprise of xylose residues in the main
backbone substituted with MeGluA [31]. The identity of the linear and branched XOS
compounds present in the hydrolysate was confirmed using LC-Q-TOF-MS and is
presented in Table S1. Quantification of linear XOS with DP 2-6 was conducted by
HPLC-ELSD as the standards were commercially available and is presented in Table 2.

Tubular ceramic membranes with MWCOs of 750, 450 and 200 Da in the nanofiltration
range were employed to fractionate the hydrolysates into high, medium, and low DP XOS
fine fractions using a crossflow filtration system. For these non-charged oligomers, the
separation principle relies on size exclusion [17]. To ensure the separation between
compounds by molecular sieving, a difference of at least 30 to 50 Da in molecular weight
is necessary [17]. The molecular weights of XOS with DP from 2-6 range from 282.10 to

810.26 Da, with a difference of 132 Da between adjacent DPs [32].

Table 2. Quantification of linear XOS with DP 2-6 from the Beechwood xylan
hydrolysate* used as feed in the crossflow filtration system. Values represent the mean +

SD, n=10.
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Molecular Monoisotopic Concentration

Compound
formula mass [Da]? [mg/L]
X2 Ci0H 1509 282.10 2249 + 22.6
X3 Ci5H26013 414.14 2694 + 259
X4 Cy0H34047 546.18 160.1 + 16.3
X5 Cy5H4,054 678.22 944 + 113
X6 C30H50025 810.26 359 + 45

*Prefiltered hydrolysate using 0.45 pm membrane. ? Exact mass calculated using the mass of the most

abundant isotope of each element.

3.1 Pure water permeability of the nanofiltration membranes

The initial pure water permeate flux was measured for the pristine membranes to
monitor their performance and assess the decline of the permeate flux after several cycles
of hydrolysate filtration and cleaning. The pure water permeate flux of the three
nanofiltration membranes was measured after 30 min of equilibration time at 25 °C and
different TMP, within the safety range (Table 1). The linear regressions between the
permeate flux and the TMP resulted in R?> 0.99, validating the linear correlation of the
flux and the TMP in the range tested. The 750 Da membrane showed the highest mean
permeability of 20.1 £+ 7.1 LMH/bar (L m h'! bar'!), followed by 17.1 £ 5.2 and 10.7 £

1.8 LMH/bar for the 450 and 200 Da membranes, respectively.

3.2 Enzyme rejection of nanofiltration membranes

The enzyme rejection was evaluated for the three nanofiltration membranes to ensure
the effective removal of enzyme present in the hydrolysates following the prefiltration
step. The enzyme rejection rates (%) under standard conditions were calculated by
comparing the enzyme concentrations in the feed and permeate (Eq. (3)), and presented
in Table 3. The percentages of enzyme removed from the hydrolysates after the

centrifugation step and prefiltration with the 0.45 pm membrane are also presented.
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Combining these steps resulted in the removal of around 96% of the enzyme, which is
expected as the enzyme used had a molecular weight of ~30 kDa [33]. The three
membranes rejected more than 99% of the remaining enzyme in the hydrolysate. These
results showed the effectiveness of the nanofiltration membranes to remove large
molecules such as proteins. The enzyme rejection over time for each membrane was also

evaluated at the different OPs (5, 10, and 15 bar) and is presented in Fig. S2.

Table 3. Enzyme rejection of the 750, 450, and 200 Da nanofiltration membranes at

standard filtration conditions*. Values represent the mean + SD, n = 3.

Enzyme
Time [min] o
rejection [%]
Hydrolysate after centrifugation 63.8 + 3.9

Hydrolysate after prefiltration (0.45 pm) 96.3 + 0.4

750 Da 99.5 = 0.2
450 Da 99.7 £ 0.1
200 Da 99.7 + 0.1

*Filtration conditions: 25 °C, pH 4.2, operating pressure of 5 bar and 60 min filtration time.

3.3 Influence of pressure on selectivity and flux

Selection of filtration parameters that ensure a trade-off between selectivity and high
flux has always been sought for efficient membrane separation processes [28]. Here, the
influence of the OP on the selectivity and flux was investigated for the three nanofiltration
membranes and is presented in Figs. 2-3.

Fig. 2A-C shows the rejection of XOS at 25 °C, pH 4.2, filtration time of 60 min, and
OPs of 5, 10 and 15 bar. At 5 and 10 bar, the membranes with MWCO of 750, 450 and
200 Da fully rejected XOS with DP > 5, DP >4, and DP > 3, respectively. The membrane

with MWCO of 200 Da was anticipated to completely reject X3 as its molecular weight,

17
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414.14 Da, exceeds by double the MWCO of this membrane. However, the apparent
MWCO of the membranes does not always match their nominal MWCO [3, 14]; it is a
manufacturer approximation based on the rejection of specific compounds, e.g., dextran,
polyethylene glycol, and proteins [34]. Defining a precise MWCO is also limited by the
fact that compounds with similar molecular masses can exhibit different molecular
morphologies (linear polymer vs globular protein) [34]. The only information available
for the XOS is the molecular weight, but their molecular sizes and structural conformation
in solution are yet to be elucidated.

The pore size distribution of the membranes was measured by nitrogen adsorption and
is presented in Fig. S3. The analysis revealed that the pore size distribution was mono-
modal and from 31.8-86.3 A, 29.8-79.8 A, and 29.4-73.9 A for the 750, 450 and 200 Da
membranes, respectively. The overlapping pore size distribution among the membranes
may explain the pass of X3 through the pores of the 200 Da membrane. The orientation
of these elongated molecules relative to the membrane pore can also impact selectivity
[25].

The rejection of X4 decreased from 100% at 10 bar to ~90% at 15 bar for the 200 Da
membrane, and the rejection of X5 decreased from 100% at 10 bar to ~86% at 15 bar for
the 450 Da membrane. Selectivity of membranes decreases with increasing permeate flux
[34], which is the same behavior observed here when increasing the OP from 10 to 15 bar
resulting in a significant decrease (p < 0.05) in the membrane selectivity. Therefore, to
maintain the selectivity of the membranes and achieve the desired fractionation of XOS
based on their DP, an OP of 10 bar or below should be used. This will allow the
membranes with MWCO of 750, 450 and 200 Da to fractionate XOS into high (X2-X5),

medium (X2-X4) and low (X2-X3) DPs, respectively.
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Interestingly, branched XOS compounds identified in the hydrolysate feed were not
detected in the permeate of any of the three membranes. Specifically, the permeate of the
750 Da membrane contained X3 and X4 with molecular weights of 414.14 and 546.18Da,
respectively, while, X2MeGluA with a molecular weight of 472.14 Da, which is in the
range of X3 and X4, was not detected in the permeate when analyzed by HPLC-ELSD.
The structure of the molecules, therefore, appears to be playing a role in the membrane
selectivity. Abundant hydroxyl moieties in the oligosaccharides lead to the formation of
a hydration layer, increasing their apparent volume and affecting their dynamics [25]. The
presence of substituents allows for more interaction with water molecules in the branched
XOS compared to the linear XOS. Furthermore, the anomeric effect of methoxyl groups
is more pronounced in aqueous solutions than that of the hydroxyl groups [35]. As a result,
linear XOS might pass more easily through the membrane pores compared to XOS with
methoxy groups (MeGluA substituents) of similar molecular weight.

The permeate fluxes at different OPs were evaluated and the results are presented in
Fig. 3A-C. The hydrolysate permeate flux increased linearly with increasing TMP for the
three nanofiltration membranes. The linear regressions resulted in R > 0.99 for the 750
and 200 Da membranes, and R2> 0.98 for the 450 Da membrane. A substantial decline
in the permeate flux was observed when comparing hydrolysates to water (Table S2).
The permeability of the 750, 450 and 200 Da membranes obtained for the hydrolysate
were 7.8 = 2.9, 5.7 £ 0.7, and 2.6 = 0.3 LMH/bar, respectively. The decrease in the
permeate flux over 60 min at the highest OP, 15 bar, was ~10%, ~9% and ~ 4% for the
750, 450 and 200 Da membranes, respectively. Whereas, at the lowest OP, 5 bar, the drop

was ~4%, ~7% and ~2% for the 750, 450 and 200 Da membranes, respectively.
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One of the major challenges in membrane technology is fouling, which can lead to
reduced permeability and membrane selectivity [36]. Fouling is influenced by the
membrane geometry, material, operating conditions, and feed composition [28]. The
present study employed a crossflow filtration system with tubular ceramic membranes to
mitigate this phenomenon. This configuration facilitated the parallel flow of the feed
solution along the membrane surface, generating a shearing force that minimized the
membrane fouling and cake layer formation [37].

A longer filtration time of 300 min (5 h) was carried out for the 750 Da membrane at
25 °C, pH 4.2, and OP of 10 bar. No significant difference in the permeate flux drop,
which remained at ~10%, was observed (Fig. S4). These results highlight the advantages
of using a crossflow configuration and membranes with tubular geometry. Besides, the
employed membranes were ceramic membranes with high mechanical strength and
chemical resistance that allowed them to be cleaned and reused between filtrations.

Efficient membrane separation processes require a balance between selectivity and
high flux. While the highest permeate flux among the three membranes was observed at
an OP of 15 bar, the selectivity of the 450 and 200 Da membranes was compromised at
this pressure. Consequently, to maintain both effective fractionation of XOS into three
distinct DP ranges and a high flux rate, an OP of 10 bar was selected for subsequent

experiments focusing on investigating the influence of hydrolysate pH.
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Fig. 2. (A-C): Rejection of xylooligosaccharides with degrees of polymerisation from 2
to 6 (X2 — X6) at 25 °C, pH 4.2, 60 min filtration time versus operating pressure using
membranes with the molecular weight cut-offs (MWCOs) of (A) 750 Da, (B) 450 Da,
and (C) 200 Da. Values represent the mean = SD, n = 3, *p < 0.05, **p < 0.01, ***p <

0.005 (obtained by Student’s ¢-test).
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Fig. 3. (A-C): Hydrolysate permeate flux at 25 °C, pH 4.2, 60 min filtration time versus

operating pressures using membranes with molecular weight cut-offs (MWCOs) of (A)

750 Da, (B) 450 Da, and (C) 200 Da.
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3.4 Influence of pH on selectivity and flux

The influence of pH on the rejection of linear XOS with DP 2-6 and permeate flux was
investigated and the results are presented in Figs. 4-5. Fig. 4A-C shows the rejection
percentages of XOS at three different hydrolysate pH values of 4.2, 7.0 and 10.0 at 25 °C,
OP of 10 bar, and filtration time of 60 min. A general trend of decreasing rejection of
XOS with DP 2 to 5 was observed when increasing the hydrolysate pH from 4.2 to 7.0
and 10.0. For the 750 Da membrane (Fig. 4A), significant decreases (p < 0.05) in the
rejection of X3 (from 70% to 43%) and X5 (from 79% to 69%) were observed when
increasing the pH from 4.2 to 10.0. The same trend was also observed for the 450 Da
membrane (Fig. 4B), the rejection of X2, X3, and X4 decreased significantly (p < 0.05)
with increasing hydrolysate pH. The selectivity of the 200 Da membrane was also pH-
dependent (Fig. 4C). At pH 4.2, X4 was completely rejected, whereas at pH 7.0 and 10.0,
the rejection decreased to 87% and 84%, respectively. Domingos et al. [27], observed
similar behavior in the rejection of X1, where increasing the pH from 5.2 to 9.0 reduced
the rejection from ~90% to ~40%.

The permeate fluxes at different hydrolysate pH values of 4.2, 7.0 and 10.0 were also
evaluated and presented in Fig. SA-C. For all three nanofiltration membranes, a change
in pH value from 4.2 to 7.0 and 10.0 resulted in an increase in the hydrolysate permeate
flux. On the other hand, the decline in the permeate flux over 60 min at pH 4.2 was ~10%
for the 750 and 450 Da membranes and ~5% for the 200 Da membrane. Whereas, at pH
10 this drop was ~8%, ~5% and ~3% for the 750, 450 and 200 Da membranes,
respectively.

The highest permeate flux and minimal decline in flux over time were observed when

the hydrolysate was at pH values of 7.0 and 10.0 for all three membranes. However, the
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selectivity of the 200 Da membrane decreased significantly at neutral and basic pH levels.
In the case of the 450 and 750 Da membranes, the same XOS compounds were rejected
under these pH conditions. To avoid resorting to harsh conditions (pH 10.0) while still
increasing the concentration of the desired XOS in the permeate, a pH of 7.0 is
recommended for the 450 and 750 Da membranes. In contrast, a pH of 4.2 is necessary
for the 200 Da membrane to ensure complete rejection of X4 and maintain the
fractionation of XOS into low, medium and high DP ranges.

The observed trends in Figs. 4-5, namely the reduction in XOS rejection and the rise in
permeate flux with increasing pH, can be attributed to the self-aggregation tendencies of
these oligomers in solution, particularly at lower pH levels [38, 39]. It has been suggested
that the aggregation mechanism of glucuronoxylans is due to the hydrogen bonding
between linear portions of polysaccharide chains [38, 40] and the interactions between
hydrophobic substituents bonded to the polysaccharide chain [38, 41, 42]. The turbidity
of the hydrolysate at different pH values was evaluated following the method described
by Westbye et al. [30]. Fig. 6 presents the hydrolysate turbidity measured at 25 °C and
pH values of 4.2, 7.0 and 10.0. A significant reduction (p < 0.005) in the turbidity was
observed when increasing the pH from 4.2 to 10.0. Hu et al. [39], also reported a similar
trend using glucuronoxylans. Therefore, it can be inferred that acidic media favors intra-
and intermolecular hydrogen bonding and induced the aggregation of XOS. It was also
reported that the aggregation of glucuronoxylans depends on their chemical structure
rather than their molecular weight [43]. Hence, the same aggregation behavior was

observed in the current study, despite the use of lower molecular weight oligomers.
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Fig. 4. (A-C): Rejection of xylooligosaccharides with degrees of polymerisation from 2
to 6 (X2 — X6) at 25 °C, 10 bar, 60 min filtration time versus hydrolysate pH using
membranes with molecular weight cut-offs (MWCOs) of (A) 750 Da, (B) 450 Da, and
(C) 200 Da. Values represent the mean = SD, n = 3, *p < 0.05, **p <0.01, ***p <0.005

(obtained by Student’s z-test).
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The rejection of XOS and the permeate flux obtained for the 750, 450, and 200 Da
membranes at the different OPs and hydrolysate pH values were consistent over different
cycles of hydrolysate filtration and CIP protocol. In addition, pure water fluxes were also
measured following the CIP for the three membranes after 30 min of equilibration time
at 25 °C, OP of 5 bar, and the results are presented in Fig. S1. The change in the permeate
flux after 10 cycles was less than 10% for the three membranes. This is evidence of the
CIP protocol being effective in recovering the membrane performance, as well as the
robustness of the membranes after continuous operation. These are critical aspects to
consider when scaling up the separation method for integration into the existing industrial

Processes.
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4. Conclusion

Nanofiltration employing membranes with molecular weight cut-offs of 750, 450 and
200 Da proved suitable to separate branched XOS from linear XOS, as well as fractionate
linear XOS with DP 2-5, DP 2-4 and DP 2-3, respectively. The effects of operating
pressure and hydrolysate pH on the rejection of XOS and permeate flux of the
nanofiltration membranes was investigated. An operating pressure of 10 bar provided the
best trade-off between selectivity and productivity across the three membranes. XOS
rejection decreased as hydrolysate pH increased, with the highest rejection observed at
pH 4.2 and the lowest at pH 10.0. The turbidity of the hydrolysates also decreased with
increasing pH, indicating a reduction in the aggregation of XOS. Having a clear
understanding of the influence of pressure and pH on the rejection of XOS will inform
the scale-up of this technology.

The robustness of the membranes after continuous operation and the effectiveness of
the cleaning-in-place protocol were demonstrated with pure water flux variation below
10% after 10 cycles for each membrane. These aspects are vital considerations to integrate
this separation method into existing industrial processes.

Achieving selective separation of XOS using membrane technology relies on a
comprehensive understanding of the behavior of these oligomers in solution, especially
molecular sizes, agglomeration mechanisms, and the conditions that govern these effects.
The implementation of ceramic nanofiltration membranes appears to be a highly efficient
and versatile separation technique that can be easily scaled up and may be applicable to
the processing of other functional biomolecules such as galactooligosaccharides, and

fructooligosaccharides, among others.
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Appendix A
Instrumental LC-Q-TOF-MS

An Agilent UPLC 1260 system coupled to Accurate-Mass Quadrupole Time-of-Flight
6540 mass spectrometer Q-TOF-MS (Agilent Technologies, Santa Clara, USA), equipped
with a Dual AJS ESI source operating in negative mode. The ESI source was set at
negative ion mode with a capillary drying gas temperature of 300 °C, an ion spray voltage
of 300 kV and a sheath gas flow rate of 10 I/min. Full-scan high resolution scanning range
was 50—-1800 m/z. After sample 2-fold dilution, 10 uL were injected via a vial-sampler
(controlled temperature at 10 °C) onto a Shodex HILICpak VG-50 (4.6 X 150 mm)
chromatographic column (Showa Denko America, New York, USA). The mobile phases
used in the separation were aqueous ammonia 0.1% v/v [solvent A] and acetonitrile
[solvent B]. The target analytes were separated at 50 °C, at a flow rate of 0.7 mL min™!
in gradient elution mode as follows: 80% [B] held 1 min, 80% to 65% [B] in 18 min, 65%
back to 80% [B] in 6 min, 80% [B] held 11 min. The total run time was 35 min including
11 min equilibration step before the next injection. Data were acquired and treated by
means of Agilent MassHunter Software. The hydrolysate composition is presented in

Table S1.
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696  Table S1. Qualitative composition of the diluted and prefiltered hydrolysate* including

697  name abbreviations, molecular formulae, and theoretical monoisotopic masses.

Molecular ~ Monoisotopic

Compound formula mass (Da)?
X1 CsH,0s 150.0528
X2 C1oH1309 282.0951
X3 Ci5H26013 414.1374
X4 Cy0H34047 546.1797
X5 Cy5H4,054 678.222
X6 C30Hs50025 810.2643
X7 Cs5Hs009 942.3065
X8 C40Hg6033 1074.3488
X9 Cy45H74037 1206.3911
X2MeGIluA C17H2505 472.1429
X3MeGIuA C2H36019 604.1852
X4MeGIuA Cy7H44053 736.2275
X5MeGIuA C3,Hs,057 868.2697
X6MeGIuA C37H60034 1000.312
X7MeGIuA CyHegOs5 1000.312
X8MeGIuA C47H76039 1264.3966
X9MeGIluA Cs,Hg4O43 1396.4389
X10MeGIuA Cs7Hg,047 1528.4811
X11MeGIluA Ce2H100051 1660.5234
X7MeGluA2 CyoH7504; 1322.4021
X8MeGluA2 Cs4HgeO4s 1454.4444
X9MeGluA2 Cs9Ho4O49 1586.4866

698  *Prefiltered hydrolysate using 0.45 um membrane.  Exact mass calculated using the mass
699  of the most abundant isotope of each element.
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Fig. S1. Pure water permeate flux measured at standard conditions of 25 °C, OP of 5 bar,
and 30 min for the nanofiltration membranes with the molecular weight cut-offs of 750
Da, 450 Da, and 200 Da; Filtration 1 indicates the pure water permeate flux of the pristine
membranes and the rest of the filtrations refer to the pure water permeate fluxes after

filtration of hydrolysates and cleaning-in-place protocol.
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710
711 Fig. S2. Enzyme rejection measured at standard filtration conditions of 25 °C, pH 4.2,

712 OP of 5, 10 and 15 bar, 60 min filtration time and 15 min sampling frequency using

713 membranes with the molecular weight cut-offs of (A) 750, (B) 450, and (C) 200 Da

714  nanofiltration membranes.
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Fig. S3. Pore size distribution of the 750, 450, and 200 Da membranes determined by
measuring nitrogen (N,) adsorption isotherms at 77 K in a liquid-nitrogen bath and
calculated using Micromeritics software. The measurements were performed on

Micromeritics Tristar II instrument.
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725

Table S2. Permeability (L,) of the membranes with the molecular weight cut-offs of 750,

450, and 200 Da to water and to the hydrolysate measured at 25 °C, pH, and operating

pressure of 5 bar.

Membrane Permeability [LHM/bar]
[MWCO] Water Hydrolysate
750 Da 201 = 7.1 7.8 + 2.9
450 Da 171 £ 52 57 £ 0.7
200 Da 107 + 1.8 26 £ 0.3
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Fig. S4. Hydrolysate permeate flux measured at 25 °C, pH 4.2, 10 bar, 300 min

filtration time using the membrane with molecular weight cut-off of 750 Da.
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