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Abstract

Olive trees cultivated in the Viseu region (Portugal) were used in the present work. This
study investigates the compositional characteristics and hydrothermal behavior of olive
branches (OB) and olive leaves (OL) under autohydrolysis, aiming to assess their poten-
tial for biorefinery applications. Chemical analysis revealed that during autohydrolysis
(140–180 ◦C, 15–30 min), OL exhibited greater solubilization than OB, consistent with their
higher extractive content. Increasing the temperature promoted selective hemicellulose
removal and partial cellulose degradation, leading to a relative enrichment of lignin in the
solid residues. Nevertheless, the cellulose content of olive branches for 180 ◦C and 30 min
hydrolysis increased. Fourier transform infrared spectroscopy confirmed progressive struc-
tural rearrangements, including enhanced hydroxyl exposure, carbonyl formation, and
lignin condensation, indicating the transformation of the solid phase toward more aromatic
and thermally stable structures. Autohydrolysis slightly increased the higher heating value
of the solid residues while acid-catalyzed liquefaction markedly increased, exceeding those
of both native and technical lignins. These results suggest extensive carbon enrichment and
oxygen removal during liquefaction. Overall, autohydrolysis proved effective for hemicel-
lulose solubilization and sugar recovery, while liquefaction favored energy densification
and lignin condensation. The distinct behaviors of OB and OL highlight the importance of
tailoring processing conditions to each feedstock type. Both materials show strong potential
as renewable resources for bioenergy and value-added carbon-based products within an
integrated olive biomass biorefinery framework.

Keywords: autohydrolysis; agro-industrial residues; chemical composition; FTIR; olive
tree pruning

1. Introduction
Olive trees, among the oldest cultivated species in human history, are now grown

extensively across the globe, covering roughly 9 million hectares of agricultural land [1].
Reports from the International Olive Council (IOC) [2] rank Portugal as the sixth-largest
olive oil producer globally, with a reported output of 150,000 tons during the 2023–2024 agri-
cultural campaign, up from 126,000 tons in 2022–2023 [2]. This steady growth underscores
the country’s increasing prominence in the global olive oil sector. The expansion is largely
driven by significant investments in super-intensive cultivation systems, modernization
of milling infrastructure, and a strong commitment to high-quality production standards.
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These advances have not only boosted production volume but have also enhanced the
international reputation of Portuguese olive oils, particularly in export markets.

The rise in olive oil production in Portugal has also contributed to higher generation
of olive by-products, especially olive leaves and small branches, which are produced in
large quantities during pruning and oil extraction processes [1]. Olive trees in Portugal, as
in other Mediterranean regions, require pruning annually or at least every two years [3],
resulting in an average from each tree of around 25 kg of pruning residues, along with
approximately 5% of the harvested olive weight as leaves collected at the mill [4]. Studies
conducted in Mediterranean conditions indicate an average of 1.31 t/ha of pruning residues
for annual pruning and 3.02 t/ha for biennial pruning [5], suggesting that similar values
may be expected in Portuguese olive groves. Similarly, it is estimated that the production
of one liter of olive oil generates about 6.23 kg of pruning residues, including branches and
leaves [6]. Olive tree pruning has been stated to have around 25% woody fraction, another
25% leaves, and the remaining 50% thin branches [7].

The rich and diverse phenolic profile of olive leaves highlights their strong potential
for valorization as high-value by-products within the agri-food, pharmaceutical, and nu-
traceutical sectors. According to Espeso et al. [1], olive leaves contain exceptionally high
levels of bioactive compounds—particularly oleuropein, which can reach up to 24.5% of leaf
dry weight—surpassing concentrations found in olive fruits and positioning leaves as a su-
perior raw material for bioactive extraction [1,8,9]. The presence of other health-promoting
phenolics, including hydroxytyrosol, verbascoside, flavones, flavonols, and phenolic acids,
further enhances their functional value [1,10]. These compounds exhibit well-documented
antioxidant, antimicrobial, and antiviral activities, making olive leaf extracts attractive for
use as natural preservatives, functional food ingredients, cosmetic actives, or therapeutic
agents [1,8,11]. Moreover, since olive leaves are generated in large quantities as agricultural
residues during pruning and olive oil production, their exploitation supports circular econ-
omy principles by reducing waste and increasing resource efficiency. However, successful
valorization depends on optimizing extraction technologies and carefully selecting raw
materials, as polyphenolic composition is strongly influenced by agronomic conditions,
leaf maturity, and processing parameters [1,8,12].

The extraction of these phenolic compounds from leaves also generates a residue
since only the extractable compounds are removed, leaving the lignocellulosic fraction.
The valorization of olive leaf waste after the extraction of phenolics was studied as a new
source of fractions containing cellulose nanomaterials. The authors demonstrated that
solid waste from extracted olive leaves could be efficiently valorized into different types of
nanocellulose with distinct morphologies and properties, showing that lignin-containing
nanocellulose offers higher yield, improved thermal stability, reduced hydrophilicity, and
ultraviolet-absorbing capacity, while crystalline nanocellulose provides superior reinforcing
performance in nanocomposite films [13]. Other examples showed that olive pruning has
been successfully transformed into various cellulose-based materials, including pulp and
paper sheets [14], microfibrillated cellulose [15], and nanocellulose, while cellulose isolated
from pruning was converted into water-soluble hydroxypropyl carboxymethyl cellulose
with short fibers and low mechanical strength [16].

Autohydrolysis, also referred to as water prehydrolysis, is a widely employed pretreat-
ment technique in lignocellulosic biomass processing. In this method, biomass is treated
with compressed hot water, which promotes the solubilization and depolymerization of
hemicelluloses [17]. The process primarily generates sugars and oligosaccharides [18], facil-
itated by hydronium ions produced through the autoionization of water [19] and by organic
acids released from the cleavage of acetyl groups. These acids act as catalysts, promoting
the hydrolysis of glycosidic bonds and leading to the formation of lower molecular weight
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polysaccharides, oligosaccharides, monosaccharides, and degradation products such as
furfural and hydroxymethylfurfural. In addition to hemicellulose removal, autohydrolysis
enhances the accessible surface area and decreases the crystallinity of cellulose, thereby
improving its reactivity during subsequent enzymatic hydrolysis. However, excessive reac-
tion time or high temperature can result in the conversion of xylose into furfural, reducing
overall sugar yield; therefore, process parameters must be carefully optimized to balance
sugar recovery and degradation [20]. Moreover, at elevated temperatures, partial lignin
depolymerization can occur, releasing phenolic compounds into the hydrolysate [21].

The novelty of this work lies in the direct comparative assessment of olive leaves
and olive branches processed under identical autohydrolysis conditions, integrating bio-
chemical composition, structural analysis by infrared spectroscopy, and energy potential
evaluation to clarify their differentiated roles within an olive-pruning-based biorefinery
framework. This method offers a green, catalyst-free approach to biomass fractionation,
enabling efficient separation with minimal environmental impact.

2. Materials and Methods
2.1. Material

Following the olive harvest in Viseu, a farm in central Portugal provided the olive tree
pruning’s for this study. These prunings consisted of leaves and thin branches, typically
less than 2 cm in diameter.

The branches and leaves were separated, then milled using a Retsch SMI mill (Retsch,
Haan, Germany) and subsequently sieved for 20 min at 50 rpm with a Retsch AS200 (Retsch,
Haan, Germany). The 40 and 60 mesh (0.420–0.250 mm) fraction was dried in an oven at
105 ◦C for a minimum of 24 h and used for the tests.

2.2. Autohydrolisis

A Parr LKT PED cylindrical glass reactor (Parr Instrument Company, Moline, IL, USA)
with a 600 mL capacity and double-walled insulation was used for the experiments. Inside
the reactor, a 20 g sample of the 40–60 mesh fraction was combined with 200 mL of distilled
water. An automatic stirrer maintained a consistent mixture at 70 rpm. The study focused
on optimizing solubilization by varying the temperature (140, 160, and 180 ◦C) and reaction
time (15 and 30 min at each temperature). These temperatures and times have been chosen
in order to have means of comparison against the liquefaction procedure [22]. The tests
were made in duplicate. Approximately 10 min were required for the reactor’s internal
temperature to reach the set point. After each test, the mixture was filtered through a
Buchner funnel with filter paper to separate the solid residue from the liquid. The solid
residue was then dried in an oven at 103 ± 2 ◦C and weighed to determine the percentage
of solubilized material, as described in Equation (1).

Solubilization(%) =
Initial dry mass(g)− Solid dry residue (g)

Initial dry mass (g)
× 100 (1)

2.3. Chemical Composition of Solid Residues After Autohydrolisis

Lignin in extractive-free olive branches and leaves was quantified using a modified
Klason method, involving two hydrolysis steps (72% H2SO4 at 30 ◦C for 1 h, followed by
3% H2SO4 in an autoclave at 1.2 bar for 1 h) [23]. Holocellulose was measured via the acid-
chlorite method to remove nearly all lignin, and α-cellulose content was determined for
extractive-free samples according to TAPPI 429 cm-23 [24]; hemicellulose was determined
as the difference between holocellulose and α-cellulose.
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2.4. Infrared Spectroscopy Analysis

FTIR-ATR spectroscopy was used to characterize the initial dried material and the
solid residue after autohydrolysis. A Perkin Elmer UATR Spectrum Two (Perkin Elmer,
Bridgeport, CT, USA) spectrometer was used, collecting 72 scans per minute with a resolu-
tion of 4.0 cm−1 over the 4000 to 400 cm−1 range. Samples were dried at 103 ± 2 ◦C for
one week beforehand to ensure complete moisture removal. A background spectrum was
acquired by measuring the absorbance over the crystal. Solid samples were then placed and
pressed firmly onto the crystal, covering its entire surface. An average of three spectra were
collected for each sample. No mathematical post-treatment or band normalization was
applied, as ATR-FTIR allows direct qualitative and semi-quantitative comparison of spectra
when acquisition parameters and sample–crystal contact conditions are kept constant.

2.5. Liquefaction

Liquefaction of dried olive branch and leaf powders was carried out in a glycerol–
ethylene glycol solvent with sulfuric acid as a catalyst under controlled temperature and
stirring, followed by cooling, methanol dissolution and filtration as described before [22].

2.6. Heating Value

The sample used in the determination of the calorific value (high heating value) was
grounded after being completely dried at 105 ◦C, and subsequently, it was subjected to
compression (4 ton, 10 s) to produce a 1 cm diameter pellet, which was inserted into the
heat pump. Three replicates of each sample were made. A Parr calorimeter-model 6400 was
employed for this evaluation. Since it is not possible to quantify directly the heat released
during the combustion, the temperature rises in the water contained in the calorimetric
container surrounding the sample is measured. Knowing the temperature rise and the
calorific capacity of water, the HHV of the sample was obtained.

3. Results and Discussion
The chemical composition of olive branches (OB) and olive leaves (OL) presented

before shows that olive leaves have higher ash (4.08%) and extractive contents, 5.80%
(dichloromethane), 20.11% (ethanol), and 15.82% (hot water) compared with branches
with 2.79% and 1.22%, 11.24%, and 10.00% respectively. On the other end, olive branches
contained higher levels of structural carbohydrates, with 30.47% α-cellulose and 27.88%
hemicellulose, against 18.56% and 14.00% for leaves along with a lower Klason lignin
content (16.40%) compared to leaves (21.64%) [22]. This compositional distinction is partic-
ularly relevant for the olive oil industry, as olive leaves are generated in large quantities
during harvesting and cleaning operations, and their higher extractive content suggests a
greater potential for recovering value-added compounds alongside olive oil production.
Olive leaves are particularly rich in phenolic extractives, dominated by oleuropein and
accompanied by significant amounts of hydroxytyrosol, verbascoside, flavones, flavonols,
and phenolic acids, which can be extracted leaving the lignocellulosic fraction for further
processing [1,8,9].

The solubilization behavior of olive biomass under autohydrolysis (Figure 1) varies
markedly between olive branches and olive leaves, with both temperature and reaction
time significantly influencing the extent of solubilization. In general, olive leaves (OL),
which have higher contents of extractives such as ethanol-soluble and hot water-soluble
compounds, exhibited higher solubilization percentages than olive branches across all
tested conditions. From an olive oil industry perspective, this behavior highlights the
suitability of olive leaves for mild hydrothermal processing steps that could be integrated
downstream of oil extraction, enabling the recovery of soluble fractions without extensive
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preprocessing. At 140 ◦C, solubilization of olive leaves reached 31.41% after 15 min and
slightly increased to 32.79% at 30 min, while olive branches showed significantly lower
values of 18.97% and 20.28%, respectively. This higher solubilization in leaves for lower
temperatures and times is likely due to their higher extractive content (41.73%) compared to
branches (22.46%). At 160 ◦C, the trend continued but with smaller differences, with solubi-
lization increasing for both materials. Olive leaves reached 36.11% after 30 min, while olive
branches reached 27.24%, suggesting that moderate temperature and prolonged treatment
promote the partial breakdown of hemicellulosic and extractive fractions. At 180 ◦C, both
olive leaves and olive branches maintained their upward trend, with solubilization rising
from 40.51% (15 min) to 45.16% (30 min) for OL and olive branches from 30.26% (15 min) to
36.37% (30 min). These results highlight how the higher proportion of extractives in OL
facilitate more efficient solubilization during autohydrolysis.
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Figure 1. Solubilization percentage due to autohydrolysis of olive leaves (OL) and branches (OB).

The autohydrolysis of several other lignocellulosic materials leads to similar solu-
bilizations. For instance, sweet cherry seeds showed a 26.7% solubilization obtained at
170 ◦C and 180 min [25] while Romaní et al. [26] reported a solid residue varying from 18.2
to 27.6% for the autohydrolysis of Eucalyptus globulus with severity factors ranging from
3.35 to 3.94. The comparable behavior of olive residues confirms that by-products of the
olive oil industry can be processed using established hydrothermal technologies already
validated for other agro-industrial sectors.

Figures 2 and 3 present the macromolecular chemical composition of the solid residue
after the autohydrolysis of olive leaves and olive branches at 140 ◦C, 160 ◦C and 180 ◦C for
15 and 30 min, respectively. The chemical composition of the solid residues obtained from
the autohydrolysis of olive leaves and olive branches reveals significant trends influenced
by both temperature (140–180 ◦C) and reaction time (15 and 30 min). The major compo-
nents analyzed, lignin, α-cellulose, and hemicellulose, undergo distinct transformations,
reflecting typical patterns of lignocellulosic fractionation under hydrothermal conditions.
Lignin content increased steadily with rising temperature in all samples. Nevertheless, this
apparent increase does not necessarily reflect lignin condensation or polymerization but is
largely attributed to the preferential solubilization of hemicelluloses and, to a lesser extent,
cellulose, leading to a relative enrichment of lignin in the solid residue [27]. For olive oil
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producers, this lignin enrichment is particularly relevant as it enhances the suitability of
the remaining solid for energy recovery or advanced material applications, potentially
offsetting processing costs.
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Figure 2. Chemical composition of olive leaves (OL) after autohydrolysis for 15 (left) and
30 (right) min.
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Figure 3. Chemical composition of olive branches (OB) after autohydrolysis for 15 (left) and
30 (right) min.

For OL at 15 min, lignin content rose from the initial 39.92% to 50.79% at 140 ◦C
reaching 58.84% at 180 ◦C. A similar trend was observed for 30 min, with lignin increasing
to 53.96% and 61.72% at 140 ◦C and 180 ◦C, respectively. In OB, the lignin content also in-
creased from the initial content (21.93%) to 26.90% at 140 ◦C and 33.45% at 180 ◦C for 15 min
and to 28.90% and 37.47% at 30 min for 140 ◦C and 180 ◦C, respectively. The overall higher
lignin content in OL compared to OB highlights the intrinsic compositional differences
between leaves and woody biomass as seen before [22]. This distinction suggests that olive
leaves may be more suitable for phenolic-rich extracts and antioxidant recovery, whereas
branches may be better aligned with structural or energy-oriented valorization routes
within olive oil supply chains. Similar results have been reported before for different wood
as, for example, for the autohydrolysis of Eucalyptus globulus wood at 160 ◦C and 30–66 min
where Klason lignin increased from 23.1% to 29.4% while xylan and arabinan decreased
to almost half of the initial content [28]. Romaní et al. [26], also for the autohydrolysis
of eucalypt wood, reported an increase from 26.3 to 32.0%. Comparable trends were ob-
served for Pinus radiata treated at 150–190 ◦C for 30–90 min, where lignin content rose with
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increasing temperature and reaction time [29], and for Scots pine sapwood processed at
temperatures between 130 ◦C and 170 ◦C [30]. Similar corroborating results were presented
for other lignocellulosic materials such as sweet cherry seeds [25] or hazelnut shells [27]
where Klason lignin increased from 38.1% to 44.9% and 36.7% to 52.6% respectively or for
pine nut shells [31].

Even though there is an increase in lignin percentage, studies have shown that lignin
also changes along autohydrolysis. Studies show that as the duration of autohydrolysis
increases, lignin fractions have a reduction in aliphatic hydroxyl group content and β–O–4
linkages, while the proportion of phenolic hydroxyl groups increases [32]. Similar results
were presented by Jia et al. [33] who found out that with the increasing hydrolysis intensity
of wood chips, the β-O-4 linkages in lignin decreased by 57.1%, whereas the β-5 and β-β
linkages and the S/G ratio increased by 66.7%, 41.8%, and 151%, respectively. Additionally,
these authors stated that the phenolic OH content of lignin increased, while the aliphatic
OH groups decreased with higher autohydrolysis severity.

The α-cellulose content in OL decreased slightly with temperature: from 34.24% to
31.79% (140 ◦C) and 28.66% (180 ◦C) at 15 min, and to 30.33% (140 ◦C) to 24.28% (180 ◦C)
at 30 min. In OB α-cellulose is approximately constant at around 40% for autohydrolysis
for 15 min with an increase at 180 ◦C for 30 min (44.88%), indicating greater thermal and
hydrolytic stability of OB cellulose under these conditions. This suggests that olive leaves
may contain a more amorphous or less crystalline form of cellulose, making it more sus-
ceptible to hydrothermal degradation compared to the more lignified and structured olive
branches. On the other hand, it can also be due to the higher degradation of hemicelluloses
observed in olive branches. The preferential degradation of amorphous cellulose has been
reported before. For instance, following autohydrolysis, the crystallinity index of the milled
E. pellita rose from 59.7% to 69.6%. The increase results from the selective removal of the
hemicellulose fraction, which diminishes the amorphous components of the biomass and
enhances overall crystallinity [34].

Most of the reported results state that cellulose is maintained in the solid residue.
For example, in accordance with Romaní et al. [26] the contents of cellulose ranged from
54.3 to 61.4%, indicating that cellulose was almost quantitatively retained in the solid
fraction. Similarly, Yang et al. [35] reported that glucan content remained relatively stable
or slightly increased along the autohydrolysis of poplar chips while Lobato-Rodríguez
et al. [36] reported a slight reduction (1.87% at the highest severity) for the autohydrolysis
of Acacia dealbata.

In relation to hemicelluloses, as expected, they showed the most pronounced decrease
across all temperatures and times. In OL (30 min), the initial 25.83% content declined,
reaching 15.70% at 140 ◦C and 14.00% at 180 ◦C and similarly for 15 min samples. For OB,
the decrease was to 30.99% and 27.42% at 15 min and 30.61% to 17.65% at 30 min (Figure 2),
indicating more substantial hemicellulose presence in OB but also higher susceptibility
to solubilization, especially at 30 min. These reductions are consistent with the greater
reactivity and lower thermal stability of hemicelluloses, particularly under autohydrolysis
where acetic acid released from acetyl groups acts as a catalyst for depolymerization [27].

The results show that increasing the severity of autohydrolysis (by raising temperature
and extending reaction time) led to a gradual decrease in solid yield and xylan content.
Similar results were reported for poplar wood chips, where xylan content was reported to
declined markedly—from 17.31% in the control to 11.30% at the highest severity—reflecting
the selective removal of hemicelluloses [35]. Also, Lobato-Rodríguez et al. [36] stated that
the analysis of Acacia Dealbata residue after autohydrolysis revealed that hemicellulose
solubilization, expressed as the combined release of xylan, arabinan, and acetyl groups,
increased markedly from 71.26% to 92.36% as treatment severity rose from 3.63 to 4.64.
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The same was reported for Robinia pseudoacacia wood where hemicellulose solubilization
increased with rising temperature and residence time [37]. These authors stated that at
200 ◦C, extending the reaction time from 0 to 30 min enhanced hemicellulose solubilization
from 12% to 85% of the initial content.

The solubilization percentage obtained during autohydrolysis exhibited a clear correla-
tion with the chemical composition of the resulting solid residues, reflecting the progressive
fractionation of the olive biomass components. As solubilization increased with temper-
ature and reaction time, a concomitant decline in hemicellulose content was observed in
both olive leaves (OL) and olive branches (OB), confirming that hemicelluloses are the
most hydrolytically labile polymers under hydrothermal conditions. The enhanced solu-
bilization at higher severities led to a relative enrichment of lignin in the solid residues,
not due to additional lignin formation, but rather due to the preferential dissolution of
hemicelluloses and partial removal of amorphous cellulose [27]. This effect was particularly
pronounced in OL, where higher initial extractive content facilitated greater solubilization
and consequently a more significant apparent increase in lignin proportion (up to 61.72%
at 180 ◦C, 30 min). In contrast, OB, characterized by a more crystalline cellulose structure
and lower extractive content, exhibited lower solubilization values and a relatively stable
cellulose fraction, suggesting higher resistance to hydrothermal degradation. The decline
in hemicellulose content, coupled with moderate cellulose loss, indicates that the solubi-
lization process selectively targets the more amorphous and less ordered carbohydrate
domains. Thus, higher solubilization percentages correspond to solids enriched with lignin
and cellulose, with reduced hemicellulose fractions, demonstrating that process severity
governs the chemical redistribution between the liquid and solid phases. This relationship
underscores the need to optimize temperature and residence time to balance hemicellulose
removal and cellulose preservation, particularly when designing autohydrolysis conditions
for integrated biorefinery applications.

Figures 4 and 5 present the FTIR spectra of initial olive leaf and olive branch material
and the solid residues obtained after 30 min autohydrolysis at different temperatures
and at 180 ◦C and at different times. Overall, the spectral profiles indicate progressive
structural modifications of the main biopolymeric constituents, particularly carbohydrates
and lignin. One of the first observable changes occurs in the broad O–H stretching region
around 3400 cm−1 [38]. While the initial material shows a single broad absorption typical
of strongly hydrogen-bonded hydroxyl groups in cellulose, hemicellulose and phenolic
structures, the treated samples exhibit the emergence of a distinct shoulder at approximately
3470 cm−1. The appearance of this shoulder suggests the formation or exposure of hydroxyl
groups that are less strongly hydrogen-bonded. This modification can be attributed to the
hydrolytic cleavage of glycosidic bonds within hemicellulose and amorphous cellulose
domains, which generates new terminal hydroxyl functionalities. In addition, partial
depolymerization of lignin may release phenolic hydroxyl groups, which also absorb at
higher wavenumbers when they participate in weaker hydrogen bonding. The shoulder
therefore reflects an increase in free or weakly associated hydroxyl groups, indicating that
the structure of the solid residue becomes more fragmented and chemically accessible as
the solubilization temperature increases.

In the aliphatic C–H stretching region, where the peaks are at 2915 cm−1 and
2850 cm−1, corresponding to asymmetric and symmetric vibrations [39,40], progressive
temperature increase leads to a noticeable enhancement at 2920 cm−1, which shifts slightly
toward 2930 cm−1, along with a clear increase in the 2850 cm−1 band and the appearance
of a shoulder at approximately 2867 cm−1. These observations suggest a reorganization
or enrichment of aliphatic structures in the solid phase. This may reflect either the partial
removal of polysaccharides, leading to a relative concentration of lignin and lipid-derived
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moieties, or thermal rearrangement within the remaining cell wall matrix. This is in
accordance with the chemical composition of the solid residues in Figures 2 and 3.

  

Figure 4. FTIR spectra of initial olive leaf material (left)/olive branches (right) and the solid residues
obtained after 30 min autohydrolysis at different temperatures.

  

Figure 5. FTIR spectra of initial olive leaf material (left)/olive branch (right) material and the solid
residues obtained at 180 ◦C autohydrolysis at different times.

A significant decrease in the 1730 cm−1 peak attributed to C=O stretching vibration
of acetyl ester groups in hemicelluloses [39,40] was observed with autohydrolysis which
confirms the chemical composition presented in Figures 2 and 3. Similarly, Paulownia
wood autohydrolysis leads to the near-complete disappearance of the 1731 cm−1 peak
in the solid residue [41]. Equally, the autohydrolysis of vine shoot presented the same
result [42].

Substantial changes also occur in the carbonyl and aromatic region. A strong peak
emerges at 1685 cm−1 and intensifies with temperature, indicating the formation of conju-
gated carbonyl groups [39], likely arising from oxidative or dehydration reactions during
treatment. At the same time, the band near 1600 cm−1 decreases slightly in intensity which
could reflect some changes in lignin structure. Different results were presented before for
the hydrolysis of hazelnut shells where the 1600 cm−1 peak increased with the development
of the hydrolysis [27].

The peak at 1462 cm−1 becomes more pronounced with the hydrolysis, since this peak
indicates CH2 (and sometimes CH3) bending vibrations [39] associated with cellulose and
lignin structures; this can be due to the increase in these compounds in the solid residue as
determined before.

In the fingerprint region, the carbohydrate-associated peaks at 1044, 1030, and
995 cm−1 become more sharply defined in the samples treated at higher temperatures. The
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improved resolution of these bands suggests a change in the molecular environment of the
polysaccharide framework, potentially due to the removal of amorphous hemicellulose
fractions and the increased ordering or exposure of cellulose microdomains that remain in
the solid residue.

Overall, the evolution of the spectra indicates that increasing treatment temperature
promotes the hydrolysis of amorphous carbohydrate components and induces structural
rearrangements in lignin and aliphatic constituents. The residues thus become enriched
in lignin- and lipid-related structures while also displaying a higher density of newly
accessible hydroxyl groups. These chemical and structural transformations are expected to
influence both the reactivity and the functional performance of the resulting solid material
in subsequent valorization or application steps. The results presented before for the FTIR
spectra of poplar wood lignin following autohydrolysis at several severity factors showed
that there were no significant changes in lignin structure [35].

The changes observed with the increase in autohydrolysis temperature (Figure 4) are
similar to those obtained at different autohydrolysis times (Figure 5). The main difference
between the solid residue of olive leaves and olive branches is the higher intensity of the
1685 cm−1 peak in olive leaves and somewhat at 2930 cm−1 and 2850 cm−1.

The changes in the high heating value (HHV) of olive leaves and branches with
autohydrolysis were determined and compared with acid-catalyzed polyalcohol liquefac-
tion at similar conditions and are presented in Table 1. Since both autohydrolysis and
acid-catalyzed liquefaction lead to an enrichment in lignin content, it is expected that
the HHV of the solid residues increase due to the higher HHV of lignin compared to
those of polysaccharides. Autohydrolysis, however, increased the energy content of olive
branches and leaves far less than that of acid-catalyzed liquefaction, which produced a
substantially higher enhancement. When branches were liquefied at 180 ◦C for 30 min,
their solid residue reached an HHV of 30.39 MJ/kg (±0.40), whereas the autohydrolyzed
branches had only reached 19.45 MJ/kg (±0.09). Even after just 15 min of liquefaction,
the branches’ HHV (28.54 MJ/kg) exceeded that of the 15 min autohydrolyzed material
(19.42 MJ/kg) by almost half. Leaves showed the same trend. Liquefaction for 30 min
produced a residue with an HHV of 29.31 MJ/kg (±0.55), compared with 23.92 MJ/kg
(±0.39) from autohydrolysis. A 15 min treatment under liquefaction still outperformed
water alone, yielding 28.04 MJ/kg versus 23.53 MJ/kg for autohydrolyzed leaves. Extend-
ing the reaction time from 15 to 30 min during liquefaction raised the HHV by roughly
6 percent for branches and 4.5 percent for leaves, suggesting that longer exposure to the
acid-catalyzed polyalcohol environment continued to enhance the residue’s energy density.
In contrast, the autohydrolysis method showed negligible change in HHV with time: the
branches’ heating value varied by less than 0.2 percent and the leaves’ by under 1.7 percent
between 15 and 30 min, which could imply that most of the soluble hemicellulose had
already been removed within the shorter period.

Table 1. HHV of the solid residues after liquefaction and autohydrolysis of olive branches and
olive leaves.

Liquefaction Autohydrolysis

Olive Tree Temp. (◦C) Time (Min) HHV (MJ/kg) Std. Dev. HHV (MJ/kg) Std. Dev.

Branches 180 ◦C 30’ 30.3874 0.4031 19.4491 0.0861
Branches 180 ◦C 15’ 28.5416 0.2158 19.4173 0.0465
Leaves 180 ◦C 30’ 29.3103 0.5539 23.9154 0.3864
Leaves 180 ◦C 15’ 28.0355 0.9280 23.5332 0.2003
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The difference between branches and leaves also narrowed under liquefaction. Where
autohydrolyzed leaves consistently produced a higher HHV (around 23.5–23.9 MJ/kg) than
branches (19.4 MJ/kg), the polyalcohol liquefaction left a residue whose HHV approached
that of low-rank coals for both materials—30.4 MJ/kg for branches and 29.3 MJ/kg for
leaves after 30 min.

Results on the HHV of liquefied branches and leaves suggests that the residue is
mainly constituted of highly condensed lignin due to an increased proportion of condensed
aromatic structures since the HHV is over 28 MJ/kg, which is notably higher than the
typical range reported for both native and technical lignins. For instance, lignins isolated
using sulfur-based methods from softwoods such as spruce and pine yielded HHVs of
26.73 MJ/kg and 27.00 MJ/kg, respectively, while hardwood lignin from poplar showed
a lower value of 25.45 MJ/kg. Similarly, herbaceous materials like bagasse, switchgrass,
straw, and corn stalks all exhibited HHVs of around 25.2 MJ/kg [43,44]. The value for
spruce lignin was also close to the estimated HHV for native lignin (26.85 MJ/kg) [44,45].

Technical lignins derived from industrial processes present more variability but
also lower values like, for instance, UPM BioPiva™ 100 and 300 demonstrated HHVs
of 26.9 MJ/kg and 27.1 MJ/kg, respectively [46].

4. Conclusions
The comparative evaluation of olive branches (OB) and olive leaves (OL) under auto-

hydrolysis reveals distinct compositional and reactivity behaviors linked to their intrinsic
structures. Olive leaves, with higher extractive and ash contents and lower structural
carbohydrates, showed greater solubilization during autohydrolysis, while olive branches,
richer in cellulose and hemicellulose, exhibited higher structural stability and lower sol-
ubilization. Autohydrolysis primarily removed hemicelluloses and partially degraded
amorphous cellulose, resulting in lignin-enriched residues, with temperature being the
dominant factor and reaction time further enhancing polysaccharide solubilization. FTIR
analyses indicated progressive molecular rearrangements, including increased hydroxyl
exposure, the formation of carbonyl groups, and the enrichment of aromatic structures at
higher severities.

Autohydrolysis slightly increased the energy content of both biomasses but to a lesser
extent than in acid-catalyzed polyalcohol liquefaction. Overall, both olive residues are
promising biorefinery feedstocks, with autohydrolysis favoring hemicellulose recovery and
showing to be an efficient first fractionation step within a biorefinery framework for olive
oil industry residues.

Overall, this work provides a coherent framework for aligning olive biomass compo-
sition with targeted conversion pathways, enabling the more efficient, sustainable, and
value-driven integration of olive residues into advanced biorefinery systems.
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