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A combination of biorefinery processes (hydrothermal and membrane processing) was per-
formed for the manufacture of oligosaccharides and natural phenolic compounds from
poplar hemicelluloses. Both, oligosaccharides and phenolics have multiple potential appli-

Accepted 24 July 2020 cations related to their bioactive properties. Firstly, non-isothermal autohydrolysis of poplar
was performed to obtain oligosaccharides from the hemicellulosic fraction, while cellulose
and lignin remained almost unaltered in the spent solid allowing their valorization in fur-

Keywords: ther processing stages. Operating at 210 °C and liquid to solid ratio of 6 kg/kg, solutions

Poplar wood containing 28.71 g oligosaccharides/L were obtained. Secondly, membrane refining of the

autohydrolysis resulting solution and further freeze-drying resulted in a product with high purity (90 kg
membrane refining of substituted oligosaccharides/100 kg of non-volatile compounds). The yield of substituted
oligosaccharides oligosaccharides in the target product accounted 16.6 kg/100 kg of poplar wood. Product
antioxidants characterization was accomplished by HPLC, HPSEC, HPAEC-PAD and MALDI TOF-MS. The
data confirmed the presence of backbones containing up to DP13 pentose units, with a com-
plex substitution pattern by acetyl groups and O-methyl-uronic moieties. Additionally, the
presence of natural phenolic compounds bounded to oligosaccharides conferred antioxidant
properties to the target product. Substituted oligosaccharides and phenolics are postulated

as valuable products with interest in food and pharmaceutical industries.
© 2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
1. Introduction ceous or agriculture residues), including the higher density

(that facilitates logistics and transportation), and the year-

The research on the production of value added products from
biomass is booming, due to the eco-friendly nature and cost-
effectiveness of the feedstock. Woody biomass is a feedstock
of choice for the industry, as it does not compete with food
applications (Naik et al., 2010; Singh et al., 2017). Woods show
important advantages over other biomasses (such as herba-
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round harvesting capability (Zhu et al., 2019).

Poplar wood (PW) is a favorable feedstock for chemical pro-
cessing, due to its short rotation, high biomass yield, and
favorable cell-wall chemistry (Sannigrahi et al., 2010; Rohde
et al,, 2018). PW utilization can be achieved following the
biorefinery concept, based on the selective separation of the
main feedstock components (cellulose, hemicelluloses and
lignin), and their subsequent individual valorization (Hou
et al,, 2014; Geng et al., 2018). In this sense, the selection of
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an adequate technology for the fractionation of biomass is
a crucial step, since it controls the products to be obtained.
A number of methods have been used for this purpose,
including hydrothermal processing and treatments based on
the utilization of acids, alkalis, oxidants, organic solvents,
and ionic liquids (Carvalheiro et al., 2008; Kumar et al,
2020). Autohydrolysis (AH) is a cost effective and eco-friendly
hydrothermal technology based on the utilization of hot, com-
pressed water as the sole fractionation agent. AH minimizes
corrosion problems, and allows the selective separation of the
hemicellulosic fraction from native lignocellulosic materials
(including woods) (Carvalheiro et al., 2008, Qing et al., 2013).
When performed under suitable conditions, AH results in
extensive solubilization of hemicelluloses, leading to the for-
mation of oligosaccharides as major reaction products, while
most cellulose and lignin remain in the solid phase with little
alteration (Garrote et al., 2002; Yanez et al., 2009; Rigual et al.,
2018).

Hardwood hemicelluloses, including those of poplar
species, correspond mostly to heteroxylan, a polymer con-
sisting of a backbone of -1, 4-linked xylose units substituted
with acetyl and O-methylglucuronic acid groups, with bonded
phenolic residues (Sannigrahi et al., 2010; Yuan et al., 2010;
Singh etal., 2015). The hemicellulose hydrolysis reactions hap-
pening in the AH media under typical conditions result in
the formation of low molecular weight polysaccharides and
oligosaccharides (OS) as major reaction products, together
with monosaccharides and non-saccharide-products (includ-
ing compounds derived from extractives and lignin) (Rico
et al., 2018). The soluble saccharides derived from hardwood
hemicelluloses can be used for a number of applications, some
of them related to their prebiotic and antioxidant properties.
The prebiotic properties are related to their non-digestible
character, whereas the antioxidant activity is conferred by
esterified phenolic residues (Ebringerova et al., 2008; Rivas
et al., 2013; Singh et al., 2015).

The International Scientific Association for Prebiotics
(ISAPP) updated in 2016 the definition of prebiotics to a
“substrate that is selectively utilized by host microorgan-
isms conferring a health benefit”, on the understanding that
the host can be human or animal (Gibson et al., 2017).
The prebiotic effect of xylooligosaccharides (XOS) has been
demonstrated, as well as their remarkable potential as food
ingredients, based on economic competitiveness, stability to
heat and pH, favorable organoleptic properties, and multi-
effect on human health and livestock (Amorim et al., 2019).
Recently, process integration strategies for greener and more
efficient production of prebiotics from costless lignocellulosic
residues have been reviewed (Amorim et al., 2019). In this
field, the prebiotic character of hardwood-derived OS has been
established (Gullén et al., 2011; Gullén et al., 2014; Singh et al.,
2015).

The phenolic compounds bound to OS represent an attrac-
tive resource of natural antioxidants. Singh et al. (2015)
reviewed the antioxidant activity of xylan-derived saccha-
rides from a number of substrates, including wheat bran,
wheat stalk, corncob and sugarcane bagasse. The presence
of natural phenolic compounds with antioxidant activity in
hemicellulosic OS was also confirmed for different hardwoods
(Rivas et al., 2013; Renault et al., 2014; Singh et al., 2015). The
antioxidant activity is generally attributed to the presence
of esterified hydroxycinnamic acids (Singh et al., 2015). This
aspect is especially interesting as food and pharmaceutical
industries need to provide the increasing demand of con-
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Fig. 1 - Processing scheme proposed for poplar wood
utilization. Abbreviations: AH, autohydrolysis, AHL210,
autohydrolysis liquors obtained at 210 °C; LSR, liquid to
solid ratio; DD, discontinuous diafiltration; OS,
Oligosaccharides; VG, volatile compounds; ONVC, other
non volatile compounds.

sumers of a natural alternative that replaces the synthetic
compounds in the products formulation.

Food grade OS must have high purities (typically in the
range 75-95%) (Aachary and Prapulla, 2011; Rivas et al,
2017). In order to reach this threshold, unwanted com-
ponents present in the liquid phase from AH (including
monosaccharides and non-saccharide compounds) must be
selectively removed. For this purpose, a number of separation
technologies can be employed, including freeze-drying, chro-
matographic separation, solvent extraction, ion exchange or
membrane processing (Gullon et al., 2008a; Conde et al., 2011a;
Gullon et al., 2011; Rivas et al., 2017). Membrane processing
has been reported to be one of the most promising down-
stream strategies for the industrial production of high-purity
oligosaccharides, based in its advantages respect to other
purification technologies such as low energy requirements,
easiness of manipulating the critical operational variables or
relatively easy scale-up (Qing et al., 2013).

This work provides a quantitative assessment on a biore-
finery method for the valorization of PW hemicelluloses. A
combination of environmentally friendly technologies (AH
and membrane processing) allowed the manufacture of hemi-
cellulosic oligosaccharides and natural antioxidants, leaving
cellulose and lignin in solid phase. AH was conceived as
the first step of a multistage biorefinery process suitable for
yielding soluble (OS) and phenolic compounds (PC) from hemi-
celluloses. PW was subjected to AH at different severities using
a low liquid to solid ratio (LSR), and the resulting phases were
assayed for composition and yield to allow the formulation of
material balances. The AH liquors (AHL) obtained under the
optimal conditions that lead to achieve the maximum recov-
ery of OS were subjected to membrane processing for refining,
as shown in the process scheme proposed in Fig. 1. The target
products were assayed for composition and characterization
by High Performance Liquid Chromatography (HPLC), High-
Performance Size Exclusion Chromatography (HPSEC), High
Performance Anion-Exchange Chromatography with Pulsed
Amperometric Detection (HPAEC-PAD), and Matrix-Assisted
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Laser Desorption and Ionization Time of Flight Mass Spec-
trometry (MALDI TOF-MS). These streams were also assayed
for total phenolic content (TPC), identification by HPLC-DAD
and antioxidant activity.

2. Materials and methods
2.1. Raw material

PW (Populus euramericana) was kindly provided by CIFOR-INIA,
Madrid, Spain. Wood chips were milled and sieved to obtain
particles of 0.30 — 2.0 mm, homogenized and stored.

2.2.  Autohydrolysis of PW

PW and water were mixed in a 450 mL Parr (Parr Instrument
Company, Moline, IL, USA) at a liquid to solid ratio (LSR) of
6 kg water/kg dry PW, heated up to achieve the target temper-
ature (in the range 190 - 230°C), and cooled immediately. The
liquid and solid phases were separated by vacuum filtration.
The solid phase was washed with water before to be analyzed
for yield and composition as described below. All experiments
were performed by duplicate, except the ones performed near
the temperature leading to the maximal concentrations of
oligosaccharides.

The combined effects of temperature and time were mea-
sured using the “severity” parameter (Sp) (Overend & Chornet,
1987), defined as the logarithm of the severity factor Ro:

So = logRO = 10g [ROHeating + ROCooling}

Max  /T(0)-Tgop T T)-Tres
=log e @ dt + e @ dt (1)
0

tMax

where tMax (min) is the time needed to reach the target tem-
perature (Tmax, °C), tr (min) is the cooling time, and T(t)
and TZt) represent the heating and cooling temperature pro-
files, respectively. Figure S1 (see Supplementary Information)
shows the heating and cooling profiles corresponding to the
diverse temperatures considered in this study. Literature data
were assumed for the parameters w and Tges (14.75 and 100 in
the units considered here, respectively) (Overend & Chornet,
1987).

2.3.  Membrane processing

Autohydrolysis liquors (AHL) obtained under optimal condi-
tions were purified using membranes. On the basis of previous
studies (Balboa et al., 2013; Gonzalez-Mufoz et al., 2013; Rivas
etal., 2017; Rico et al., 2018), AHL were subjected to discontin-
uous diafiltration in a 350 mL stirred Amicon cell (Millipore),
using a 0.3kDa cut-off membrane (GE Osmonics Inc., Min-
netonka, MN, USA) with an area of 41.8 cm?. Water was added
to AHL at a mass ratio of 2kg/kg AHL, and membrane process-
ing was performed at 3.5 bar and room temperature to achieve
a final retentate mass of 0.94 kg/ kg of AHL. Experiments were
performed by triplicate. Aliquots of retentate and permeate
were assayed for compositional analysis as described in sec-
tion 2.5. The retentate was freeze dried and stored to obtain
the targeted OS concentrate.

2.4.  Analysis of raw material and AH solids

PW was subjected to the following analysis: extractives
(NREL/TP-510-42619 method) (Sluiter et al., 2008b), struc-
tural carbohydrates and Klason lignin and acid soluble lignin
(NREL/TP-510-42618 method) (Sluiter et al., 2008a, 2012). The
hydrolyzates from the structural carbohydrate determination
stage were analyzed for monosaccharides, acetic acid, fur-
fural and hydroxymethylfurfural (HMF) by HPLC using an
Agilent Instrument 1260 Infinity System, equipped with a
refractive index (RI) detector and a 300 x 7.8 mm ROA Organic
Acid column (Phenomenex) operating at 60°C with a mobile
phase (0.005M H;S04) eluted at 0.6 mL/min. Additionally, the
hydrolyzates were neutralized with barium carbonate (Rivas
et al., 2012, 2013) and assayed for monosaccharides (glucose,
xylose, mannose, galactose and arabinose) using a CARBOSep
CHO-682 column with Micro-Guard cartridges (Transgenomic
Inc., Omaha, USA) using water as mobile phase (flow rate
of 0.4 mL/min) at 80 °C. Monosaccharides from Sigma-Aldrich
(purity>99%) were used as standards. Spent solids from AH
were analyzed using the same methods employed for PW. All
analysis were made in triplicate.

2.5.  Analysis of liquid phases from AH and membrane
processing

The composition of the liquid phases from AH and mem-
brane processing was determined by HPLC before and after
a quantitative posthydrolysis (performed with 4% HySOy4, at
121°C). Samples were assayed for monosaccharides, furans,
and organic acids using the same HPLC method described
in section 2.4. Uronic acids (UA) were quantified as per
Blumenkrantz and Asboe-Hansen (1973). The content of total
non-volatile compounds (NVC) was measured by oven-drying
liquor aliquots at 105°C until constant weight. All analyses
were carried out in triplicate.

2.6. Characterization of oligosaccharides from PW
hemicelluloses

The hemicellulose-derived products in samples of AH210
and retentate from membrane processing were character-
ized by HPSEC for molecular weight distribution, using two
TSKGel G3000PWXL and G2500PWXL columns in series com-
bined with a PWX-guard column (Tosoh bioscience, Stuttgart,
Germany) using the method reported by Rivas et al. (2013,
2017). Samples were also assayed by HPAEC-PAD using an
ICS3000 chromatographic system (Dionex, Sunnyvale, USA)
equipped CarboPac PA guard column and CarboPac PA-1
column as reported by Gullén et al. (2011). MALDI-TOF-MS
analyses were performed using and Autoflex III Smartbeam
Mass Spectrofotometer (Bruker Daltonik Instrument, Bremen,
Germany), operating in linear positive ion mode. Spectra were
acquired and treated using the Flex Control 3.0 and Flex Anal-
ysis 3.0 software (Bruker Daltonik), respectively, according to
the method reported by Rivas et al. (2012). Xylooligosaccha-
rides (XOS) with degrees of polymerization (DP) 2 to 6 (from
Megazyme, Ireland) were used as external standards (Gullén
et al., 2008b).

2.7.  Total phenolic content and antioxidant activities

The Total phenolic content (TPC) was determined by the Folin-
Ciocalteu assay (Singleton and Rossi, 1965; Rivas et al., 2013),
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Table 1 - Composition of PW, expressed as g of

component/100 g extractive-free material + standard
deviations.

Fraction Weigh percent
Glucan 37.2+0.3
Xylan 14.8+0.6
Galactan 0.9+0.0
Arabinan 0.4+0.0
Mannan 29+0.1
Acetyl groups 43+0.1
Uronic groups 4.5+0.1
Klason Lignin 27.44+0.2
Acid Soluble Lignin (ASL) 6.7+0.1
Ash 0.8+0.0

and expressed as Gallic Acid Equivalents (GAE). Identification
of phenolic compounds was carried out by HPLC-DAD as per
Conde et al. (2008). The antioxidant activities were measured
using the following methods: DPPH (von Gadow et al., 1997),
TEAC (Re et al., 1999) and FRAP (Benzie and Strain, 1996). All
analyses were made in triplicate.

2.8. Error Assesment

Standard deviations and relative errors were provided for the
compositional data involved in the different stages of auto-
hydrolysis and membrane processing proposed in this work.
Relative errors were calculated in terms of the absolute values
of the deviations with respect to their corresponding means,
expressed as percentages, and denoted as &.

3. Results and discussion
3.1. Composition of the raw material
Table 1 lists the average composition and the standard devi-

ations obtained from the analysis by triplicate of PW. The
contents of cellulose (37.2wt%) and Klason lignin (27.4 wt%)

were in the range reported for poplar hybrids (Dou et al., 2018).
The hemicellulosic fraction (27.8 wt%) was mainly made up of
xylosyl units, substituted by acetyl and uronic groups, follow-
ing the general trends depicted in literature (Sannigrahi et al.,
2010; Dou et al., 2018; Geng et al., 2018; Dou et al., 2019).

3.2 Hydrothermal processing of PW

AH s considered an environmentally friendly, economical and
simple method for biomass fractionation, enabling the sepa-
ration of hemicelluloses by splitting the glycosidic bonds to
yield soluble fragments. Besides this, the interest of AH as a
technology for fractionation is boosted by its selectivity, since
cellulose and lignin remain in solid phase with little chemical
and/or structural modification.

3.2.1. PW solubilization

Fig. 2 shows the average results concerning the dependence
of the solid yield and solid composition on temperature of the
hydrothermal processing. Additionally, the severities of the
diverse operational conditions are also shown in the Fig. 2.
The solid yield decreased progressively when the severity was
increased, particularly at temperatures up to 220°C that cor-
responded with Sy =4.22 (which led to 68.2% solid yield). This
variation pattern is mainly ascribed to hemicellulose solubi-
lization (Sannigrahi et al., 2010; Yuan et al., 2010; Singh et al,,
2015). Xylan was completely removed from the solid phase
under the harshest conditions assayed (230°C, Sp=4.53), as
well as mannan, galactan and arabinan. The contents of acetyl
and uronyl groups also decreased with severity. Cellulose
remained almost quantitatively in the spent solid, account-
ing for 41-51.8 wt% of this material. A similar behavior was
observed for Klason lignin, which accounted for 28.9-39.3 wt%
of the treated solids. The recovery yields of cellulose and
Klason lignin in the solid phase were higher than 96% and
87% of the initial amounts, respectively, under all the con-
ditions assayed. Oppositely, the acid-soluble lignin (ASL) was
negatively affected by severity. The joint contributions of cel-

Logarithm of the Severity Factor, defined as S,
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Fig. 2 - Dependence of the chemical composition of processed solids and solid yield on temperature and severity of

autohydrolysis.
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lulose and lignin accounted for 95 wt% of the processed solids
obtained at 230°C, confirming the suitability of AH for hemi-
cellulose separation. The results obtained in this work are in
the range reported for other hardwoods (Ko et al., 2015; Rivas
etal,, 2017).

The average relative errors determined from the data
showed in Fig. 2 were 0.5, 1.0 and 1.4% for glucan, Klason Lignin
and ASL, respectively. Respect to hemicelluloses, the value ¢
was 2.0, 5.1, 7.4, 4.9 and 5.9% for xylan, galactan, mannan,
acetyl and uronic groups.

3.2.2.  Composition of the liquid phase from AH

AH resulted in the formation of volatile and non-volatile
compounds (denoted VC and NVC, respectively). Table 2
lists the average data concerning the identified non-volatile
compounds (INVC, which include OS, OS substituents, and
monosaccharides) and their standard deviations. The con-
centration of the non-saccharide, non-volatile components
(ONVC) was measured by difference between NVC and INVC.
Table S1 (Supplementary Information) lists data concerning
the identified VC, expressed in terms of conversions.

NVC first increased with temperature up to achieve a max-
imum value (22.37 g/100 g PW or 35.70 g /L) at 210°C (Sp =3.93),
remained fairly constant in the range 210 - 220°C, and
decreased at higher temperatures. VC increased with temper-
ature (Table S1) owing to the conversion of acetyl groups (AcG)
into acetic acid (up to 6.64 g/L at 230 °C), and to the dehydration
of monosaccharides into furans (Garrote et al., 2002; Gullén
et al., 2010; Rico et al., 2018). The maximal concentration of
substituted OS (28.71g /L) was reached at 210°C (Sp=3.93).
Soluble xylan fragments (ascribed to XOS) were the major AH
products: at 210°C (Sp =3.93), 76% of xylan was converted into
XO0S, yielding AHL containing 18.33 g XOS/L. Harsher treat-
ments resulted in decreased XOS yields owing to the increased
participation of XOS hydrolysis reactions into xylose. This
sugar reached a maximum concentration (3.70 g/L) at 225°C,
and decreased at higher temperatures by dehydration into fur-
fural (which reached a maximum concentration of 3.94 g/L at
230°C). In comparison, the maximum MnOS concentration
(2.99 g/L) was achieved at 220 °C, whereas GaOS and ArOS were
found at concentrations below 1 g/L.

The compositional data obtained for the aqueous phase
from autohydrolysis (see Table S1 in Supplementary Informa-
tion) confirmed the resistance of glucose polymers to AH, with
conversions into GIOS and glucose that never exceeded 2.6%
and 0.9%, respectively, whereas HMF (generated from hexose
dehydration) achieved concentrations below 0.46 g/L.

On the basis of the above discussion, 210°C was selected
as the optimal AH temperature. AHL samples obtained at this
temperature (denoted AHL210) were used as feedstocks for
membrane purification. AHL210 contained a limited propor-
tion of ONVC, and showed a remarkable relative amount of the
target products (75.2 g of substituted 0S/100g of solubilized
compounds, or 80.4 g of substituted 0S/100 g of NVC).

3.3.  Membrane processing

The manufacture of high purity OS from the solution AH210
by membrane processing was assayed as a way to increase
their added value for the food and pharmaceutical indus-
tries. The objective of the AHL210 refining was to remove the
non-volatile, non-saccharide components selectively. Since
the volatile components in AH210 can be removed by evap-
oration after membrane refining, the removal of this type of

components was considered of scarce importance for the pur-
poses of this work.

Fig. 3 shows the average compositional data for the streams
involved in the membrane stage. The OS concentrations of the
feed, retentate and permeate were 38.16, 31.7 and 3.5 g/L. The
NVC content of retentate (31.2g/L) was similar to the deter-
mined for AHL210, while a much lower concentration (2.6 g/L)
was found in the permeate. Upon membrane processing, the
concentration of monosaccharides dropped from 2.2g/L in
AHL210 to 0.71g/L in the retentate. The most important find-
ing was the significant ONVC removal upon diafiltration, with
concentrations decreasing from 4.83 g/L in AHL210 to 2.43 g/L
in the retentate. Overall, more than 90% of the OS contained
in the feed stream were recovered in the retentate, confirming
the suitability of diafiltration for OS refinining. As a result of
membrane processing, VC, monosaccharides and ONVC were
partially removed in the permeate. The retentate contained
90g 0S/100g of NVC (or 88.4g 0S/100g of solubilized com-
pounds in the retentate). Similar conclusions were reported by
Gonzdlez-Munoz et al. (2013) in a study dealing with consecu-
tive membrane processing, in which the final stage (performed
with a 0.3kDa cut-off membrane) led to a retentate con-
taining decreased contents of monosaccharides and ONVC,
and oligosaccharides of diverse molecular masses. In related
studies reported for hardwood processing, the manufacture
of purified concentrates containing over 90% OS has been
reported (Gullén et al., 2011; Chen et al., 2016; Rivas et al., 2013,
2017).

Considering the results shown in Fig. 3, the average value ¢
determined for the OS contained in the retentate, varied from
2.3% for XOS, the most abundant component, in comparison
with 7.5% for ArOS (which appeared in low concentrations).
The values of ¢ determined for the rest of the target OS (GIOS,
GaO0S, MnOS, AcG and UA) varied in a range of 3.3-4.8%.

3.4.  Total Phenolic Content (TPC)

According to literature (Ebringerova et al., 2008; Conde et al.,
2011a; Rivas et al., 2013; Gullén et al., 2017), when autohy-
drolysis is carried out in a single stage, phenolic compounds
(including soluble lignin and free phenolics from esterified
acids) are solubilized, contributing to the TPC of the liquid
phases and to their antioxidant activities.

Average composition of TPC and the correspondent stan-
dard deviations of triplicates from AHL210 and retentate from
membrane processing were reported in Table 3. In both cases,
deviations were lower than 5% to their respective means. The
AHL210 sample showed an average composition of TPC of
1.73 g GAE/L, which is in the range reported for AH liquors from
other lignocellulosic materials, including eucalypt wood (1.64-
1.98 g GAE/L), corncobs (1.91-2.82 g GAE/L) (Conde et al., 2011a),
pruningresidues (1.33 g GAE/L) (Gullén et al., 2017), and peanut
shells (1.58 g GAE/L) (Rico et al., 2018). Membrane purification
yielded a retentate of decreased TPC (with 23% removal of
phenolics). This result is in agreement with the data reported
by Rivas et al. (2013) in a study dealing with the refining
of OS from AHL of rice husks, eucalypt and pine. It can be
noted that the TPC determined for both retentate and AHL210
could be slightly overestimated owing to the presence of furan
derivatives, which can react with the Folin-Ciocalteu reagent
(Tang et al., 2015). HPLC-DAD analysis allowed the identifica-
tion of furan derivatives and simple phenolics, including acids
(4-hydroxybenzoic, vanillinic, siringic, and gallic acids) and
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Table 2 - Effect of AH in the chemical composition of the solubilized compounds =+ standard deviations.

Composition Temperature (°C)

of AH

liquors

(g/L)

190 195 200 205 210 213 215 218 220 225 230
Logarithm of the Severity factor (So)
3.38 3.51 3.66 3.79 3.93 4.00 4.08 4.15 4.22 4.38 4.53

INVC Glucose 0.07 £0.00 0.19+0.00 0.20+£0.00 0.23+0.00 0.20+£0.00 0.23+0.01 0.23+0.01 0.23+0.00 0.29+0.01 0.40+£0.01 0.52+0.02
Xylose 0.08 £0.00 0.17+0.01 0.37£0.02 0.60+0.03 1.00+0.01 1.26 +0.05 1.80+0.06 2.25+0.07 3.04+£0.02 3.7+£0.02 3.28+0.12
Galactose 0.14+£0.00 0.21+0.01 0.31+0.02 0.35+0.03 0.38+0.03 0.39+0.03 0.39+£0.02 0.46 +0.03 0.47 £0.02 0.39+0.02 0.27 £0.02
Arabinose 0.22+0.01 0.32+0.03 0.41+0.06 0.46+0.03 0.43+0.02 0.39+0.01 0.35+0.03 0.26 +0.02 0.23+0.02 0.12+0.01 0.00+0.00
Mannose 0.01+0.00 0.03+0.00 0.04+£0.01 0.09+0.01 0.14+0.01 0.17 £0.01 0.26 £0.01 0.36+0.03 0.50+0.02 0.68+£0.06 0.64 +0.04
GlOS 0.78 £0.05 0.84+0.00 0.97 £0.02 1.05+0.02 1.23+0.01 1.22+0.00 1.37+0.01 1.4740.03 1.55+0.01 1.50+0.05 1.49+0.01
XO0Ss 4.67 £0.12 10.47 £0.44 14.39+0.17 16.86 £0.15 18.33+0.25 17.24 +£0.24 16.12+£0.91 15.46 +£0.34 13.66 £0.10 8.08 £0.15 3.11+0.07
GaOs 0.77 £0.03 0.86+£0.00 0.89+0.04 0.92+0.04 0.86 £0.04 0.74+0.02 0.64 +£0.04 0.60+0.03 0.52+0.03 0.26 £0.03 0.12+0.01
ArOS 0.44+0.04 0.39+0.03 0.28 £0.04 0.17+0.01 0.14+0.01 0.11+£0.01 0.10+£0.01 0.11+0.01 0.05+0.00 0.10+£0.00 0.00+£0.00
MnOS 1.84+0.09 2.13+0.03 2.33+0.05 2.57+£0.09 2.79+0.05 2.83+0.02 2.91+0.13 2.98+0.11 2.99+0.05 2.30+£0.02 1.89+0.01
AcG 1.394+0.09 3.04+0.02 3.71+£0.34 4.48+0.08 4.60+0.05 4.41+£0.05 4.43+0.01 4.15+£0.15 3.68+£0.11 2.61+£0.09 1.20+0.05
UA 0.43+0.01 1.30+0.03 1.12+0.01 0.70+£0.02 0.76 £0.05 0.30+0.00 0.35+0.01 0.30+0.01 0.26+£0.01 0.23+0.02 0.10+0.01
Other 5.64 5.32 6.14 5.51 4.83 6.28 6.43 7.18 6.62 7.19 11.73
Total NVC 16.47 £0.08 25.26+0.18 31.16+£0.11 33.99+0.27 35.70+0.10 35.55+0.00 35.39+0.40 35.81+0.06 33.87+0.01 27.55+0.29 24.34+0.12

VC Acetic 0.55+0.02 0.77 £0.02 1.09+0.01 1.364+0.02 1.914+0.02 2.234+0.05 2.64+0.09 3.07+0.10 3.72+£0.09 4.72+0.12 6.64+0.20
acid
Furfural 0.03+£0.00 0.04+£0.00 0.17 £0.00 0.29+0.02 0.46+£0.02 0.74+£0.05 1.06 +0.06 1.324+0.04 1.71+0.13 294+0.17 3.94+0.20
HMF 0.02+0.00 0.03+0.00 0.05+0.00 0.07 £0.01 0.10+0.00 0.14+0.01 0.08+£0.01 0.22+0.01 0.30+0.02 0.46 £0.02 0.00+0.00

GIOS: glucose units in OS; XOS: xylose units in OS; GaOS: galactose units in OS; MnOS: mannose units in OS; AcG, acetyl groups linked to OS; UA: uronic acid linked to OS; HMF: hydroxymethylfurfural.
Others: measured as the difference between NVC and INV.
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Fig. 3 - Composition of the streams (AHL210, retentate and permeate) involved in the membrane processing, expressed as g
of component/100 g of solubilized compounds, and total concentration of each stream, as g/L.

Table 3 - Total Phenolic Content of AHL210 and retentate
from membrane processing + standard deviations.

Sample AHL210 Retentate

TPC, g GAE/L 1.73+£0.03 1.39+0.03

Table 4 - Antioxidant activities determined by TEAGC,

DPPH and FRAP assays of AHL210 and retentate from
membrane processing + standard deviations.

Sample TEAC DPPH FRAP
AHL210 4.76+0.42 0.28+£0.01 3.00+£0.05
Retentate 4.114+0.47 0.27 £0.01 2.46+0.03

TEAC, g Trolox/L; DPPH (ECso), g GAE/L; FRAP, g FeSO,-7H,O/L.

aldehydes (syringaldehyde, vanillin, and dihydroxybenzalde-
hyde).

In order to highlight the results achieved with the com-
bination of autohydrolysis and membrane processing, Fig. 4
shows the mass balances calculated for the operational con-
ditions considered as optimal. The data indicate the yields of
the target products, 16.6 g of substituted oligosaccharides and
0.8 g of natural phenolic compounds in 100 g of dry poplar. The
corresponding amounts of AH processed solids, mainly made
up of cellulose and lignin, are also indicated. AH processed
solids could be employed for further valorization in additional
processing stages.

3.5.  Antioxidant activity

The evaluation of the antioxidant activity of AHL210 and
retentate has been performed using multiple tests (DPPH,
TEAC and FRAP) based on diverse reactions, since the com-
pounds or fractions contributing to the antioxidant activity
may present various modes of action (Dudonné et al., 2009;
Conde et al, 2011a). The average antioxidant activities of
assays performed by triplicate and the standard deviations are
listed in Table 4. The activities determined for AHL210 were in

the range reported in studies dealing with diverse feedstocks
(Conde et al., 2011a; Rivas et al., 2013; Gullén et al., 2017). Jesus
etal. (2017) obtained a lower TEAC activity (247.05 mg Trolox/L)
in AHL from vine prunings treated at So=4.13; whereas Rico
et al. (2018) reported TEAC, DPPH and FRAP activities of 5.01,
1.18 and 2.57 g Trolox/100 g for AHL from peanut shells treated
at 210°C. The assays showed a higher antioxidant capac-
ity for the raw hydrolysate (AHL210) in comparison with the
retentate, as expected from the respective TPC. The maxi-
mum difference between the antioxidant capacity of these
streams was observed for the FRAP and TEAC assays, which
presented 18% and 13.6% less activity in the retentate than in
the feed, respectively (Table 4). Minor differences were found
in DPPH assays (3.6% decrease in the retentate respect to the
feed stream), a result in agreement with the data reported by
Rivas et al. (2013). Conde et al. (2011b) reported a similar vari-
ation pattern for the products present in AHL from diverse
lignocellulosic materials subjected to refining with polymeric
resins.

3.6. Characterization of oligosaccharides from PW
hemicelluloses

Looking for additional information regarding the potential
applications of the target products, oligomeric compounds
present in AHL210 and retentate were assessed by HPSEC,
HPAEC-PAD and MALDI TOF-MS. Qing et al. (2013) reviewed the
techniques for xylooligosaccharides characterization, includ-
ing the direct one by HPLC and HPAEC-PAD. Additionally,
valuable information was obtained by MALDI-TOF MS.

Figure S2 (see Supplementary Information) shows the
HPSEC chromatograms determined for AHL210 and reten-
tate. The complex elution profiles confirmed the presence of
multiple saccharides in the media. A comparison between
both chromatograms confirmed similar elution patterns for
the oligosaccharides appearing after 20-47 minutes; whereas
purification effects achieved upon membrane processing (par-
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Poplar Wood
100¢g

Cellulose: 37.2 g

Lignin: 33.2 g

Hemicelluloses (*including acetyl and
uronic substituents): 27.8 g

Other non volatile compounds: 1.8 g

Water NON-ISOTHERMAL AUTOHYDROLYSIS

600g T=210 °C. S,=3.93

Cellulose: 352 g

L, Hemicelluloses (*including acetyl and
73.4¢g uronic substituents): 9.0 g

Lignin: 293 g

626.6g

Oligomers (*including acetyl and uronic
substituents): 18.0 g

AHL Monosaccharides: 1.4 g

Total Phenolic Content (TPC): 1.1 g
Other non volatile compounds: 1.9 g
Volatile Compounds: 1.6 g

MEMBRANE PROCESSING
(Discontinuous Diafiltration)
0.3KDa, P=3.5 bar

Water »
1253.2¢g

Oligomers (*including acetyl and
Retentate uronic substituents): 16.6 g
I =eeo. _~ Monosaccharides: 0.4 g

588.9¢ TPC: 0.8 g

Permeate
1290.5g

Other non volatile compounds: 0.6 g
Volatile Compounds: 0.3 g

Oligomers (*including acetyl and uronic

substituents): 1.3 g
Monosaccharides: 1.0 g

Other non volatile compounds: 1.1 g

Volatile Compounds: 1.2 g

Fig. 4 - Mass balances corresponding to the condition considered as optimal for the manufacture of oligosaccharides and

phenolic compounds.

tial removal of monosaccharides from AHL210) was evident
from the different areas of the peaks eluted at 48 min.

Fig. 5 shows the HPAEC-PAD corresponding elution profiles,
as well as the ones observed for XOS standards of DP 2-6.
The OS were eluted in the range of 32-55min, and the chro-
matograms confirmed the predominance of low- or medium-
DP compounds. Concerning the substitution pattern, it must
be noted that the HPAEC-PAD mobile phase (strongly alkaline)
caused the saponification of the acetylated oligomers during
the elution of samples (Gullén et al., 2011; Davila et al., 2019).
As expected, AHL210 and retentate showed similar HPAEC-
PAD elution profiles, with close coincidences between peaks
of oligomers eluted at correspondent times, in agreement with
the high recovery of substituted OS in the retentate deduced
from HPLC data.

In contrast to HPAEC-PAD, MALDI-TOF MS allowed the iden-
tification and elucidation of acetylated oligomers. Table 5
lists the data determined for the sodium adducts of com-
pounds presents in the retentate, together with the potential
composition assigned and the mass error in ppm (as compari-
son of the theoretical m/z and the experimentally observed
m/z). Compounds with m/z below 500 could not be iden-
tified due to interferences with 2, 5-dihydroxybenzoic acid,
which was used as a matrix for sample preparation (Gullén
et al., 2008b; Rivas et al., 2012). On the basis of the composi-
tional data in Table 2, it can be seen that pentose (P) chains
must correspond to xylose, the most abundant monomer the
hemicelluloses of PW. The pentose chains were highly sub-
stituted by AcG [mP nAcG] or AcG and UA [mP nAcG oUA],
being m, n and o, the units of pentoses (P), acetyl groups
(AcG) and uronics (UA), respectively. The structures formed
by hexoses (H) may correspond to compounds made up of
galactose, mannose, or glucose. The data showed that the sol-
uble products from AH corresponded mainly to fragments of
acetylated glucuronoxylan, with backbones of 3 - 13 pentose
units. Most oligomeric backbones were substituted with 1 or
2 units of O-methylglucuronic acid (UA), whereas heavy sub-

stitution by AcG was observed in some cases (for example,
DP10 - DP13 compounds may bear up to 6 AcG). These results
were in good agreement with the compositional data deter-
mined for AHL210 (see Table 2). The calculated molar ratio
X0S:AcG:UA (1:0.628:0.030) was in the range reported in liter-
ature: for example, Hou et al. (2014) reported a XOS:AcG molar
ratio of 1:0.589 for poplar OS; whereas the MALDI-TOF-MS data
obtained in this study followed the general features reported
for products isolated from other hardwoods (Kabel et al., 2002;
Chemin et al., 2015; Rivas et al., 2017).

4, Conclusions

The combination of autohydrolysis and membrane pro-
cessing enabled an efficient production and refining of
hemicellulose-derived oligosaccharides containing natural
phenolic compounds with antioxidant activity. Optimized
autohydrolysis conditions led to extensive hemicellulose sol-
ubilization, leading to an aqueous phase (AHL210) with
a remarkable concentration of soluble oligosaccharides
(28.71g/L). Diafiltration of AHL210 removed monosaccharides
and undesired non-saccharide, low molecular weight com-
pounds, yielding a refined product containing high purity OS
(90kg 0S/100kg NVC). Additionally, the target fraction pre-
sented a good antioxidant activity, ascribed to the presence
of natural phenolic compounds (equivalent amount, 3.66 g
of GAE/100 g of NVC). The characterization of hemicellulose-
derived saccharides showed backbones constituted by xylose
units with a wide DP distribution and a rich substitution
pattern by acetyl and O-methylglucuronic acid moieties. The
results reported in this study provide a quantitative basis for
assessing the manufacture and refining of oligosaccharides
from poplar wood hemicelluloses containing phenolics with
antioxidant properties. The compositional and material bal-
ance data provided in this study allow a sound assessment
on a new biorefinery method for PW valorization, based on
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Fig. 5 - HPAEC-PAD elution profiles determined for AHL210 and retentate.
Table 5 - MALDI-TOF results determined for oligomers and ascribed potential composition of retentate.
m/z Mass error Potential m/z Mass error Potential m/z Mass error Potential
(ppm) Compound (ppm) Compound (ppm) Compound
521.17 38.38 3P 2AcG 1175.37 22.12 7P 5AcG 1529.55  54.27 10P 4AcG
537.15 13.03 2P AcG UA 1191.36 18.47 6P 4AcG UA 1539.51 42.22 8P 6AcG UA
611.20 32.72 4P AcG 1197.37 16.70 7P AcG UA 1545.50 37.53 9P 3AcG UA
627.19 33.48 3P UA 1207.35 10.77 5P 3AcG 2UA 1555.80 41.15 7P 5AcG 2UA
653.22 42.86 4P 2AcG 1223.43 48.23 8P 3AcG 1571.56 56.63 10P 5AcG
689.22 13.74 4H 1233.36 8.92 6P 5AcG UA 1587.53 39.69 9P 4AcG UA
711.21 18.28 3P 2AcG UA 1239.38 12.10 7P 2AcG UA 1603.54  51.14 8P 3AcG 2UA
785.27 36.93 5P 2AcG 1265.42 36.35 8P 4AcG 1629.55 42.34 9P 5AcG UA
801.23 9.98 4P AcG UA 1275.39 25.88 6P 6AcG UA 1645.55 47.40 8P 4AcG 2UA
843.24 7.12 4P 2AcG UA 1281.39 13.27 7P 3AcG UA 1671.58  52.65 9P 6AcG UA
917.33 62.14 6P 2AcG 1297.40 20.81 6P 2AcG 2UA 1677.55 44.71 10P 3AcG UA
933.27 0.00 5P AcG UA 1307.42 22.95 8P 5AcG 1687.55  41.48 8P 5AcG 2UA
959.32 36.49 6P 3AcG 1323.42 24.94 7P 4AcG UA 1719.60 50.01 10P 4AcG UA
975.28 0.00 5P 2AcG UA 1339.42 30.61 6P 3AcG 2UA 1761.60  46.55 10P 5AcG UA
991.28 11.10 4P AcG 2UA 1365.42 20.51 7P 5AcG UA 1778.22 38.24 9P 4AcG 2UA
1001.32 22.97 6P 4AcG 1371.44 24.79 8P 2AcG UA 1803.61 43.80 10P 6AcG UA
1017.29 2.95 5P 3AcG UA 1381.42 22.44 6P 4AcG 2UA 1809.65 61.34 11P 3AcG UA
1049.36 38.12 7P 2AcG 1397.49 47.23 9P 4AcG 1819.59 37.37 9P 5AcG 2UA
1059.31 13.22 5P 4AcG UA 1413.46 28.30 8P 3AcG UA 1851.64 45.91 11P 4AcG UA
106532  7.51 6P AcG UA 1439.47 27.79 9P 5AcG 1893.68  61.26 11P 5AcG UA
1091.37 39.40 7P 3AcG 1455.47 29.54 8P 4AcG UA 1935.66 45.98 11P 6AcG UA
1107.33  7.22 6P 2AcG UA 1471.47 31.26 7P 3AcG 2UA 1983.68  42.35 12P 4AcG UA
1133.37 30.00 7P 4AcG 1497.49 38.07 8P 5AcG UA 2025.68 39.00 12P 5AcG UA
1149.34 3.48 6P 3AcG UA 1503.50 35.25 9P 2AcG UA 2067.69 37.72 12P 6AcG UA
1165.34 6.87 5P 2AcG 2UA 1513.48 31.72 7P 4AcG 2UA 2199.71 24.09 13P 6AcG UA

@Mass signals were identified <- —>for specific sodium adducts.
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the manufacture of valuable compounds with interest in food
and pharmaceutical markets.

5. Declaration of competing interest
There are no conflicts of interest to declare

Acknowledgements

The authors are grateful for the financial support of the Span-
ish Ministry of Economy and Competitiveness (MINECO) under
the project CTQ2017-88623-R. Sandra Rivas thanks MINECO
for her “juan de la Cierva” contract (reference FJCI-2015-
23765) and Victoria Rigual thanks Autonomous Community of
Madrid (CAM) for her Postdoctoral Contract under the project
P2018/EMT-4348 (SUSTEC).

Appendix A. Supplementary data

Supplementary = material  related to  this arti-
cle can be found, in the online version, at
doi:https://doi.org/10.1016/j.fbp.2020.07.018.

References

Aachary, A.A., Prapulla, S.G., 2011. Xylooligosaccharides (XOS) as
an emerging prebiotic: microbial synthesis, utilization,
structural characterization, bioactive properties and
applications. Compr. Rev. Food Sci. Food Saf. 10 (1), 2-16,
http://dx.doi.org/10.1111/j.1541-4337.2010.00135.x.

Amorim, C., Silvério, S., Prather, K.LJ., Rodrigues, L.R., 2019. From
lignocellulosic residues to market: Production and commercial
potential of xylooligosaccharides. Biotechnol. Adv. 37 (7),
170397, http://dx.doi.org/10.1016/j.biotechadv.2019.05.003.

Balboa, E.M,, Rivas, S., Moure, A., Dominguez, H., Parajé, J.C.,
2013. Simultaneous extraction and depolymerization of
fucoidan from Sargassum muticum in aqueous media. Mar.
Drugs. 11, 4612-4627, http://dx.doi.org/10.3390/md11114612.

Benzie, I.LEF, Strain, J.J., 1996. The ferric reducing ability of plasma
(FRAP) as a measure of “antioxidant power”: The FRAP assay.
Anal. Biochem. 239, 70-76,
http://dx.doi.org/10.1006/abio.1996.0292.

Blumenkrantz, N., Asboe-Hansen, G., 1973. New method for
quantitative determination of uronic acids. Anal. Biochem. 54,
484489, http://dx.doi.org/10.1016/0003-2697(73)90377-1.

Carvalheiro, F,, Duarte, L.C., Girio, F.,, 2008. Hemicellulose
biorefineries: a review on biomass pretreatments. J. Sci. Ind.
Res. 67, 849-864.

Chemin, M., Wirotius, A.L., Ham-Pichavant, F.,, Chollet, G., Da
Silva Perez, D., Petit-Conil, M., Grelier, S., 2015. Well-defined
oligosaccharides by mil acid hydrolysis of hemicelluloses. Eur.
Polym. J. 66, 190-197.

Chen, X, Yang, Q., Si, C.-L., Wang, Z., Huo, D., Hong, Y., Li, Z.,
2016. Recovery of oligosaccharides from prehydrolysis liquors
of poplar by microfiltration/ultrafiltration membranes and
anion Exchange resin. ACS Sustain. Chem. Eng. 4, 937-943,
http://dx.doi.org/10.1021/acssuschemeng.5b01029.

Conde, E., Moure, A., Dominguez, H., Parajé, J.C., 2008.
Fractionation of antioxidants from autohydrolysis of barley
husks. J. Agric. Food Chem. 56, 10651-10659,
http://dx.doi.org/10.1021/jf801710a.

Conde, E., Moure, A., Dominguez, H., Parajé, J.C., 2011a.
Production of antioxidants by non-isothermal autohydrolysis
of lignocellulosic wastes. LWT-Food Sci. Technol. 44 (2),
436442, http://dx.doi.org/10.1016/j.1wt.2010.08.006.

Conde, E., Moure, A., Dominguez, H., Gordon, M.H., Parajo, J.C.,
2011b. Purified phenolics from hydrothermal treatments of
biomass: Ability to protect sunflower bulk oil and model food

emulsions from oxidation. J. Agric. Food Chem. 59 (17),
9158-9165, http://dx.doi.org/10.1021/jf2016545.

Davila, 1., Gullén, B., Alonso, J.L., Labidi, J., Gullén, P., 2019. Vine
shoots as new source for the manufacture of prebiotic
oligosaccharides. Carbohydr. Polym. 207, 3443,
http://dx.doi.org/10.1016/j.carbpol.2018.11.065.

Dou, C., Gustafson, R., Bura, R., 2018. Bridging the gap between
feedstock growers and users: the study of a coppice poplar
-based biorefinery. Biotechnol. Biofuels. 11, 77-87,
http://dx.doi.org/10.1186/s13068-018-1079-y.

Dou, C., Bura, R., Ewanick, S., Morales-Vera, R., 2019. Blending
short rotation coppice poplar with wheat straw as a
biorefinery feedstock in the State of Washington. Ind. Crops
Prod. 132, 407-412,
http://dx.doi.org/10.1016/j.indcrop.2019.02.033.

Dudonné, S., Vitrac, X., Coutiére, P., Woillez, M., Mérillon, J.M.,
2009. Comparative study of antioxidant properties and total
phenolic content of 30 plant extracts of industrial interest
using DPPH, ABTS, FRAP, SOD and ORAC assays. J. Agric. Food
Chem. 57, 1768-1774, http://dx.doi.org/10.1021/jf803011r.

Ebringerova, A., Hromadkova, Z., Kost’alova, Z., Sasinkov, V.,
2008. Chemical valorization of agricultural by-products:
isolation and characterization of xylan-based antioxidants
from almond shell biomass. Bioresources. 3 (1), 60-70.

Garrote, G., Dominguez, H., Parajé, J.C., 2002. Autohydrolysis of
corncob: Study of non-isothermal xylooligosaccharide
production. J. Food Eng. 52 (3), 211-218,
http://dx.doi.org/10.1016/50260-8774(01)00108-x.

Geng, W,, Venditti, R.A., Pawlak, J.J., Chang, H., 2018. Effect of
delignification on hemicellulose extraction from switchgrass,
poplar and pine and its effect on enzymatic convertibility of
cellulose-rich residues. Bioresources. 13 (3), 4946-4963.

Gibson, G.R., Hutkins, R., Sanders, M.E., Prescott, S.L., Reimer,
R.A., Salminen, S.J., Scott, K., Stanton, C., Swanson, K.S., Cani,
P.D., Verbeke, K., Reid, G., 2017. The international scientific
Association for Probiotics and Prebiotics (ISAPP) consensus
statement on the definition and scope of prebiotics. Nat.
Gastroenterol. Hepatol. 14, 491-502,
http://dx.doi.org/10.1038/nrgastro.2017.75.

Gonzélez-Muiioz, M.J., Rivas, S., Santos, V., Parajé, J.C., 2013.
Fractionation of extracted hemicellulosic saccharides from
Pinus pinaster Wood by multistep membrane processing. J.
Membr. Sci. 428, 281-289,
http://dx.doi.org/10.1016/j.memsci.2012.10.021.

Gullén, P., Gonzdalez-Munoz, M.J., Dominguez, H., Parajé, J.C.,
2008a. Membrane processing of liquors from Eucalyptus
globulus autohydrolysis. J. Food Eng. 87 (2), 257-265,
http://dx.doi.org/10.1016/j.jfoodeng.2007.11.032.

Gullén, P., Moura, P, Esteves, M.P,, Girio, EM., Dominguez, H.,
Parajd, J.C., 2008b. Assessment on the fermentability of
xylooligosaccharides from rice husks by probiotic bacteria. J.
Agric. Food Chem. 56 (16), 7482-7487,
http://dx.doi.org/10.1021/jf800715b.

Gullén, B, Yanez, R., Alonso, J.L., Parajd, J.C., 2010. Production of
oligosaccharides and sugars from rye Straw: A kinetic
approach. Bioresour. Technol. 101, 6676-6684,
http://dx.doi.org/10.1016/j.biortech.2010.03.080.

Gullén, P., Gonzalez-Mufioz, M.J., van Gool, P,, Schols, H.A.,
Hirsch, J., Ebringerové, A., Parajo, J.C., 2011. Structural features
and properties of soluble products derived from Eucalyptus
globulus hemicelluloses. Food Chem. 127 (4), 1798-1807,
http://dx.doi.org/10.1016/j.foodchem.2011.02.066.

Gullén, P, Gulldn, B., Cardelle-Cobas, A., Alonso, J.L., Pintado, M.,
Gomes, A.M., 2014. Effects of hemicellulose-derived
saccharides on behaviour of Lactobacilli under stimulated
gastrointestinal conditions. Food Res. Int. 64, 880-888,
http://dx.doi.org/10.1016/j.foodres.2014.08.043.

Gullén, B., Eibes, G., Moreira, M.T., Davila, 1., Labidji, J., Gullén, P.,
2017. Antioxidant and antimicrobial activities of extracts
obtained from the refining of autohydrolysis liquors of vine
shoots. Ind. Crops Prod. 107, 105-113,
http://dx.doi.org/10.1016/j.indcrop.2017.05.034.

FBP 1303 398-408


https://doi.org/10.1016/j.fbp.2020.07.018
dx.doi.org/10.1111/j.1541-4337.2010.00135.x
dx.doi.org/10.1016/j.biotechadv.2019.05.003
dx.doi.org/10.3390/md11114612
dx.doi.org/10.1006/abio.1996.0292
dx.doi.org/10.1016/0003-2697(73)90377-1
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0030
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0030
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0030
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0030
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0030
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0030
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0030
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0030
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0030
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0030
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0030
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0030
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0030
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0030
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0030
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0030
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0030
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0030
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0030
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0030
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0030
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0030
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0035
dx.doi.org/10.1021/acssuschemeng.5b01029
dx.doi.org/10.1021/jf801710a
dx.doi.org/10.1016/j.lwt.2010.08.006
dx.doi.org/10.1021/jf2016545
dx.doi.org/10.1016/j.carbpol.2018.11.065
dx.doi.org/10.1186/s13068-018-1079-y
dx.doi.org/10.1016/j.indcrop.2019.02.033
dx.doi.org/10.1021/jf803011r
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0080
dx.doi.org/10.1016/s0260-8774(01)00108-x
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0090
dx.doi.org/10.1038/nrgastro.2017.75
dx.doi.org/10.1016/j.memsci.2012.10.021
dx.doi.org/10.1016/j.jfoodeng.2007.11.032
dx.doi.org/10.1021/jf800715b
dx.doi.org/10.1016/j.biortech.2010.03.080
dx.doi.org/10.1016/j.foodchem.2011.02.066
dx.doi.org/10.1016/j.foodres.2014.08.043
dx.doi.org/10.1016/j.indcrop.2017.05.034

408 FOOD AND BIOPRODUCTS PROCESSING XXX (2020) XXX-XXX

Hou, Q., Wang, Y., Liu, W,, Xu, N, Li, Y., 2014. An application study
of autohydrolysis pretreatment prior to poplar
chemi-thermochemical pulping. Bioresour. Technol. 169,
155-161, http://dx.doi.org/10.1016/j.biortech.2014.06.091.

Jesus, M.S., Romani, A., Genisheva, Z., Teixeira, J.A., Domingues,
L., 2017. Integral valorization of vine pruning residue by
sequential autohydrolysis stages. J. Clean. Prod. 168, 74-86,
http://dx.doi.org/10.1016/j.jclepro.2017.08.230.

Kabel, M.A., Schols, H.A., Voragen, A.G.J., 2002. Complex
xylo-oligosaccharides identified from hydrothermally treated
Eucalyptus wood and brewerys spent grain. Carbohydr. Polym.
50, 191-200, http://dx.doi.org/10.1016/S0144-8617(02)00022-X.

Ko, J.K., Kim, Y., Ximenes, E., Ladisch, M.R., 2015. Effect of liquid
hot water pretreatment severity on properties of hardwood
lignin and enzymatic hydrolysis of cellulose. Biotechnol.
Bioeng. 112 (2), 252-262,
http://dx.doi.org/10.1016/50144-8617(02)00022-X.

Kumar, B., Bhardwaj, N., Agrawal, K., Chaturvedi, V., Verma, P,,
2020. Current perspective on pretreatment technologies using
lignocellulosic biomass: An emerging biorefinery concept.
Fuel Process. Technol. 199, 106244,
http://dx.doi.org/10.1016/j.fuproc.2019.106244.

Naik, S.N., Goud, V.V, Rout, PK., Dalai, A.K., 2010. Production of
first and second generation biofuels: A comprehensive review.
Renew. Sust. Energ. Rev. 14, 578-597,
http://dx.doi.org/10.1016/j.rser.2009.10.003.

Overend, R.P,, Chornet, E., 1987. Fractionation of lignocellulosics
by steam-aqueous pretreatments. Philos. Trans. Royal Soc. A.
321 (1561), 523-536, http://dx.doi.org/10.1098/rsta.1987.0029.

Qing, Q., Li, H,, Kumar, R., Wyman, C.E., 2013.
Xylooligosaccharides production, quantification, and
characterization in context of lignocellulosic biomass
pretreatment. In: Wyman, C.E. (Ed.), Aqueous Pretreatment of
Plant Biomass for Biological and Chemical Conversion to
Fuels and Chemicals. , 1st ed. John Wiley & Sons, Ltd,
Hoboken, NJ, USA, pp. 391-415.

Re, R, Pellegrini, N., Proteggente, A., Pannala, A., Yang, M.,
Rice-Evans, C., 1999. Antioxidant activity applying an
improved ABTS radical cation decolorization assay. Free
Radic. Biol. Med. 26, 1231-1237,
http://dx.doi.org/10.1016/50891-5849(98)00315-3.

Renault, E., Barbat-Rogeon, A., Chaleix, V., Calliste, C.A., Colas, C.,
Gloaguen, V., 2014. Partial structural characterization and
antioxidant activity of a phenolic-xylan from Castanea sativa
hardwood. Int. J. Biol. Macromol. 70, 373-380,
http://dx.doi.org/10.1016/j.ijbiomac.2014.07.00.

Rico, X., Gullén, B., Alonso, J.L., Parajé, J.C., Yanez, R., 2018.
Valorization of peanut shells: Manufacture of bioactive
oligosaccharides. Carbohydr. Polym. 183 (1), 21-28,
http://dx.doi.org/10.1016/j.carbpol.2017.11.009.

Rigual, V., Santos, T.M., Dominguez, J.C., Alonso, M.V,, Oliet, M.,
Rodriguez, F,, 2018. Evaluation of hardwood and softwood
fractionation using autohydrolysis and ionic liquid microwave
pretreatment. Biomass Bioenerg. 117, 190-197,
http://dx.doi.org/10.1016/j.biombioe.2018.07.014.

Rivas, S., Gullén, B., Gullén, P, Alonso, J.L., Parajé, J.C., 2012.
Manufacture and properties of bifidogenic saccharides
derived from wood mannan. J. Agric. Food Chem. 60,
4296-4305, http://dx.doi.org/10.1021/j£300524s.

Rivas, S., Conde, E., Moure, A., Dominguez, H., Parajé, J.C., 2013.
Characterization, refining and antioxidant activity of
saccharides derived from hemicelluloses of wood and rice
husks. Food Chem. 141, 495-502,
http://dx.doi.org/10.1016/j.foodchem.2013.03.008.

Rivas, S., Santos, V., Parajo, J.C., 2017. Aqueous fractionation of
hardwood: selective glucuronoxylan solubilization and

purification of the reaction products. J. Chem. Technol.
Biotechnol. 92 (2), 367-374, http://dx.doi.org/10.1002/jctb.5014.

Rohde, V,, Hahn, T., Wagner, M., Boringer, S., Tiibke, B., Brosse, N.,
Dahmen, N., Schmiedl, D., 2018. Potential of a short rotation
coppice poplar as a feedstock for platform chemicals and
lignin-based building blocks. Ind. Crops Prod. 123 (1), 698-706,
http://dx.doi.org/10.1016/j.indcrop.2018.07.034.

Sannigrahi, P., Ragauskas, AJ., Tuskan, G.A., 2010. Poplar as a
feedstock for biofuels: A review of compositional
characteristics. Biofuel. Bioprod. Bior. 4, 209-226,
http://dx.doi.org/10.1002/bbb.206.

Singh, R.D., Banerjee, J., Arora, A., 2015. Prebiotic potential of
oligosaccharides: A focus on xylan derived oligosaccharides.
Bioact. Carbohydr. Diet. Fibre. 5, 19-30,
http://dx.doi.org/10.1016/j.bcdf.2014.11.003.

Singh, R., Hu, J., Regner, M.R., Round, J.W,, Ralph, J., Saddler, ].N.,
Eltis, L.D., 2017. Enhanced delignification of steam pretreated
poplar by a bacterial lacase. Sci. Rep. 7, 42121,
http://dx.doi.org/10.1038/srep42121.

Singleton, V.L., Rossi, J.A., 1965. Colorimetry of total phenolics
with phosphomolybdic phosphotungstic acid reagents. Am. J.
Enol. Vitic. 16, 144-158.

Sluiter, A., Hames, B., Ruiz, R., Scarlata, C., Sluiter, J., Templeton,
D., 2008a. Determination of Structural Carbohydrates and
Lignin in Biomass. Laboratory Analytical Procedure (LAP).
National Renewable Energy Laboratory (NREL), Golden, CO,
USA.

Sluiter, A., Ruiz, R., Scarlata, C., Sluiter, J., Templeton, D., 2008b.
Determination of Extractives in biomass. Laboratory
Analytical Procedure (LAP). National Renewable Energy
Laboratory (NREL), Golden, CO, USA
https://www.nrel.gov/docs/gen/fy08/42619.pdf.

Sluiter, A., Hames, Bonnie, Ruiz, R., Scarlata, C., Sluiter, J.,
Templeton, D., Crocker, D., 2012. Determination of Structural
Carbohydrates and Lignin in Biomass. Laboratory Analytical
Procedure (LAP). National Renewable Energy Laboratory
(NREL), Golden, CO, USA
https://www.nrel.gov/docs/gen/fy13/42618.pdf.

Tang, Y., Li, X., Zhang, B., Chen, PX,, Liu, R., Tsao, R., 2015.
Characterisation of phenolics, betanins and antioxidant
activities in seeds of three Chenopodium quinoa Willd.
Genotypes. Food Chem. 166, 380-388,
http://dx.doi.org/10.1016/j.foodchem.2014.06.018.

von Gadow, A., Joubert, E., Hansmann, C.F,, 1997. Comparison of
the antioxidant activity of aspalathin with that of other plant
phenols of rooibos tea (Aspalathus linearis), a-tocopherol, BHT
and BHA. J. Agric. Food Chem. 45, 632-637,
http://dx.doi.org/10.1021/jf960281n.

Yanez, R., Romani, A., Garrote, G., Alonso, J.L., Parajé, J.C., 2009.
Processing of Acacia dealbata in aqueous media: first step of a
wood biorefinery. Ind. Eng. Chem. Res. 48, 6618-6626,
http://dx.doi.org/10.1021/i€900233x.

Yuan, T.Q., Xu, F, Re, J., Sun, R.C., 2010. Structural and
physico-chemical characterization of hemicelluloses from
ultrasound-assisted extractions of partially delignified
fast-growing poplar Wood through organic solvent and
alkaline solutions. Biotechnol. Adv. 28, 583-593,
http://dx.doi.org/10.1016/j.biotechadv.2010.05.016.

Zhu, J., Chen, L., Gleisner, R., Zhu, J.Y., 2019. Co-production of
bioethanol and furfural from poplar wood via low
temperature (<90 °C) acid hydrotropic fractionation (AHF).
Fuel. 254, 115572, http://dx.doi.org/10.1016/j.fuel.2019.05.155.

FBP 1303 398-408


dx.doi.org/10.1016/j.biortech.2014.06.091
dx.doi.org/10.1016/j.jclepro.2017.08.230
dx.doi.org/10.1016/S0144-8617(02)00022-X
dx.doi.org/10.1016/S0144-8617(02)00022-X
dx.doi.org/10.1016/j.fuproc.2019.106244
dx.doi.org/10.1016/j.rser.2009.10.003
dx.doi.org/10.1098/rsta.1987.0029
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0170
dx.doi.org/10.1016/s0891-5849(98)00315-3
dx.doi.org/10.1016/j.ijbiomac.2014.07.00
dx.doi.org/10.1016/j.carbpol.2017.11.009
dx.doi.org/10.1016/j.biombioe.2018.07.014
dx.doi.org/10.1021/jf300524s
dx.doi.org/10.1016/j.foodchem.2013.03.008
dx.doi.org/10.1002/jctb.5014
dx.doi.org/10.1016/j.indcrop.2018.07.034
dx.doi.org/10.1002/bbb.206
dx.doi.org/10.1016/j.bcdf.2014.11.003
dx.doi.org/10.1038/srep42121
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0230
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
http://refhub.elsevier.com/S0960-3085(20)30480-6/sbref0235
https://www.nrel.gov/docs/gen/fy08/42619.pdf
https://www.nrel.gov/docs/gen/fy13/42618.pdf
dx.doi.org/10.1016/j.foodchem.2014.06.018
dx.doi.org/10.1021/jf960281n
dx.doi.org/10.1021/ie900233x
dx.doi.org/10.1016/j.biotechadv.2010.05.016
dx.doi.org/10.1016/j.fuel.2019.05.155

	A biorefinery strategy for the manufacture and characterization of oligosaccharides and antioxidants from poplar hemicellu...
	1 Introduction
	2 Materials and methods
	2.1 Raw material
	2.2 Autohydrolysis of PW
	2.3 Membrane processing
	2.4 Analysis of raw material and AH solids
	2.5 Analysis of liquid phases from AH and membrane processing
	2.6 Characterization of oligosaccharides from PW hemicelluloses
	2.7 Total phenolic content and antioxidant activities
	2.8 Error Assesment

	3 Results and discussion
	3.1 Composition of the raw material
	3.2 Hydrothermal processing of PW
	3.2.1 PW solubilization
	3.2.2 Composition of the liquid phase from AH

	3.3 Membrane processing
	3.4 Total Phenolic Content (TPC)
	3.5 Antioxidant activity
	3.6 Characterization of oligosaccharides from PW hemicelluloses

	4 Conclusions
	5 Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


