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A B S T R A C T

Exhausted olive pomace (EOP) is the main residue of the pomace olive oil extracting industry. In this
work, EOP was fractionated into valuable components for valorisation: an aqueous extract rich in
hydroxytyrosol and mannitol, lignins with antioxidant properties and fermentable sugars. EOP was first
subjected to water extraction at 85 �C for 90 min. Several pretreatments based on liquid hot water and
organosolv with 50% or 60% ethanol (catalysed and uncatalysed with 1% sulfuric acid) were then
evaluated in terms of delignification ability and efficiency for enzymatic hydrolysis of the pretreated
solids. Once the best conditions had been selected (50 % ethanol-1% sulfuric acid at 130 �C for 60 min), an
organosolv lignin (OL) with antioxidant properties was obtained through acid precipitation of the
pretreatment liquor. This was compared to the enzymatic hydrolysis lignin obtained in the subsequent
step and to the lignins purified by acid hydrolysis. OL showed a higher total phenolic content and
antioxidant activity than the rest of the lignin samples. Chemical differences were also observed that
could explain the results.
© 2021 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

Introduction

The industries involved in the production of olive oil generate a
large amount of agroindustrial by-products/waste every year. This
includes the exhausted olive pomace (EOP), which is main residue
of the pomace olive oil extracting industry and around 1.2 million
tonnes are generated per campaign in Spain [1,2]. Although EOP is
currently used as a biofuel, this use has some drawbacks: its low
cost provides a limited income, and different environmental
problems also occur during combustion, e.g., particle emission and
hazardous gas generation [3]. Alternatively, EOP can be used to
obtain bioethanol [4] or xylitol [5] from the hemicellulose fraction
and antioxidants from the extractive fraction [6]. Nonetheless, for
an efficient use of this biomass in a biorefinery context, these
components should be valorised in an integrative manner, and the
use of lignin should also be considered.

Lignin is a high molecular weight aromatic polymer, being
mainly composed of phenylpropyl alcohols linked by different
types of bonds: p-coumaryl alcohol (or p-hydroxyphenyl unit, H),
coniferyl alcohol (or guaiacyl unit, G) and synapyl alcohol (or
syringyl unit, S) [7–10]. This basic structure makes lignin a source
of aromatic chemicals after selective depolymerisation [11,12].
Moreover, the industrial interest in lignin is growing since some
lignins can prevent or delay oxidation processes [13] and act as
anti-inflammatory, antibacterial or anti-cancer agents [14].

Besides its natural complexity, the structure of lignin, including
the monomeric units and their linkages, and its properties vary
according to the biomass type, the type of treatment and the
intensity of the conditions applied, which is a consideration for
their industrial production and application [7]. In this way, the use
of alkalis and ammonia is common in the recovery of lignin [8].
Other options are autohydrolysis and organosolv treatment based
on the use of organic solvents [15–20]. The use of inorganic acids as
catalysts for the organosolv treatment has also been reported [10].
According to Erdocia et al. [17], organosolv treatment is the most
environmentally friendly and economical process, since the
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pplication of an organosolv pretreatment can improve the
nzymatic hydrolysis of the biomass to convert the polymeric
ugars into monomers [20], which can be used to obtain other
uilding block chemicals and biofuels [1,22].
Another important issue is when the lignin is obtained, i.e., in

he waste streams from other biorefinery processes or in the early
tages of the biomass valorisation. Although this can affect the
tructure and properties of the lignin, its use in all cases can
ncrease the value of the biorefinery process [11,22].

In this work, several pretreatments based on liquid hot water
LHW) and organosolv pretreatment have been evaluated as a
econd step in the biorefinery of EOP, which was first treated
ydrothermally to recover the antioxidants. The delignification
bility of the pretreatments and the enzymatic hydrolysis
fficiency to convert cellulose into glucose were established. Once
he pretreatment was selected, two lignins were obtained; one of
hem was recovered from the pretreatment liquor (PL) by acid
recipitation, and the other lignin was obtained after enzymatic
ydrolysis. Both lignins were purified, characterized and their
ntioxidant properties studied. Therefore, this work give new
nsights into the valorisation of EOP through an integrative process
nd also into the lignin structure and properties obtained from this
gro-industrial waste.

aterial and methods

hemicals, standards and reagents

All the chemicals and reagents were of analytical grade and were
upplied by Sigma-Aldrich (St. Louis, MO, USA): Folin & Ciocalteu’s
henol reagent, sodium carbonate, sodium nitrite, aluminum
hloride, sodium hydroxide, acetic acid, sodium acetate, TPTZ
2,4,6,-tri(2pyridyl)-1,3,5,-triazine), iron(III) chloride, DPPH (1,1-
iphenyl-2-picrylhydrazyl), sodium chloride, potassium chloride,
ipotassium hydrogen phosphate, disodium hydrogen phosphate,
BTS [2,20-azinobis(3-ethylbenzothiazoline-6-sulfonate)], Trolox
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) and
he standards of gallic acid and rutin. Methanol was obtained from
oneywell (Morristown, NJ, EEUU), sulfuric acid 72% and 96% from
anReac AppliChem (Barcelona, Spain) and ethanol (96%) from VWR
nc. (West Chester, PA, USA). Ultrapure water was obtained using a
illi-Q system (Millipore, Bedford, MA, USA).

aw and extracted material

EOP, partially pitted and pelletized, was obtained from the olive
omace factory “Spuny SA” (Castellar, Jaén, Spain). Its average
oisture content was around 6.5%. EOP was subjected to aqueous
xtraction (85 �C, 10% solids and 90 min) in a thermostatic water
ath provided with mechanical agitation according to Gómez-Cruz
t al. [6]. After extraction, the wet material was vacuum filtered,
btaining two fractions: an aqueous extract and a solid fraction
extracted EOP).

hemical characterization

The raw extracted EOP, pretreated solids (PSs) and lignins were
ubjected to compositional analysis following the standard
ethod provided by the National Renewable Energy Laboratory

NREL) [23]. Then, the content of moisture, ash, cellulose,

(RID). Acid insoluble lignin was determined by gravimetric analysis
after the acid treatment, and acid soluble lignin was determined by
spectrophotometry at 205 nm in the liquid fraction. The elemental
composition (C, H, N and S) was analysed using a TruSpec Micro
device (Leco, St. Joseph, MI, USA).

Liquid hot water and organosolv pretreatments

LHW and organosolv pretreatments were performed on the
extracted EOP at 15% (w/v) of solids using a laboratory scale 1-L
stirred tank reactor (Parr Instrument Company, Moline, IL, USA).
Table 1 summarizes the experimental conditions for all the
pretreatments applied to the EOP. In particular, LHW pretreatment
was performed at 210 �C for 60 min, once the temperature was
reached. Organosolv experiments were carried out using 50% or
60% ethanol, and sulfuric acid at 1% (w/v) was used as a catalyst in
some experiments (Table 1). After reaching the target temperature,
the reactor was kept sealed, and the slurry was agitated for the
pretreatment time. In all cases, the reactor was cooled down to
around 50 �C, and the slurry was vacuum filtered to separate the PS
from the PL.

PSs were dried at 40 �C, and the solid recovery yield was
calculated and referred to the extracted EOP. Also, a portion of
these solids was milled and characterized as described in
Section “Chemical characterization”. Moreover, the PLs were
analysed to determine their content of soluble sugars, acetic acid,
furfural and hydroxymethylfurfural by HPLC-RID analysis with a
refractive index detector (RID) [24], and their total phenolic
content (TPC) and antioxidant capacity were also measured using
the methodology described in the following sections.

Enzymatic hydrolysis

Raw EOP, extracted EOP and PSs were subjected to enzymatic
hydrolysis in 100 mL Erlenmeyer flasks containing 25 mL of 0.05 M
sodium citrate buffer (pH 4.8) and 5% (w/v) of solids. The hydrolysis
was performed at 50 �C on a rotary shaker (INFORS HT ecotron,
Surrey, United Kingdom) for 72 h using the commercial enzyme
solution Cellic1 CTec2 (Novozymes A/S, Bagsværd, Denmark) at 15
FPU/g substrate with β-glucosidase (Novozymes A/S) at 15 IU/g
substrate. All enzymatic hydrolysis experiments were performed
in triplicate. The glucose concentration in the enzymatic hydroly-
sate (liquid fraction) was determined by HPLC-RID analysis. The
hydrolysates and solid fractions were then separated by vacuum
filtration for further analysis.

Lignin recovery

The best delignification method for the extracted EOP was
selected, and four lignins were obtained in this work (Fig.1). Firstly,
lignin was precipitated from the liquor obtained in pretreatment 5,
according to the procedure described by Garcia et al. [18] with

Table 1
Conditions of the liquid hot water (P1), organosolv (P2, P4–P6) and combined (P3)
pretreatments applied for EOP delignification. All experiments were performed
using a solid:liquid ratio of 15% for 60 min.

Pretreatment Solvent Catalyst Temperature (oC)

P1 Water NA 210
P2 50% ethanol NA 110

P3 Water + 50% ethanola NA 110
P4 50% ethanol 1% H2SO4 110
P5 50% ethanol 1% H2SO4 130
P6 60% ethanol 1% H2SO4 110

NA, not added.
a The pretreated solid obtained in P1 was subsequently pretreated with 50%

ethanol.
emicelluloses and lignin were estimated. Prior to the analysis
f the polymeric fractions, a Soxhlet extraction was applied in two
equential stages using water and ethanol, respectively. The
ontent of the monomeric sugars released after acid hydrolysis
as determined in the liquid fraction using high-performance

iquid chromatography (HPLC) with a refractive index detector
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some modifications. For this, a part of the liquor was evaporated
with a Rotavapor1 R-210 (BÜCHI Labortechnik AG) up to
approximately 50% of the volume. Then, the solubilized lignin
was recovered by precipitation, adding two volumes of cold water
acidified at pH 2 with H2SO4. The precipitate was vacuum filtered,
washed twice with 100 mL acidified water and dried at 50 �C for
24 h; this lignin precipitate was named organosolv lignin (OL).
Secondly, OL was subjected to a purification process using acid
hydrolysis to release potential hemicellulosic impurities bound to
the lignin, thus obtaining the acid insoluble lignin fraction. For this,
an acid hydrolysis in two-steps was performed, as in the NREL
procedure [23]. In the first stage, the acid hydrolysis treatment was
carried out with 72% (v/v) H2SO4 at 30 �C for 1 h. Then, in the
second stage, the mixture was diluted by 4% (v/v) H2SO4 and
autoclaved at 120 �C for 1 h. After this treatment, the resulting acid
insoluble lignin fraction was collected by vacuum filtration and
dried in the oven at 50 �C for 24 h; this lignin was named purified
OL (POL).

In addition, the solid fraction resulting from the enzymatic
hydrolysis, composed mainly of the remaining lignin from the
organosolv pretreatment, was named enzymatic hydrolysis lignin

(EHL). This was also subjected to the acid hydrolysis treatment to
remove minor components, obtaining a purified enzymatic
hydrolysis lignin (PEHL).

Total phenol content and antioxidant capacity assays

The TPC and antioxidant capacity were determined in the PLs
and in the lignin products dissolved in methanol (4 g/L), using
DPPH, ABTS and ferric reducing power (FRAP) assays. Briefly, the
TPC was measured by spectrophotometry (at 760 nm) using the
Folin-Ciocalteu assay [25]. The measurements were performed in a
UV–vis spectrophotometer (UV-1800) from Shimadzu Schweiz
GmbH (Reinach BL, Switzerland). Gallic acid was used as standard,
and the results were expressed as milligrams of gallic acid
equivalents (GAE) per gram of extracted EOP and/or lignin.

Using the aforementioned spectrophotometer, DPPH, ABTS and
FRAP were measured at 517 nm, 734 nm and 593 nm, respectively
[3,6]. For all three assays, Trolox was used as standard, and results
were expressed in milligrams of Trolox equivalents (TE) per gram
of extracted EOP and/or lignin. All of the samples were analysed in
triplicate.

Fig. 1. Scheme summarizing the procedures followed to recover lignin products from exhausted olive pomace (EOP): organosolv lignin (OL), enzymatic hydrolysis lignin
(EHL), purified OL (POL) and purified EHL (PEHL).

Table 2
Chemical composition (%, dry weight) of raw exhausted olive pomace (EOP), extracted EOP and pretreated solids (PSs) obtained after liquid hot water (PS1), organosolv (PS2,
PS4–PS6) and combined (PS3) pretreatments.

Component Raw EOP [6] Extracted EOP PS1 PS2 PS3 PS4 PS5 PS6

Extractives 41.78 � 1.85 15.24 � 0.27 – – – – – –

Aqueous 37.94 � 1.89 8.24 � 0.23 – – – – – –

Ethanolic 3.83 � 0.16 7.00 � 0.18 – – – – – –

Cellulose 9.67 � 0.84 12.81 � 0.55 22.14 � 1.94 17.78 � 0.39 23.89 � 1.48 23.50 � 0.64 25.11 � 2.01 18.30 � 0.62
Hemicellulose 10.94 � 0.53 17.98 � 0.82 10.28 � 0.64 21.68 � 0.27 10.05 � 0.22 20.31 � 0.32 13.33 � 0.82 17.36 � 0.52
Xylan 9.79 � 0.53 13.00 � 0.54 5.17 � 0.64 18.17 � 0.27 4.69 � 0.22 15.51 � 0.32 8.82 � 0.82 13.82 � 0.52
Galactan 0.31 � 0.31 3.27 � 0.61 2.72 � 0.07 2.69 � 0.05 2.87 � 0.10 3.24 � 0.06 2.48 � 0.09 2.52 � 0.04
Arabinan 1.82 � 0.03 2.12 � 0.07 1.85 � 0.08 2.13 � 0.08 1.68 � 0.00 2.36 � 0.02 2.03 � 0.01 1.67 � 0.02
Mannan 0.42 � 0.02 1.21 � 0.06 1.76 � 0.09 1.41 � 0.06 1.98 � 0.07 1.70 � 0.06 1.62 � 0.05 1.50 � 0.03
Acetyl groups 1.51 � 0.17 1.00 � 0.06 0.71 � 0.07 0.40 � 0.02 0.61 � 0.03 1.32 � 0.04 0.36 � 0.03 1.07 � 0.02
Lignin 21.82 � 0.89 34.21 � 0.38 58.13 � 0.33 42.81 � 0.87 54.82 � 0.36 45.82 � 0.47 47.40 � 0.05 43.77 � 0.63
AIL 20.29 � 0.68 33.62 � 0.28 56.77 � 0.31 41.15 � 0.87 54.25 � 0.36 44.64 � 0.45 46.44 � 0.02 42.85 � 0.63

ASL 1.54 � 0.47 0.93 � 0.41 1.36 � 0.11 1.66 � 0.00 0.57 � 0.00 1.18 � 0.14 0.96 � 0.05 0.92 � 0.01
Ash 6.41 � 0.21 0.18 � 0.01 1.59 � 0.18 1.89 � 0.07 2.64 � 0.22 2.39 � 0.04 3.18 � 0.04 2.56 � 0.07
Solids recovery – 59.00a 63.56b 90.78b 77.51b 70.81b 55.50b 74.01b

AIL: acid insoluble lignin; ASL: acid soluble lignin. The data is expressed as mean � standard deviation (n = 3).
a With respect to EOP.
b With respect to extracted EOP.
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ignin characterization

UV–vis spectra of the different lignins dissolved in methanol
ere measured between 190 and 800 nm on the above mentioned
evice, with a 1 cm quartz cuvette. The spectra were processed by
VProbe version 2.32.
Pyrolysis–gas chromatography–mass spectroscopy analyses

Pyr–GC–MS) were performed using a SCION GC–MS System from
ruker Daltonics (Bremen, Germany), according to García et al. [18]
ith some modifications. Concretely, the pyrolysis step was
erformed in a Multi-Shot Pyrolyzer1 EGA/Py-3030D (Frontier
ab, Koriyama, Fukushima) at 580 �C for 2 s [26] and the heating
amp was 2 �C/ms. The data processing was performed using MS
ata Review software (version 8.0), and the compounds were
haracterized according to their m/z value and fragmentation
attern, compared to data from the NIST database version 17. All of
he samples were analysed in triplicate.

PLC analyses

PLs and the enzymatic hydrolysates were filtered (0.45 mm
ylon syringe filter) (Sinerlab Group) (Madrid, Spain) and analysed
y a HPLC 1260 series system connected with RID from Agilent
echnologies (Palo Alto, CA, USA). An ICSep ICE-COREGEL 87 H3
olumn (Transgenomic, Inc., Omaha, NE, USA) was used, set at
5 �C with a mobile phase of 5 mM sulfuric acid at 0.6 mL/min.

esults and discussion

ater extraction step and chemical composition of the resulting
ractions

EOP was mainly composed of around 42% aqueous-ethanolic
xtracts, 22% lignin and 20% of structural carbohydrates (cellulose
nd hemicelluloses); glucose and xylose, the major sugars in EOP,
ere in a similar percentage, i.e., around 10% (Table 2) [6]. Other
live-derived biomasses, such as olive mill leaves and olive
omace, also contain extractives and lignin in high amounts
27,28]. Accordingly, it seems reasonable to firstly take advantage
f the extractive fraction, which includes the phenolic fraction.
herefore, a water treatment (85 �C for 90 min) was applied to
btain an antioxidant extract as a first step in the valorisation
ascade of EOP. This contained around 0.6 g/L of hydroxytyrosol
1.47 g hydroxytyrosol/100 g dry extract EOP), which is one of the
ost promising phenolic compounds from olive products due to its
reat biological properties [6]. In addition, the extract was rich in
annitol (4.8 g/L or 11.74 g/100 g dry extract EOP), which is also an

nteresting bioactive compound.
After this water extraction step, the chemical composition of

he EOP was modified, with the extracted EOP enriched in lignin
nd polymeric sugars due to the partial removal of around 63.5%
nd 97.2% of the initial content of extractives and ash, respectively.
he solid recovery efficiency of the water extraction step was 59%.
hese results agreed with those obtained by Manzanares et al. [29]
fter the treatment of EOP with water at 100 �C for 30 min.
herefore, some delignification methods were tested as a second
tep to recover lignin and to evaluate how this step affects the
nzymatic digestibility of the PSs.

hemical composition of the pretreated solids recovered after LHW

organosolv pretreatments, and combined treatments. The compo-
sition of the PSs obtained from these pretreatments, as well as the
composition of raw and extracted EOP, is shown in Table 2. The
solid recovery after pretreatment ranged from 90.78% (P2) to
55.50% (P5) at the most severe conditions; thus more components
were solubilized under severe conditions, i.e., using organosolv
pretreatment at higher temperature and with catalyst.

LHW pretreatment mainly affected the hemicellulose and
solubilized about 76% of this fraction. Consequently, this caused an
increase in the cellulose and lignin content with respect to the
extracted EOP, e.g., 73% and 70%, respectively. Previous studies
have reported the solubilisation of xylans through LHW treat-
ments, which is more noticeable when high temperatures are
applied [1]. This also agreed with previous studies on other
biomasses, but the pretreatment results are variable and depend
on the feedstock [30]. For example, using LHW at 200 �C for 30 min
with corncob, all hemicellulose was solubilized. Similarly, the
glucan and lignin content increased after this treatment [31].

For organosolv pretreatments with aqueous ethanol, there was
an increase in the percentages of cellulose and lignin content of the
resulting PSs with respect to the raw material and extracted EOP.
This depended on the temperature and ethanol concentration, as
well as whether sulfuric acid was added. In this way, the highest
value of cellulose was obtained when 50% ethanol was used at
130 �C with 1% sulfuric acid (P5). These pretreatment conditions
reached 55% of hemicellulose solubilisation and the highest value
of delignification in this work, 23%. Alternatively, P2, P4 and P6,
which were carried out at gentler conditions, solubilized less than
30% of hemicellulose and only 5% of lignin in the case of P4 and P6,
whilst P2 (without acid catalyst) did not affect the lignin fraction.
This agreed with Díaz et al. [20] who showed that the
hemicellulose content is highly affected by the temperature in
the organosolv pretreatment. The addition of sulfuric acid as
catalyst has also been reported as a way to increase delignification
[32], agreeing with our results. It seems that acidic conditions
contribute to the breakage of ether bonds in lignin, favouring the
delignification process [10].

The combination of LHW and organosolv pretreatment (P3)
slightly increased the cellulose content in PS3 compared to PS1,
which was obtained using only LHW. This pretreatment mainly
favoured the solubilisation of the xylan fraction.

Enzymatic digestibility of the pretreated solids

The effectiveness of enzymatic saccharification on the pre-
treated biomass is principally evaluated by the degree of
conversion of cellulose to glucose monomers. Therefore, the effect
of the LHW and organosolv pretreatments on the enzymatic
digestibility of the PSs was evaluated. This parameter estimates the
percentage of glucose released by enzymes with respect to the
initial glucose content in the PSs (Fig. 2).

The highest values, even higher than 70%, were reached when
the PSs obtained from the LHW pretreatment (P1) and the
organosolv pretreatment (P5) were hydrolysed with the enzymatic
cocktail. However, when these values were expressed in terms of
the total glucose content in the raw EOP, pretreatment P5 resulted
in the best conditions to recover the maximum amount of glucose,
i.e., the enzymatic hydrolysis yield (EHY) was 69.2%. In addition,
this pretreatment produced the highest delignification, being
around 28%. This made the ratio of cellulose to lignin reach the
nd organosolv pretreatments

The material resulting from the water extraction step was used
s a raw material for the subsequent fractionation step, to continue
ith the biorefinery scheme. As commented before, the pretreat-
ent conditions are shown in Table 1 and consisted of LHW and
35
highest value, around 60%. According to Yang et al. [33] a higher
ratio of cellulose to lignin and the gradual removal of lignin is
generally accompanied by an increase in the conversion of
cellulose. This fact is, for example, manifested when the organosolv
pretreatment P5 was compared with diluted acid pretreatments,
which were also applied to EOP using sulfuric acid in the range 1–
9
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2% (w/v) and at 170�210 �C [1]. Using this type of pretreatment, the
maximum enzymatic yield was around 40% [1,34].

These results and the fact that the organosolv pretreatment P5
also led to a lower content of acetyl groups (Table 2) make it the
best choice as a second step in the biorefinery cascade of EOP to
produce glucose.

Composition of the pretreatment liquors and antioxidant activity

The liquors obtained through the application of the different
pretreatments were analysed in terms of sugars and inhibitors that
provide a direct insight into the effect of LHW and organosolv
pretreatments in terms of their solubilisation (Table S1 of the
Supporting Information). All pretreatments mainly released hemi-
cellulosic sugars, from 0.27 g/L (PL3) to 15.8 g/L (PL5), while the
content of glucose varied between 0.32 g/L (PL1) and 1.51 g/L (PL5)
and was not detected in PL3. Not surprisingly, the stronger
conditions (P5, 50% ethanol–1% sulfuric acid, 130 �C for 60 min) led
to the solubilisation of more monomeric hemicellulosic sugars
(15.8 g/L or 10.53 g/100 g EOP). As commented before, xylan was
the fraction most affected by the pretreatments. Regarding sugar
derivatives, EOP contains mannitol, a large part of which was
solubilized in the aqueous extract obtained in the first valorisation
step. Nonetheless, a little was solubilized by the pretreatments, up
to 2.13 g/L (1.42 g/100 g EOP) (PL5). The liquors also contained
formic acid (up to 5.53 g/L, PL6) and acetic acid (up to 2.39 g/L, PL5),
agreeing with other authors that applied LHW and organosolv
pretreatments to olive tree pruning [20] and corncob [31]. Some
authors suggest that the poor delignification provided by LHW is
due to the limited solubility of lignin in acid medium caused by the
solubilisation of acetic acid from hemicelluloses [31]. However, our
results show similar values of acetic acid in the liquors from the
pretreatment P1 (LHW) (2.27 g/L) and P5 (organosolv) (2.39 g/L),
but different delignification rates.

Moreover, the presence of furfural and hydroxymethylfurfural
was found in low concentrations (<0.79 g/L), also agreeing with
previous studies for olive-derived biomass [20,29]. Therefore, for
further valorisation of hemicellulosic sugars into other valuable
compounds, such as bioethanol or xylitol via fermentation, a

components measured in these liquors by TPC correspond to the
phenolic hydroxyl groups of the solubilized lignin [31], at least in
part. The highest TPC value was obtained in the liquor from the
pretreatment P5, which also exhibited a high antioxidant activity,
especially in the FRAP assay.

Chemical characteristics and antioxidant properties of the lignin
products

The pretreatment P5 was chosen on the basis of the previous
results, and OL was obtained from the liquor via direct acid
precipitation. In addition, a lignin-rich residue was also recovered
after enzymatic hydrolysis (EHL). The yields of both lignins were
7.1% and 19.2% of extracted EOP, respectively. The mass balance of
the whole process, including aqueous extraction, organosolv
pretreatment P5, lignin precipitation, and enzymatic hydrolysis,
is shown in Fig. 4

The chemical composition of the aforementioned lignin
products obtained in this process is shown in Table 3. The purity
of OL was closer to 90%, being higher than that for EHL (78%). In this
regard, EHL showed a higher sugar and ash content compared to
OL, since it could be contaminated with the part of cellulose that
the enzymes did not hydrolyse during the saccharification step and
also with the salts added to the medium.

Moreover, OL and EHL were subjected to further purification by
a two-step acid hydrolysis, obtaining two additional products, POL
and PEHL, as commented before. The elemental composition of all
these lignin products, the raw and extracted EOP, and the PS5 is
shown in Table 4. The OL contained nitrogen, indicating protein
contamination. This component is naturally associated with lignin
in the raw plant source, being removed along with the lignin
fragments released during the delignification process [16,35].
Moreover, a part of the nitrogen was removed from OL during the
purification step, while another part seemed to be strongly linked
to the lignin. As regards carbon, its amount in all lignins is similar
and higher than 50%. This agreed with other authors who have
reported that carbon and oxygen are the highest components of
lignins, which were obtained from different sources and methods.
However, their content is variable and depends on the biomass,
extraction technique and purity [36,37]. Remarkably, the amount
of sulphur in the lignin products from EOP was very low, avoiding
the generation of harmful emissions if any of these products were
destined for thermal conversion [36]. Also, the ash content was
low, thus lowering the possibility of corrosion processes in the
boiler in the absence of appropriate maintenance [38].

Besides their use as a fuel, the lignin products were evaluated in
terms of their TPC and antioxidant activity to preliminary consider
the application as antioxidant additives (Table 5). OL had the

Fig. 2. Ratio of cellulose to lignin (C/L), enzymatic digestibility (ED) of the
pretreated solids (PS), expressed as % of the glucose released with respect to the
total content in this solid, and enzymatic hydrolysis yield (EHY), expressed as % of
the glucose released with respect to the total content in raw exhausted olive
pomace (EOP).
Fig. 3. Antioxidant activity of the pretreatment liquors (PL) obtained from LHW
(PL1), organosolv (PL2, PL4–PL6) and combined pretreatments (PL3).
detoxification step to reduce the content of organic acids will be
required.

The TPC and antioxidant activity of the PLs were also
determined (Fig. 3). Since the first valorisation step was focused
on the extraction of antioxidant phenolic compounds from the
non-structural fraction, it is expected that the phenolic
360
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ighest TPC and antioxidant activity. Its TPC value (86.37 mg of
AE/g lignin) is in the range between the values found for lignins
btained from bamboo [16] and apple tree pruning [18] using
rganosolv treatments, and similar to that of olive pomace lignin
btained by ionic liquids [39]. Alternatively, lower TPC values were
bserved for corncob lignin obtained by LHW and ethanol
rganosolv treatments applied sequentially [31], although the
ntioxidant activity cannot be compared due to the use of different
nits.
In addition, our study also showed that EHL contains antioxi-

ant activity, but this was lower than that for OL. This can be at
east partially explained by its lower purity, as commented before.
oncerning the loss of activity after the purification step, it seems
hat the acid hydrolysis can cause degradation of the aromatic

units and then modify the antioxidant properties of the lignin [18].
Thus, the lignin samples were analysed by UV–vis spectroscopy
and Pyr–GC–MS.

UV–vis and Pyr–GC–MS characteristics of the lignin products

All the lignins have similar UV–vis profiles (Fig. S1 of the
Supporting information), but OL required more dilution to avoid
signal saturation. This suggests that OL has higher amounts of
chromophores and thus phenolic units, which can explain the
previous TPC and antioxidant activity results. In this regard, two
main UV peaks between 210�220 nm and 270�290 nm were
observed and a shield at 230�240 nm. The former sharp peak is
typical for lignin, while the maximum around 280 is consistent
with a G-rich lignin, since the syringyl unit exhibit its band at lower
wavelength, around 268–276 nm [40]. Moreover, the presence of
absorbance around 340 nm could derive from a small quantity of
the hydroxycinnamic acids [41]. In part, it resembles the UV
spectrum of softwood lignin due to the higher presence of G-units
[42].

The EOP lignin products were also analysed by Pyr–GC–MS,
which enables the determination of the basic structures of lignin
through to the detection of pyrolysis products [18]. A total of 30
compounds could be characterized: 28 compounds derived from
phenolic compounds (Table 6, Fig. S2 of the Supporting informa-
tion) along with 3-furaldehyde and 3-ethyl pyridine from sugar
and nitrogen compounds, respectively. Most of these compounds
were present in all samples, suggesting that OL and EHL are HGS-

Fig. 4. Material balance flow scheme of the overall process for lignin production from EOP after organosolv pretreatment at 130 �C, 60 min and 15% solids.

able 3
hemical components of the organosolv lignin (OL) and the lignin obtained after
nzymatic hydrolysis (EHL).

Component OL (%) EHL (%)

Glucose 1.42 � 0.23 12.14 � 1.66
Xylose 2.05 � 0.33 3.77 � 0.25
Galactose 1.40 � 0.09 ND
Arabinose 1.73 � 0.69 1.49 � 0.06
Acid soluble lignin 1.78 � 1.78 0.58 � 0.08
Acid insoluble lignin 87.69 � 2.38 78.34 � 1.10
Ash 0.0018 � 0.0001 0.13 � 0.04

D, not detected. The data is expressed as mean � standard deviation (n = 3).

able 4
lemental composition of the raw exhausted olive pomace (EOP), extracted EOP, pretreatment solid 5 (PS5), and lignin products: organosolv lignin (OL), enzymatic hydrolysis
gnin (EHL) and their purified fractions, POL and PEHL.

Sample N (%) C (%) H (%) S (%) Ash (%)

Raw EOP 1.31 � 0.06 42.42 � 0.24 5.55 � 0.08 ND 6.41 � 0.21
Extracted EOP 1.85 � 0.08 45.41 � 0.68 5.88 � 0.05 ND 0.18 � 0.01
PS5 1.14 � 0.01 45.81 � 0.48 5.93 � 0.01 0.61 � 0.09 3.18 � 0.04
OL 2.18 � 0.05 55.59 � 0.41 6.23 � 0.02 ND 0.0018 � 0.0001
POL 1.78 � 0.02 56.39 � 0.20 5.80 � 0.03 ND ND
EHL 1.89 � 0.17 52.18 � 0.71 6.45 � 0.13 ND 0.13 � 0.04
PEHL 1.79 � 0.06 56.01 � 0.56 6.41 � 0.05 ND 0.05 � 0.01

D: not detected. The data is expressed as mean � standard deviation (n = 3).

able 5
otal phenolic content (TPC) and antioxidant activity of the lignin products, determined by the DPPH, FRAP, and ABTS assays: organosolv lignin (OL), enzymatic hydrolysis
gnin (EHL) and their purified fractions, POL and PEHL.
Lignin type TPC (mg GAE/g lignin) DPPH (mg TE/g lignin) FRAP (mg TE/g lignin) ABTS (mg TE/g lignin)

OL 186.37 � 0.005 131.10 � 0.007 254.66 � 0.02 880.20 � 0.03
POL 71.63 � 0.006 68.04 � 0.01 101.82 � 0.01 347.67 � 0.06
EHL 25.86 � 0.004 25.85 � 0.05 42.87 � 0.04 134.34 � 0.006
PEHL 18.81 � 0.0015 13.13 � 0.02 14.19 � 0.02 81.74 � 0.001

he data is expressed as mean � standard deviation (n = 3).
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type. The H/G/S ratio of OL and EHL was around 2:4:1 and 2:5:1,
explaining the UV results due to the predominance of G-units. This
unusual H/G/S ratio was also observed in olive pomace [43].
Alternatively, lignins derived from olive tree pruning contained a S/
G ratio higher than those values observed here, but it was highly
variable, from 1 to 5.1 [44–46]. In this sense, the S/G and H/G/S
ratios depend on the type of source, i.e., hardwood/softwood or
angiosperm/gymnosperm, and also on the plant part and lignin
type [46,47]. Moreover, a loss of H-, G- and S-units was observed
after purification, which could explain the lower antioxidant
activity of POL (Table 5). As commented before, oxidation can affect
the phenolic components during this acid purification step [18]. In
this sense, syringyl, phenolics and guaiacyl hydroxyls have shown
correlation with the antioxidant activity in the DPPH and ABTS test
measured in Broussonetia papyrifera lignin [48].

In addition, EHL and PEHL presented lower values for all these
units (Table 6). In this regard, Zhao et al. [22] have shown that
demethoxylation occurs during the hydrolysis process, while other
reactions should not be ruled out since –H, –G, and –S units were
affected in this step. In any case, antioxidant lignins can be
obtained before and after enzymatic hydrolysis without further
purification, but the former has better antioxidant properties and
purity.

Conclusions

lignin (OL) (purity closer to 90%) was obtained through acid
precipitation, which was rich in G-units. Moreover, the solid
fraction recovered after enzymatic hydrolysis (EHL) is highly rich in
lignin (around 78% of purity) and also has antioxidant properties.
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Table 6
Phenolic compounds derivatives found in organosolv lignin (OL), enzymatic hydrolsys lignin (EHL) and their purified fractions, POL and PEHL, by pyrolysis-gas
chromatography-mass spectrometry.

No Retention time (min) Name Structure Main fragments Monomer assignment Relative amount (%)a

OL POL EHL PEHL

1 2.6 Toluene C7H8 65, 91, 92 G, S or H 100 70 45 25
2 3.7 Ethylbenzene C8H10 91, 106 G, S or H 100 65 36 32
3 4.1 Styrene C8H8 78, 103, 104 G, S or H 100 98 51 43
4 5.9 Phenol C6H6O 66, 94 H 100 66 50 37
5 6.6 Benzaldehyde, 2-hydroxy C7H6O2 65, 121, 122 H 100 74 17 48
6 6.9 Phenol, 2-methyl- C7H8O 77, 79, 107, 108 H 100 93 26 30
7 7.3 p-Cresol C7H8O 77, 107, 108 H 100 57 37 27
8 7.3 Phenol, 2-methoxy C7H8O2 81, 109, 124 G 100 130 119 54
9 8.1 Phenol, 2-ethyl C8H10O 77, 79, 107, 122 H 100 134 – –

10 8.3 2,4-Dimethylphenol C8H10O 77, 79, 107, 121, 122 H 100 47 22 28
11 8.6 Phenol, 4-ethyl C8H10O 77, 107, 122 H 100 68 53 32
12 8.8 4-Methylguaiacol (creosol) C8H10O2 95, 123, 138 G 100 105 68 41
13 9.4 Benzofuran, 2,3-dihydro- C8H8O 91, 120 G, S or H 100 27 74 32
14 9.5 Catechol C6H6O2 64, 110 G 100 93 51 62
15 10.2 1,2-Benzenediol, 3-methoxy- C7H8O3 97, 137, 140 S 100 80 24 62
16 10.4 1,2-Benzenediol, 3-methyl- C7H8O2 78, 123, 124 G 100 – – 64
17 11.0 Phenol, 5-ethenyl-2-methoxy C9H10O2 107, 135, 150 G 100 38 56 26
18 11.2 1,2-Benzenediol, 4-methyl- C7H8O2 78, 123, 124 G 100 62 25 37
19 11.6 3-Methoxy-5-methylphenol C8H10O2 107, 138 G 100 – 42 48
20 12.2 Phenol, 2,6-dimethoxy C8H10O3 96, 139, 154 S 100 70 34 36
21 13.8 4-Ethylcatechol C8H10O2 123, 138 G 100 – – –

22 15.2 3,5-Dimethoxy-4-hydroxytoluene C9H12O3 125, 153, 168 S 100 87 50 –

23 17.2 Guaiacol, 4-butyl C11H16O2 122, 137, 180 G 100 26 32 20
24 17.7 Phenol, 4-ethenyl-2,6-dimethoxy C10H12O3 165, 180 S 100 36 56 24
25 18.1 1-propanone, 1-(4-hydroxy-3-methoxyphenyl)- C10H12O3 123, 151, 180 G 100 49 22 40
26 19.7 (E)-2,6-Dimethoxy-4-(prop-1-en-1-yl)phenol C11H14O3 91, 179, 194 S 100 – – –

27 20.7 Syringylacetone C11H14O4 167, 210 S 100 78 49 52
28 21.2 1-Propanone, 1-(4-hydroxy-3,5-dimethoxyphenyl) C11H14O4 153, 181, 210 S 100 74 42 44

Total H 100 68 33 31
Total G 100 63 43 42
Total S 100 71 35 35

a With respect to OL.
An integrative valorisation process is proposed to valorise EOP.
After a water treatment to recover an aqueous extract rich in
hydroxytyrosol and mannitol, an organosolv pretreatment can be
performed using 50% ethanol–1% sulfuric acid at 130 �C for 60 min.
This provided around 28% of delignification and facilitated the
enzymatic hydrolysis (EHY = 69.4%). From the PL, an antioxidant
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Corrigendum to “A biorefinery approach to obtain antioxidants,
lignin and sugars from exhausted olive pomace”
[J. Ind. Eng. Chem. 96 (2021) 356–363]

Irene Gómez-Cruza,b, María del Mar Contrerasa,b, Inmaculada Romeroa,b,*,
Eulogio Castroa,b

aDepartment of Chemical, Environmental and Materials Engineering, Universidad de Jaén, Campus Las Lagunillas, 23071 Jaén, Spain
bCentre for Advanced Studies in Earth Sciences, Energy and Environment (CEACTEMA), Universidad de Jaén, Campus Las Lagunillas, 23071 Jaén, Spain

The authors regret having detected an error in the publication “A biorefinery approach to obtain antioxidants, lignin and sugars from
exhausted olive pomace”. In the original paper, the antioxidant activity measured by ABTS assay was calculated incorrectly. As a
consequence, the values of ABTS in Fig. 3 and Table 5 must be corrected by multiplying by 0.626. We ensure that the discussion of the results
and the conclusions of the work are valid because the error did not affect to the data analysis.

The authors would like to apologise for any inconvenience caused.
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