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Abstract

Sugar beet pulp (SBP) samples were subjected to a two-step non-isothermal autohydrolysis process in order to obtain mixtures
enriched in oligogalacturonides (OGalA) and arabinooligosaccharides (AOS) in separate streams. Operating at a maximum
temperature of 130 °C, mixtures containing up to 30.4% oven-dry basis (0.d.b.) of OGalA with an OGalA/AOS ratio of
5.0 g/g were obtained during the first stage. Then, the treated solids were subjected to a second treatment at temperatures
in the range 160-175 °C. When those solids were treated up to 175 °C, a mixture mainly made up of AOS (37.5% o.d.b.)
with an AOS/OGalA ratio of 3.91 g/g was obtained as an effluent from the reactor. In order to increase their purity, both
streams were then subjected to different refining steps. A product enriched in highly methylated and partially acetylated
OGalA (42.5% o.d.b., degree of methylation (DM)=69.2% mol/mol and degree of acetylation (DA)=36.4% mol/mol),
containing 17.2% o.d.b. of non-volatile non-identified compounds, was obtained by membrane filtration of the first-stage
liquors, whereas a second one, mainly made up of AOS and galactooligosaccharides (GalOS) (55.0% AOS o.d.b., 13.8%
GalOS o.d.b., and 13.3% non-volatile non-identified compounds, 0.d.b.), was manufactured after an ion exchange treatment
followed by membrane filtration of the second-stage liquors. This strategy was demonstrated to be a suitable and scalable
alternative for the separate production of refined mixtures rich in OGalA or neutral pectic-oligosaccharides. Both types of
products can result in different effects on the intestinal microbiota: AOS and GalOS show a significant bifidogenic effect and
they could be consumed alone or combined with selected probiotic strains of Bifidobacteria for improving an unbalanced
microbiota, whereas OGalA has been demonstrated to have a variety of biological properties and can promote the growing
of some bacteria such as Faecalibacterium prausnitzii, a butyrate-producing microorganism underrepresented in patients
with active IBD and infectious colitis.
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Introduction

The colonic microbiota exerts an important influence in the
human health, and it can be modulated through the intake
of probiotics and prebiotics. According to the International
Scientific Association for Probiotics and Prebiotics (ISAPP),
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“probiotics” are defined as “live microorganisms that, when
administered in adequate amounts, confer a health benefit
on the host,” whereas a “prebiotic” is a “substrate that is
selectively utilized by host microorganisms conferring a
health benefit.” Therefore, a prebiotic must affect a limited
group of microorganisms in the host rather than the whole
microbial ecosystem, in order to meet the criterion of being
“selectively utilized” (ISAPP, 2022).

The most commonly studied prebiotics are soluble fibers
such as inulin, fructooligosaccharides (FOS), galactooligo-
saccharides (GalOS), and, more recently, human milk oli-
gosaccharides (ISAPP, 2022). Oligosaccharides are defined
as carbohydrates made up of 3—10 sugar units, although
some authors also include disaccharides and chains with
up to 20 residues (Laurentin & Edwards, 2013) or, when
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the molecular weight distribution is unknown, the whole
set soluble fragments derived from polysaccharide degra-
dation, regardless of their degrees of polymerization (DP)
(Gullén et al., 2009). The fermentation of such oligosac-
charides in the colon results in the production of a variety
of metabolites, mainly short-chain fatty acids (SCFA) that
exert several beneficial effects (Fernandez et al., 2016;
Gullén et al., 2013; Riviere et al., 2016). However, there is
an increasing interest on the development of new prebiotics
with, potentially, improved and/or additional properties and,
in this context, pectin-derived oligosaccharides (POS) have
become a promising alternative. Pectin is a very complex
and heterogeneous polysaccharide (more information about
its structure can be found in B. Gullén et al., 2013) which
can be hydrolyzed into a variety of POS including OGalA,
GalOS, and AOS or arabinogalactooligosaccharides (AGa-
10S) which can have different biological effects.

It was observed that the prebiotic effects of pectins and
POS depend on their chemical and physicochemical proper-
ties. For instance, Onumpai et al. (2011) demonstrated that
the structure of oligosaccharides obtained from pectins has a
significant impact in the fermentation by human fecal bacte-
ria and that the low molecular weight AOS and GalOS have
a significant bifidogenic effect whereas methylated OGalA
promotes Faecalibacterium prausnitzii growth. Van Laere
et al. (2000) observed that AOS and AGalOS were utilized
by individual Bifidobacterium spp. strains, Moon et al.
(2015) reported that AOS (DP2-5) have higher bifidogenic
effects than arabinan, Al-Tamimi et al. (2006) published
several fermentation patterns when fermented AOS with
different molecular weight (Mw), Holck et al. (2011) used
AOS with DP 2-14 (with and without feruloyl substituents)
concluding that the size of oligomers was more influential
on the selective bacterial stimulation than the degree of sub-
stitution, and Larsen et al. (2019) assessed the effects of nine
structurally diverse pectins from sugar beet and citrus fruit
using a TNO in vitro model of the colon (TIM-2) observ-
ing general and specific effects on microbiota, suggesting
that some characteristics such as the degree of methylation,
neutral sugar distribution, and other properties affect the
pectin-mediated shifts (Larsen et al., 2019), concluding that
the microbial communities can be specifically modulated by
different pectins.

Therefore, in order to advance in the use of prebiotics
for a given health objective, it is necessary to increase the
knowledge of the structure—function interrelationships, mak-
ing necessary to evaluate the effects of a variety of well-
defined oligosaccharides by both in vitro and in vivo assays.

On the other hand, in the most of cases cited above,
authors used commercial polymers (galactan, arabinan, or
polygalacturonic acid) as raw materials which were bro-
ken down into oligomers by acid methods (Onumpai et al.,
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2011; Miyazawa et al., 2008) or by enzymatic hydrolysis
(Al-Tamimi et al., 2006), but another alternative is feasible:
the direct manufacture of such oligomers starting from the
native raw materials thereby reducing the operational and
equipment costs.

SBP is a pectin-rich agroindustrial byproduct generated in
sugar manufacture facilities in huge amounts. For instance,
just in the European Union, the annual SBP production is
estimated to be in the range 14-20 million tons (in dry mat-
ter basis) (Borysiuk et al., 2019; Joanna et al., 2018). SBP
is a highly digestible byproduct rich in polysaccharides
(cellulose and hemicelluloses besides pectin) (Puligundla
& Mok, 2021), but it also contains protein and ferulic and
acetic acids (Joanna et al., 2018) as well as some micro-
minerals. Therefore, many efforts have been carried out to
develop a variety of alternatives for its valorization as it
was summarized by Puligundla and Mok (2021) and Usmani
et al. (2022).

In comparison with pectins from orange peels or apple
pomace, the SBP one has a lower content of homogalactu-
ronan (HG) and higher proportion of hairy regions (Thibault
et al., 1993), mainly rhamnogalacturonan I (RGI) chains,
which are rich in arabinan. When SBP is subjected to hydro-
thermal treatment, mixtures of pectin-derived fragments
are produced. In two previous works, Martinez et al. (2009,
2010) obtained mixtures of neutral and acidic POS with an
OGalA/AQS ratio of 1.22 g/g. Although these mixtures were
assessed for their prebiotic effects in in vitro assays with
promising results (Gomez et al., 2016, 2019), when they are
fermented, their effects on the intestinal microbiota are more
difficult to understand because of their complex composi-
tion. Therefore, more defined substrates are preferable to
carry out in vitro and in vivo assays in order to obtain more
clear conclusions. In this context, preparative chromatog-
raphy could be used for neutral and acidic oligosaccharide
separation although these kinds of alternatives are expensive
and difficult to scale up.

In 2010, Martinez et al. observed that galacturonan and
arabinan followed different reaction kinetics, characterized
by a delay of the maximum concentration of each type of oli-
gomer (Martinez et al., 2009, 2010). Taking all these ideas
into account, it was postulated that a two-step hydrothermal
process (an environmentally friendly and scalable technol-
ogy) could be an efficient alternative for a separate produc-
tion of neutral (mainly AOS) and acidic oligosaccharides
(partially acetylated OGalA) from only one agroindustrial
byproduct: sugar beet pulp.

The aim of this work was to develop a new processing
strategy for a separate production of mixtures enriched in
AOS or OGalA using sugar beet pulp as a raw material. To
the best of our knowledge, no similar approach has been
assessed and reported before.
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Materials and Methods
Raw Material

SBP samples (generated during the 2020 season) were pro-
vided by a sugar factory (AB Azucarera Iberia SL) located in
Jerez (Cadiz, Spain), homogenized in a single lot, and stored
in polyethylene bags at — 18 °C until use.

Chemical Characterization of Raw Material
and Spent Solids

SBP samples were quantitatively hydrolyzed in two steps
using H,SO, solutions according to the TAPPI T13m
method. Aliquots of resulting hydrolysates were assayed
for acetic acid and monosaccharide contents using an Agi-
lent HPLC provided with a refractive index (RI) detector
and an Aminex HPX-87H column (BioRad). In this case,
a 0.005 N H,SO, solution was used as mobile phase at
a flow rate of 0.6 mL/min at 50 °C. Klason lignin was
calculated by gravimetry of the solid phase resulting from
quantitative acid hydrolysis (QAH) and uronic acids were
determined by the method of Blumenkrantz and Asboe-
Hansen (Blumenkrantz & Asboe-Hansen, 1973), using
galacturonic acid as a standard for quantification. Elemen-
tal nitrogen was determined with a Thermo Flash EA 1112
analyzer, using 130 and 100 mL/min of He and 250 mL/
min of O,, and oven temperatures of 680 °C (reduction
oven) and 900 °C (oxidation oven) being 50 °C the column
temperature. Protein content was obtained by multiply-
ing the elemental N by 6.25 (a factor derived from the
average N content of proteins which was estimated 16%).
Ashes and moisture were determined by using the meth-
ods ISO 776 and ISO 638, respectively. Spent solids were
also characterized following the same method as for native
SBP. All determinations were made in triplicate.

HG and RGI contents were estimated by using the equa-
tions reported by Denman and Morris (2015):

HG = GalA — Rha (1)

RGI = 2Rha + Ara + Gal 2)

where GalA, Rha, Ara, and Gal are the percentages (mol/
mol) of galacturonic acid, rhamnose, arabinose, and galac-
tose, respectively, in pectin.

Hydrothermal Treatments
SBP samples were mixed with water at the desired liquor-

to-solid ratio (LSR) (12 kg liquid/kg solid, oven-dry basis),
and the resulting suspensions were introduced in a 3.75-L

stainless steel Parr reactor. Then, the medium was heated
until maximum temperatures in the range 130-140 °C
(heating times in the range 6.5—13 min, respectively), and
once the temperature was achieved, the vessel was cooled
with water, following a non-isothermal treatment.

At the end of treatments, liquors and spent solids were
separated by centrifugal filtration and both solids and
liquids were quantified and analyzed as described in the
“Chemical Characterization of Raw Material and Spent
Solids” and “Chemical Characterization of Liquors” sec-
tions, respectively.

After that, treated solids from the first stage of hydro-
thermal treatment were subjected to a second step in a
0.6-L Parr reactor under similar conditions except the
maximum temperature. In this case, suspensions were
heated up to temperatures in the range 160-175 °C (heat-
ing times in the interval 25-32 min). Figure 1 shows the
processing scheme developed in this work with indication
of the selected operational conditions. Under those condi-
tions (130 °C and 175 °C), these experiments were then
made in duplicate.

lon Exchange Processing

Liquors (45 g) from the second stage (stream J in Fig. 1)
were mixed with 1.5 g of dry Amberlite IRA910 resin (in
OH™ form) (LSR =30 g liquor/g dry resin) and kept at room
temperature for 24 h with orbital stirring (150 rpm). At
the end, resin and liquors were separated by filtration and
liquors analyzed as explained below (“Chemical Characteri-
zation of Liquors” section). These experiments were made
in triplicate.

Membrane Filtration

Liquors from the first stage of hydrothermal treatment
(stream C in Fig. 1) or treated by ion exchange (stream L)
were subjected to a two-step membrane filtration using an
Amicon setup provided with 5- or 1-kDa cutoff membranes
of regenerated cellulose, respectively, which operated at a
transmembrane pressure (TMP) =2 bar (Py, =3 bar). Dur-
ing the first step (diafiltration), 50 mL of liquors was mixed
with 200 mL of deionized water and filtered throughout
the selected membrane (see Fig. 1) up to obtain a permeate
volume of 200 mL and a retentate volume of 50 mL. In a
second stage (concentration), both retentates were filtered
further in order to reduce their volume until achieving a
VCR =1.5-2 mL/mL.

All the streams (feed, permeates, and retentates) were ana-
lyzed for their composition using the methodology explained
below (see the “Chemical Characterization of Liquors” sec-
tion). All the experiments were carried out in triplicate.
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Fig. 1 Processing scheme indicating the selected operational conditions

Chemical Characterization of Liquors

Samples of reaction liquors were filtered through 0.45-pm
cellulose acetate membranes and analyzed by high-performance
liquid chromatography (HPLC) for monosaccharides
and acetic acid (see the “Chemical Characterization of Raw
Material and Spent Solids” section for details on HPLC
determinations). Simultaneously, another aliquot was sub-
jected to quantitative acid posthydrolysis for determining
the neutral oligosaccharide (AOS, glucooligosaccharides or
GOS, GalOS, Rhamnosyl moieties or RhaOS) and acetyl
groups contents. Non-volatile compounds (NVC) were
quantified by oven drying an aliquot at 60 °C until con-
stant weight. The determination of OGalA in autohydroly-
sis liquors was carried out by enzymatic hydrolysis with a
combination of endo-polygalacturonase (Viscozyme L; 0.45
U/mL) and cellulases (Celluclast 1.5 L), and the resulting
monomer (galacturonic acid) determined by HPLC. These
hydrolyses were carried out at 37 °C for 44 h in Erlenmeyer
flasks with orbital agitation (150 rpm) using Na-acetate
buffer (50 mM) to keep pH at 5. The contents of oligomers
(GOS, 0GalA, AOS, GalOS, and RhaOS) were calculated
on the basis of the increase in each monomer concentration
(glucose, galacturonic acid, arabinose, galactose, and rham-
nose, respectively) obtained upon quantitative hydrolysis of
liquors. The “other non-identified non-volatile compounds”
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(ONINVC) content was calculated from the difference
between the dry residue of liquors and the sum of the identi-
fied compounds including monosaccharides (MS), oligosac-
charides, and acetyl groups. This methodology, applied to
all the liquid streams of this process, was already used and
validated in previous works (Gémez et al., 2016).

The DM of oligomers was measured following the meth-
ods reported by Levigne et al. (2002), Ma et al. (2016),
Wikiera et al. (2016), Gémez et al. (2016), and Voragen
et al. (1986), whereas the DA was determined from the
acetyl groups and the galacturonic acid contents in samples
quantified as described above.

High-pressure size exclusion chromatography (HPSEC)
analyses were carried out using an Agilent chromatograph pro-
vided with a RI detector and a tandem of two columns (TSKgel
G3000PWxI and TSKgelG2500PWxlI) operating at 70 °C with
a mobile phase (H,0) flow rate of 0.3 mL/min. The qualitative
determination of the DP distribution of oligomers was carried
out by high-performance anion exchange chromatography/pulsed
amperometric detection (HPAEC-PAD) using an ICS3000
Dionex (Sunnyvale, CA, USA), equipped with a CarboPac
PA-1 column (4 mm X250 mm) and CarboPac PA guard column
(4 mm x50 mm) operating at 30 °C and 0.3 mL/min, following
the next elution profile: 0~15 min, 0-5% A; 15-60 min, 70% A
60-70 min, 100% A; and 70-85 min, 100% B (A=1 M sodium
acetate in 100 mM NaOH and B=NaOH 100 mM).
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Table 1 Raw SBP lot composition employed (expressed as g mono-
mer equivalents/100 g o.d.b.)

Component Content
(average + SD)

Galacturonan 22.55+2.31
Glucan 26.36+0.25
Galactan 9.14+0.28
Mannan 1.72+0.15
Xylan 3.75+0.11
Arabinan 18.03+0.79
Rhamnan 1.70+0.61
Acetyl groups 3.96+0.24
Acid-insoluble residue 4.21+0.74
Protein 10.19+0.02
Ashes 3.74+0.04

Results and Discussion
Raw Material Composition

Table 1 shows the composition of the SBP lot used in
this work. As can be seen, galacturonan and glucan are
the main components of the raw material accounting for
22.55 and 26.36% (0.d.b.), respectively, followed by ara-
binan (18.03%) and galactan (9.14%). A minor presence of
xylan, mannan, and rhamnan was also detected. Accord-
ing to the methodology reported by Denman and Morris
(2015), it was estimated that HG and RGI represent up to
35.58% and 64.41% (mol%) of pectin, respectively, confirm-
ing that the sugar beet pectin is highly rich in RGI, which
(Ara+ Gal)/Rha molar ratio (a parameter that measures the
average branch length) was 16.5. It is also remarkable the
high content of acetyl groups (3.96%), usually linked to
0O-2 and O-3 of GalA moieties in SBP HG. In this case,
a DA =56.82% (expressed as mol acetyl groups/100 mol
GalA) was found in the raw material, indicating that
approximately one oxygen (O-2 or O-3) is acetylated (as
an average) in each galacturonic acid unit.

Thus, the total polysaccharide content in the raw mate-
rial was 85.49%, a value close to the upper limit of the
previously reported range of 67-80% o.d.b. (Fishman
et al., 2013). Similarly, the contents of each fraction
observed in this work were close to those published by
Fishman et al. (2008, 2013), Zheng et al. (2013), and
Huisjes et al. (2012).

Finally, from a quantitative point of view, protein is also
an important fraction in SBP, accounting for up to 10.19%
(0.d.b.), a value in agreement with that observed by Martinez
et al. (2009) and Zheng et al. (2013).

Two-Step Hydrothermal Treatment

In an earlier work, Martinez et al. (2009) optimized the hydro-
thermal processing of SBP and obtained liquors with an AOS/
OGalA ratio of 1.22 g/g, operating under non-isothermal
regime up to a maximum temperature of 163 °C. Later, the
same authors demonstrated that both fractions were mainly
made up of complex mixtures of products with a wide degree
of polymerization (Gomez et al., 2016, 2019).

In order to advance in the comprehension of the struc-
ture—function interrelationships and, therefore, in the devel-
opment of targeted prebiotics, it is interesting to obtain well
isolated and, if possible, well chemically characterized both
types of products. Taking this into account, Liu et al. proposed a
process for neutral oligosaccharides production from apple pec-
tin using several stages of chromatography (Liu et al., 2021a)
with good results. However, these kinds of technologies are
rather expensive and difficult to scale up to industrial level, so
that a scalable process based on two-step hydrothermal treat-
ment was proposed and evaluated in this work (see process
developed here in Fig. 1). This idea was based on the differ-
ent kinetic pattern followed by both galacturonan and arabinan
components during the hydrothermal treatment of SBP under
non-isothermal operation (see Martinez et al., 2009), since the
arabinan hydrolysis to AOS was slightly delayed compared
to the galacturonan hydrolysis to OGalA. Therefore, it was
hypothesized that during the first stage (at lower temperature),
a preferential solubilization of galacturonan would be expected
(resulting in mixtures with high OGalA/AOS ratios) whereas
during the second stage, mixtures with high AOS/OGalA ratios
would be generated as consequence of the RGI hydrolysis.

First Stage: OGalA Production

During the hydrothermal processing of SBP, the partial
hydrolysis of the biomass components occurs, producing
a wide variety of reaction products, including non-volatile
(monosaccharides, oligosaccharides, lignin fragments, pro-
teins and/or peptides, and some sugar degradation products)
and volatile compounds such as acetic acid. As a result of the
treatments carried out in this work, the total content of non-
volatile compounds (NVC) in liquors increased with tem-
perature from 1.89 at 130 °C to 2.56 g NVC/100 g liquor at
140 °C (this last value is in agreement with that obtained at
140 °C (~24 g/kg liquor) by Martinez et al., 2009), demon-
strating that a part of the raw SBP can be solubilized during
the first stage, even under soft reaction conditions (Martinez
et al., 2009).

On the other hand, Fig. 2a shows the composition of the
liquors, expressed as mass fraction (g component/100 g
NVC o.d.b.). As can be seen, the content of the main
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Fig.2 Experimental data obtained during the first stage of hydrothermal processing: a product composition (expressed as g monomer equiva-

lents/100 g NVC, o0.d.b.); b yields, conversions, and OGalA/AOS ratio

pectin-derived products (OGalA and AOS) increases con-
tinuously with temperature, with OGalA being the main
component of the mixture, reaching values in the range
34.46-35.22 g/100 g NVC, while the AOS content varied
from 6.89 at 130 °C to 12.81 g/100 g NVC at 140 °C. In
addition, minor amounts of GalOS (2.45-3.74 g/100 g NVC)
were also found in liquors.

As a consequence, a product with an OGalA/AQOS ratio of
5.0 g/g (i.e., 3.87 mol GalA/mol Ara) was obtained at 130 °C
(see Fig. 2b), while this value decreased to 2.75 g/g at 140 °C
as a result of a higher arabinan hydrolysis into AOS. This
value (5.0 g/g) is significantly higher (7.3 times) than the one
obtained by Martinez et al. (2009) (0.82 g OGalA/g AOS) oper-
ating in just one stage of autohydrolysis at a 7',,,, = 163 °C than
the GalA/Ara ratio found in SBP (1.15 mol/mol), confirming
the hypothesis that is indicated above.

Finally, as can be seen in Fig. 2b, OGalA yields increased
with temperature from 7.29 at 130 °C to 11.11 g/100 g of
raw dry solid (RDS), corresponding to “galacturonan into
OGalA” conversions of 28.05 and 42.76%, respectively. The
yields and conversions showed in Fig. 2b are theoretical.
This means that they were calculated assuming that all the
liquid at the beginning of the treatment is recovered as liq-
uor at the end. Thus, these theoretical values represent the
largest conversions and yields that can be obtained under
specific conditions. As it was expected, lower yields and
conversions were observed for the arabinan fraction.

In terms of concentration, it is necessary to remark that the
OGalA and AOS contents varied in the range 6.24-9.01 g/L.
and 1.40-3.28 g/L, respectively. Moreover, very low
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concentrations of total monosaccharides (0.27-0.52 g/L)
were also found in liquors in comparison with total oligomers
(13.84-19.86 g/L) indicating that the breakdown of polymers
by the chain extremes was negligible at these temperatures.

In addition to pectic-oligosaccharides, GOS were also
found in liquors, being these values significantly higher than
the ones observed by Martinez et al. (2009).

On the other hand, it is necessary to remark the significant
values of ONINVC in liquors, being 24.23 and 28.35 g/100 g
NVC o.d.b. at 130 °C and 135 °C, respectively. This fraction
could include protein, ashes, or phenolic compounds, and it
should be reduced if a refined functional ingredient for food
applications is desired.

All these results confirmed that a fraction of galacturo-
nan can be preferentially dissolved in comparison with RG-I
branches, as it was hypothesized, although the explanation
is not clear. However, as it was reported, during a thermal
treatment, homogalacturonan chains can be broken by acid
hydrolysis or by p-elimination resulting in mixtures of satu-
rated and unsaturated OGalA, respectively (Gémez et al.,
2016). At high pH, a p-elimination mechanism is more
important than acid hydrolysis, including the acid hydrol-
ysis of the lateral chains of arabinan and galactans (Liu
et al., 2021b). Moreover, methoxylated pectins, includ-
ing SBP pectin (Gémez et al., 2016), are more sensible to
B-elimination reaction. In fact, Gémez et al. (2016) had dem-
onstrated that unsaturated OGalA with DP2-12 (generated
by p-elimination) are obtained by hydrothermal treatment of
SBP in a higher proportion in comparison with the saturated
ones (30 vs 11%).
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Second Stage: Arabinooligosaccharide Production

Solids generated during the first stage were then subjected
to a second treatment (see the “Hydrothermal Treatments”
section for details) in order to solubilize the remaining ara-
binan. In this step, the NVC content in liquors increased
continuously with the severity of treatments achieving a
maximum value (4.00 g NVC/100 g liquor) when solids
were sequentially treated at 130 °C (first stage) and 175 °C
(second stage). Figure 3a shows the composition of the
solutes expressed as mass fractions (g component/100 g
NVC o.d.b.).

As can be observed, AOS is the main fraction in these
second-stage mixtures, reaching values of 35.4 g/100 g NVC

at 135-175 °C and 44.3 g/100 g NVC at 140-165 °C, and its
content decreases with the increasing temperature as a con-
sequence of the AOS hydrolysis into arabinose, following
the reaction mechanism proposed by Martinez et al. (2009)
who demonstrated that AOS hydrolysis mainly increases
at temperatures in the range 170-180 °C, a fact which is
also in agreement with the observations reported by Sato
et al. (2013). Moreover, significant amounts of GalOS were
also found in liquors achieving values which varied in the
range 7.0-11.2 g/100 g NVC, a fact that was also reported by
Sato et al. (2013). It is important to remark that GalOS are
defined here as the sum of all the galactose residues present
in oligomeric structures, probably including both galactoo-
ligosaccharides and arabino(galacto)oligosaccharides.
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On the other hand, the OGalA content varied from
22.3 (140-160 °C) to 8.1 g/100 g NVC (135-175 °C) and
decreased when the second-stage temperature increases as
a consequence of decomposition reactions, as no stoichio-
metric increase in GalA concentration was observed in lig-
uors. This fact was also observed before by Martinez et al.
(2009, 2010) who demonstrated that OGalA can be directly
degraded to a variety of decomposition products following a
two in series reactions, being this phenomenon more impor-
tant at 7> 160 °C; by Combo et al. (2013) who reported
that the decomposition of both native pectin and different
de-methoxylated POS starts at 150 °C, temperature where
galacturonic acid chains start to undergo extensive thermal
degradation; by Sato et al. (2013) who observed an important
decrease in uronic acids concentration with increased tem-
peratures (160—180 °C) and reaction times; and by Hamley-
Bennett et al. (2016) which demonstrated GalA losses up to
50%, probably by degradation into volatile compounds, when
treated SBP with steam at 5 bar for 24 min.

In fact, this is in agreement with the continuous increase
in monosaccharides and other non-identified non-volatile
compounds content with temperature in all the experiments.

As a consequence, this behavior led to increased AOS/
OGalA ratios achieving a maximum value of 4.37 g/g at
135-175 °C (see Fig. 3b), significantly higher than the one
achieved (1.22 g/g) by Martinez et al. (2009) in a previous
work. Hamley-Bennett et al. (2016) obtained, under selected
conditions, mixtures with ratios of 3.3 although starting
from a raw material with higher content in arabinan (23.0 vs
17.47%) and lower content in galacturonan (14.4 vs 25.99%)
and Sato et al. (2013) produced mixtures with a ratio below
1.35 g/g under selected conditions.

Figure 3b shows data of the theoretical AOS yield and
theoretical arabinan to AOS conversions, among other infor-
mation. As can be seen, a maximum arabinan to AOS con-
version of 95.36% was achieved at 130/175 °C. This means
that up to 16.66 g/100 g RDS can be obtained in this step.
As expected, lower yields and conversions were observed
for the galacturonan fraction.

Finally, in terms of concentration, it is necessary to
remark that the AOS and OGalA contents varied in the
ranges 10.92-14.69 and 2.50-6.56 g/L, respectively. Simi-
lar values were observed by Sato et al. (2013) operating at
170 °C for 15 min. As for the first stage, low monosaccha-
ride concentrations were found in liquors except for arab-
inose, mainly at high temperatures.

Selection of Operational Conditions
The selection of the best operational conditions is not
easy in this case owing to the effects of T1 and T2 on the

product yields and the process selectivity (product ratios)
in both stages. As a consequence, an objective function
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Fig.4 Calculated dependence of the objective function (O.F.) on the
treatment temperatures T1 and T2

(O.F.) was defined considering both selectivity and pro-
ductivity terms, according to the next expression:

OF. = 2 Selectivity + Z Productivity

Terms Terms
_ [(OGalA) +< AOS > ]
LNV A0S /1 \OGalA /2

+ [OGalA Yield, + AOS Yield,|

3

where 1 and 2 refer to the first and the second processing
stages, respectively. The first terms in brackets are related
to the product ratios observed in stages 1 and 2 (the higher
the ratio, the higher the selectivity for the target product at
each stage), while the second terms are related to the prod-
uct yields. All the terms are dimensionless and normalized
(see Tables S1 and S2 in Supplementary material for more
information). Then, O.F. values were correlated with T1 and
T2 according to the following second-order model:

OF.=C oT\+CyeTy+CyeT oTy+Cy e T; + Cs5+ T; + Cg
“

Figure 4 shows the dependence of O.F. on both T1 and T2

in a contour graph. As can be seen, the O.F. value increased
with decreasing T1 and increasing T2, achieving a maxi-
mum (O.F.=2.36) at T1 =130 and T2 =175 °C. Under these
conditions (temperature profiles can be seen for each stage
in Fig. S1 in Supplementary material), a theoretical OGalA
yield of 7.29 g/100 g RDS was achieved in the first step
(i.e., 28.05% of galacturonan in RDS) and an AOS yield
of 16.66 g/100 g SBP o.d.b. (i.e., 95.36% of arabinan in
RDS) in the second one, thereby resulting in a first product
enriched in OGalA with an OGalA/AOS ratio of 5 g/g and
a second one enriched in AOS with an AOS/OGalA ratio
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Table 2 Composition of

feed, retentate, and permeate
streams involved in the first-
stage liquors refining process

(expressed as g/100 g NVC
0.d.b. average + SD)

Component (g/100 NVC)

Feed (stream C)

Retentate (stream E)

Permeate (stream F)

GalA

Glucose

Galactose

Rhamnose
Arabinose

OGalA

GOS

GalOS

RhaOS*

AOS

Acetyl groups
ONINVC**
0OGalA/AOS ratio (g/g)
NVC (g/100 g liquor)

0.06+0.04 0.08+0.02 0.00+0.00
0.50+0.31 0.08+0.01 0.02+0.03
0.00+0.00 0.00+0.00 0.00+0.00
0.42+0.59 0.00+0.00 0.00+0.00
0.26+0.04 0.07+0.02 1.22+0.05
30.41+£3.76 38.17+1.32 0.00+0.00
25.66+0.85 28.94+1.39 7.18+1.83
2.57+0.14 4.42+0.04 2.93+2.37
0.38+0.53 0.00+0.00 0.00+0.00
6.63+1.08 6.76 +£0.40 5.15+0.83
3.78+0.90 4.27+0.39 4.44+1.66
29.32+5.84 17.20+0.28 79.07+4.85
4.58 5.65 0
1.89+0.01 2.39+0.09 0.12+0.03

“Rhamnose residues linked to another oligomers

" ONINVC, other non-identified non-volatile compounds

of 3.27 g/g, a ratio higher than the one obtained in previous
studies (Hamley-Bennett et al., 2016; Sato et al., 2013).

Downstream Processing of the Autohydrolysis Liquors

As it was mentioned in the previous section, liquors enriched
in OGalA and AOS were generated during the first and sec-
ond stages of hydrothermal treatment, respectively. How-
ever, other non-desired products (including other oligomers,
protein, non-volatile impurities, or monosaccharides) were
also present, so that additional processing steps are needed
to obtain refined products.

After selecting the operational conditions, lots of liquors
(made up of a mixture of several runs) were manufactured
for the study of the refining processes. A more detailed com-
position of both lots (streams C and J in Fig. 1) can be found
in Tables 2 and 3, respectively.

Refining of First-Stage Liquors

The lot of liquors generated during the first stage showed a
pH=4.44 and, as can be seen in Table 2, contained OGalA
as main product (5.72 g/L; 30.41 g/100 g NVC o.d.b.) but
also low concentrations of AOS (1.25 g/L; 6.63 g/100 g
NVC o.d.b.) and GalOS (0.48 g/L; 2.57 g/100 g NVC o.d.b.)
besides significant amounts of GOS (25.66 g/100 g NVC
0.d.b.) and ONINVC (29.32 g/100 g NVC o.d.b.).

In order to remove low Mw undesirable products
and, thereby, to increase the purity of the product for
food applications, aliquots of the liquors were sub-
jected to membrane filtration using a 5-kDa cutoff
membrane. Table 2 also shows the composition of the
retentates (stream E) and permeates (stream F), all of

them expressed as mass fraction. As can be observed,
the MS and ONINVC contents decreased from 1.24 to
0.23 g/100 g NVC (a removal percentage of 87% over
the total amount of MS in stream C) and from 29.32 to
17.20 g/100 g NVC (a removal percentage of 61% over
the total amount of ONINVC in stream C), respectively.
On the other hand, up to 21% of total oligosaccharide
(the lowest DP ones) was lost in permeates (stream F),
although no OGalA were found in this stream, confirm-
ing that they were completely retained in stream E (reten-
tate). As a consequence of the process, a final product
mainly made up of highly methylated and partially acety-
lated OGalA (42.5 g OGalA/100 g NVC, DM =69.2%
mol/mol), GOS (28.94 g/100 g NVC), and 17.20 g
ONINVC/100 g NVC (which includes 2.1 g protein/100 g
NVC) was obtained, resulting in an overall OGalA yield
of 3.71 g OGalA/100 g RDS).

Moreover, this product showed an OGalA/AOS ratio
of 5.65 g/g, a value significantly higher than the obtained
(=1 g/g) by Martinez et al. when treated SBP under non-
isothermal regime up to 7,,,, =163 °C in one step (Martinez
et al., 2009, 2010).

Finally, as a first approach about their structural char-
acteristics, the HPSEC analysis of this stream revealed the
existence of a big peak located in the range of retention
times 30-37 min (Fig. S2 in supplementary material) that
could correspond, according to the data composition shown
in Table 2, to high DP GalA chains (they were retained
in a 5-kDa membrane) and a second zone in the interval
37-40 min which could be related to residual GalA and low
DP OGalA. Finally, it can be inferred that low DP AOS
were lost in permeates (by comparing peaks in the interval
60—65 min).

ax
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Table 3 Composition of feed, ion exchange effluent, retentate, and permeate streams involved in the second-stage liquor refining process

(expressed as g/100 g NVC o.d.b. average +SD)

Component (g/100 g NVC) Feed (stream J) Ion exchange effluent Retentate (stream N) Permeate (stream O)
(stream L)

GalA 0.39+0.34 0.72+0.10 0.14+0.00 2.29+0.40
Glucose 0.69+0.37 0.44+0.09 0.00+0.00 0.17+0.30
Galactose 1.19+0.47 0.75+0.10 0.29+0.06 2.71+0.27
Rhamnose 0.00+0.00 1.21+0.14 0.25+0.04 2.41+0.01
Arabinose 6.99+3.17 9.01+0.50 1.70+0.17 25.51+1.21
OGalA 9.60+3.53 3.17+0.51 5.37+0.14 0.00+0.00
GOS 2.14+1.18 246+0.33 3.40+0.25 1.90+0.58
GalOS 10.37+0.45 10.08 +0.58 13.76 +0.16 2.37+0.11
RhaOS* 3.62+0.46 1.86+0.35 2.82+0.26 0.12+0.15
AOS 37.52+2.84 47.39+1.49 55.01+0.62 38.41+2.45
Acetyl groups 2.49+0.89 1.91+0.27 3.91+0.57 4.77+3.04
ONINVCH#* 25.00+2.33 21.00+2.55 13.33+0.50 19.34+6.53
AOS/OGalA ratio (g/g) 391 14.96 10.24 0

NVC (g/100 g liquor) 4.00+0.53 2.74+0.07 291+0.11 0.19+0.02

“Rhamnose residues linked to another

" ONINVC, other non-identified non-volatile compounds

It should be remarked that there are some evidences that
this kind of products (methylated, acetylated, low and high DP
OGalA) could have interesting biological properties (antican-
cer, antilipidemic, antibacterial or antioxidant, among others)
beyond their prebiotic effects or other healthy effects as it was
summarized by Martinez-Gémez et al. (2023).

Processing and Refining of Second-Stage Liquors

After trying several strategies to isolate AOS present in the
second-stage liquors which resulted unsatisfactory (data not
shown), a new sequence of refining including ion exchange
followed by membrane filtration was then assessed. The
results are commented in the following paragraphs.

(a) Ion exchange treatment.

Table 3 shows the composition of liquors resulting
from ion exchange processing (stream L), using the resin
Amberlite IRA910 in OH™ form, a resin selected since
previous experiments (data not shown). Non-methylated
OGalA are weak organic acids that ionize partially so that
they can be exchanged by hydroxyl groups (OH-) present
in the anion exchange resins, being then retained in their
functional groups. As can be seen, a significant reduction
of OGalA content (a removal percentage > 67% over the
total amount of OGalA in stream J) with minor losses of
AOS was achieved in this step, leading to a product with
increased AOS content (47.39 vs 37.52 g/100 g NVC)
and AOS/OGalA ratios (14.96 vs 3.91 g/g), indicating
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(b)

that OGalA, as it was expected, can be preferentially
removed from liquors using this technique. Moreover,
this strategy also showed another advantage: it allowed
neutralizing the liquors by releasing OH™ groups from
the resin thereby increasing the pH from 3.92 (a simi-
lar value to the observed by Sato et al., 2013) to 6.83.
Finally, a significant reduction in the ONINVC con-
tent was also observed (from 25.00 to 21.00 g/100 g
NVC), indicating that this processing stage resulted in
more pure mixtures of neutral oligomers, although a sig-
nificant presence of monosaccharides can still be found
(12.1 g/100 g NVC).

Membrane filtration.

In order to reduce the MS and other impurities
(ONINVC) content, samples of liquors treated by ion
exchange were then subjected to membrane filtra-
tion using 1-kDa membranes of regenerated cellulose
following the procedure detailed in the “Membrane
Filtration” section, and both permeates and reten-
tates were analyzed for their composition. Table 3
shows the chemical composition of the feed (stream
L) as well as the resulting retentates (stream N) and
permeates (stream O). As can be seen, remarkable
reductions in MS (from 12.1 to 2.3 g/100 g NVC)
and ONINVC contents (from 21.0 to 13.3 g/100 g
NVC, including up to 6 g protein/100 g NVC) were
achieved in this stage, resulting in a final product
enriched in AOS (55.01 g/100 g NVC) and GalOS
(13.76 g/100 g NVC), as main fractions, with an AOS/
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OGalA ratio=10.24 g/g being the overall AOS yield
of 7.30 g/100 g RDS.

The experimental arabinan conversion into AOS obtained
in this work considering both stages (72.15%) was similar to
those achieved by Hamley-Bennett et al. (2016) and by Sato
et al. (2013), who reported that near to 80% of arabinan was
recovered as AOS after hydrothermal processing of SBP.
This value could be increased minimizing the liquor losses
during the hydrothermal treatment (the overall theoretical
AOS conversion obtained is 105.77%).

These results are also significantly better than the ones
previously reported by Gémez et al. (2016) who obtained a
product with lower AOS content (36.2 g/100 g NVC) and
AOS/OGalA ratio (1.07 g/g) and a slightly higher ONINVC
content (14.20 g/100 g NVC), indicating that this new two-
step-based approach improved the former strategy based on
a one-step hydrothermal treatment.

Regarding the structure of these products, the HPAEC
analysis revealed peaks compatible with the presence of
arabinose and arabinooligosaccharides (DP2-8) and higher
DP (see retention times 32—47 min in Fig. S3 in supplemen-
tary material) as well as other peaks indicating the pres-
ence of long-chain AOS or arabinogalactooligosaccharides
(DP>9) (see retention times 47—55 min). In this context, it
was reported that RGI branches can be made up of up to 50
residues or even more (Kaczmarska et al., 2022), and that,
up to 18 kDa arabinan (approx. 136 residues) from sugar
beet pulp is also commercially available (Moon et al., 2015),
although, as it was commented in the “Raw Material Com-
position” section, the average branch length in this lot of
SBP was estimated to be 16.5.

According to their structure and purity, this product could
be of interest as prebiotic. For instance, as it was indicated,
Onumpai et al. (2011) demonstrated that the low DP AOS
and GalOS have a significant bifidogenic effect, and Van
Laere et al. (2000) observed that AOS and AGalOS were
utilized by individual Bifidobacterium spp. strains.

Global Mass Balance

After the refining processes, 3.71 kg of highly methyl-
ated, partially acetylated OGalA and 9.13 of neutral oli-
gomers (considering the sum of AOS and GalOS) with a
high purity were obtained from 100 kg of dry SBP in separate
streams. In addition, taking into account both stages, up to
53.32% of SBP was solubilized in the reactor. Sato et al.
(2013) achieved values in the range 58-63%, remaining
a solid enriched in glucan (44.59 vs 26.36%) and protein
(13.56 vs 10.19% o.d.b.) with improved enzymatic digest-
ibility which could be used as substrate for a variety of
biotechnological applications including lactic acid fer-
mentation as it was recently purposed by De Oliveira et al.

(2020), Berlowska et al. (2018), or Diaz et al. (2020), fol-
lowing the “biorefinery” philosophy. And, in this context,
a liquid stream containing residual monosaccharides and
oligosaccharides, which is generated during the refining
of second-stage liquors, could be used (instead water) for
the preparation of the fermentation broths, thereby increas-
ing the carbohydrate availability, according to the process
integration concept.

Conclusions

SBP samples were subjected to a two-step non-isothermal
autohydrolysis, and the liquids generated were refined fol-
lowing a sequence of stages in order to obtain two refined
products enriched in OGalA or AOS in separate streams.
A first product mainly containing highly methylated and
partially acetylated OGalA (38.17 g OGalA/100 g NVC,
4.27 g acetyl groups/100 g NVC; DM =69.2%; DA esti-
mated =36.2% mol/mol) with an ONINVC content of
17.2 g/100 g NVC was obtained after purification of the
first-stage liquors, whereas a second concentrate mainly
made up of neutral oligomers (55.01 g AOS/100 g NVC,
13.76 g GalOS/100 g NVC, and 13.33 g ONINVC/100 g
NVC) was manufactured after refining of the second-stage
liquid phases.

This work demonstrated that this strategy could be a
suitable alternative for a separate production of acidic oli-
gogalacturonides and neutral arabino(galacto)oligosaccha-
rides, which different properties could give them a variety
of functional food applications. Finally, for an integral use
of the SBP, a spent solid with increased glucan (44.59%
0.d.b.) and protein (13.56% o.d.b.) contents was generated
simultaneously being potentially suitable for biotechnologi-
cal applications.
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