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Abstract: During the industrial processing of sweet cherry fruits, the seeds are considered agricultural
waste and must be disposed of, typically through burning. In this context, it is intended to contribute
to the scientific development of the ecovalorization of by-products and to provide new strategies
for their transformation into value-added products obtained from sweet cherry seeds (SCS). This
work aimed to establish the chemical characterization of SCS before and after several pre-hydrolysis
steps in order to allow the solubilization of hemicelluloses that can later be used for the recovery
of sugars. The higher percentage of cellulose and lignin remaining in the solid phase will allow
its further processing for an integral valorization of the raw material. The temperature (160 and
170 ◦C) and time (0 and 180 min) of pre-hydrolysis were optimized to obtain the best liquefaction.
The percentage of liquefied material was determined from the solid waste obtained at the time of
filtration. The best liquefaction by the hydrolysis of SCS was obtained at 170 ◦C and 180 min, with
a yield of 26.7%. The chemical analyses of SCS throughout hydrolysis showed the solubilization
of hemicelluloses with increases in the time and temperature of the reactor. α-cellulose and lignin
showed an increase both with temperature and time, increasing the material’s potential for further
processing in adhesives. FTIR analysis showed that there were significant changes in the spectra
between the initial SCS, the solid residue, and the liquefied material. Pre-hydrolysis was proven to be
an efficient process to improve the chemical composition of the material for further processing into
adhesives or higher-mechanical-strength polyurethane foams.

Keywords: sweet cherry seeds; Prunus avium L.; chemical composition; pre-hydrolysis; ecovalorization;
agro-industrial residues

1. Introduction

Sweet cherry, or Prunus avium L., is one of the most popular fruit of the Rosaceae
family, Prunoideae subfamily, and Prunus genus, which have their origin in the Western
Asian continent. Sweet cherry (Prunus avium L.) is the most cultivated species [1], and this
popularity is based on its high appreciation by consumers due to its excellent quality [2].
The annual global sweet cherry production is around 2.2 million tons. The main sweet
cherry producer in 2020/2021 concerning different countries was Turkey (23.4%), followed
by the European Union (17.9%), United States (9.8%), China (11.5%), Ukraine, and Chile
(7.7% and 7.3%, respectively) [3]. Portugal’s climatic conditions have allowed the cherry tree
to adapt very well, making its cultivation viable in various regions of the country. Studies
conducted by the INE [4] (Portuguese Bureau of Statistics) showed that the Portuguese
sweet cherry industry has an implementation area of 6387 ha, producing 9241 t of this
fruit. Its production extends mainly through three regions: the North (area of 3177 ha and
production of 6586 t), Centre (area of 3099 ha and production of 2510 t), and Alentejo (area
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of 64 ha and production of 57 t) [5]. There are several varieties of cherry in Portugal. The
most important traditionally cultivated cherries are: De Saco da Cova da Beira, De Saco do
Douro, Lisboeta, São Julião, Big Burlat, Maring, Napoleon Pé Comprido, and Big Windsor,
and the first four cherries are of national origin [6]. Research shows that particular interest
has focused not only on the nutritional value of this fruit, but also on its high health benefits
due to its content of bioactive compounds, such as its antioxidant, anti-inflammatory, and
anticancer properties [7–9].

When some fruits are processed by industry, wastes are inevitably produced. The seeds
of the sweet cherry are not used for food and are generally considered agricultural waste
by the processing industry, and must be disposed of, typically through burning. Thus, seed
removal and disposal substantially raise production costs and contribute to pollution [10].
This has contributed to the increased research on this topic, addressing the possible uses of
these residues to obtain high-value products in order to reduce environmental management
costs [11]. Residues are also often used in composting processes [12]. Similarly to sour
cherry, sweet cherry seeds are composed of two parts: the shell that corresponds to 75–80%
in sour cherries and the kernel that represents the remainder (20–25%) [13]. According
to these authors, the shell is used almost exclusively as fuel or considered waste. The
kernel, however, is used for oil extraction. There have been some studies on sweet cherry
seed oil, which, according to Bernardo-Gil et al. [14], contains more than 87% unsaturated
fatty acids, such as oleic acid (43.7% by weight) and linoleic acid (41.8% by weight). New
uses for sweet cherry seeds, mainly for their shell portion, are, therefore, of the utmost
importance. There is a lack of knowledge on the chemical composition of sweet cherry seed
shells and the overall composition of the seed. Results presented previously show that the
main components of sweet cherry seeds are lignin, cellulose, and hemicelluloses [15–18].

Structural components are parts of cells; they are macromolecules of a polymeric
nature, and this type of component includes cellulose, hemicelluloses, and lignin. Cellulose
is a linear homopolymer formed by n repeated D-glucose units bound by β-1.4 glycolipid
bonds (n 10 ≥ 000). The glucose units are connected to each other by Van der Waals forces
and hydrogen bonds [12].

Hemicelluloses are heterogeneous polysaccharides consisting of a mixture of pentoses
(D-xylose and D-arabinose), hexoses (D-glucose, D-galactose, and D-mannose), and some
hexuronic acids in small amounts, such as D-galacturonic acid, D-glucuronic acid, and its
acid derivative 4-O-methylglucuronic acid [19]. In hemicellulose, the degree of polymer-
ization (50 ≤ n ≤ 300) is lower than that in cellulose (n ≥ 10,000), and hemicellulose is
ramified and amorphous; therefore, it is less resistant to chemical degradation [20]. Unlike
hemicelluloses, cellulose is linear and contains amorphous and crystalline zones [19].

Lignin is the second most abundant biopolymer in biomass after cellulose; it is a very
complex and branched aromatic biopolymer [20]. The helical structure of lignin mainly
results from the polymerization of three phenylpropanoid monomeric units: p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol [20,21]. These phenylpropanoids give rise
to the following phenolic substructures: p-hydroxyphenyl (H); guaiacyl (G) and syringyl
(S), respectively [21]. Lignin has been used for the production of polyurethane foams and
adhesives. Some authors state that the compression strength of PU foams increases with
their lignin content [22,23]. Others state that, although the compressive properties of rigid
polyurethane foams increase in the direction of foam rise with higher amounts of Kraft
lignin, they decrease in the perpendicular direction [24]. Several authors reported higher
hydrophobicity and flame retardancy with higher KL content [23,25,26], but also increased
brittleness [23]. Adhesives from lignin have been studied for several years [27–32] and
some authors have even stated that these adhesives can have a similar performance to
phenol-formaldehyde resins [29]

There are mainly three different types of pre-hydrolysis: acid pre-hydrolysis, auto- pre-
hydrolysis, and alkaline pre-hydrolysis. In accordance with Hamaguchi et al. [33], acid pre-
hydrolysis, usually using sulfuric acid as a catalyst, leads to the production of oligomeric and
monomeric sugars. Some authors, however, mention that acid pre-hydrolysis has corrosive
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effects on equipment and, at the same time, promotes extensive lignin condensation, and
even a low yield due to some undesirable cellulose hydrolysis [34]. Auto hydrolysis is also a
process under acidic conditions due to the acetic acid released by the cleavage of acetyl groups
in hemicelluloses. Alkaline pre-hydrolysis is generally conducted with green or white liquor
from the kraft process with strongly alkaline solutions under low temperatures [33,35,36].
Mechanical pre-treatment has also been used, generally to prepare samples for enzymatic or
chemical hydrolysis with the objective to reduce the particle size and cellulose crystallinity so
that enzymes or chemicals have better access [19,20,37,38]

Pre-hydrolysis with water (auto-hydrolysis) is the most used pre-treatment, in which
biomass is subjected to compressed hot water, enabling the extensive solubilization of hemi-
celluloses [10]. The main reaction in this step is the depolymerization of hemicelluloses,
leading to the formation of sugars and oligosaccharides [39,40]. The reaction is catalysed
by hydronium ions resulting from water autoionization and in situ-generated organic acids.
These acids act as a catalyst to hydrolyse the glycosidic bonds in hemicelluloses that are
depolymerized into low-molecular-weight polysaccharides, oligosaccharides, monosac-
charides, and other products, such as furfural and hydroxymethylfurfural. Due to the
acid that is also released, some lignin and acetic acid can be found in the hydrolysate [26].
Additionally, pre-hydrolysis increases the surface area and decreases the crystallinity of
cellulose, resulting in improved susceptibility towards future hydrolysis. Some authors
state that pre-hydrolysis is a dynamic process, where, due to the acids released, the amount
of hemicelluloses removed by acid hydrolysis in this process increases over time. However,
at the same time, part of the obtained xylose is converted into furfural [41]. Therefore, the
pre-hydrolysis time and temperature must be optimized to obtain the maximum amount of
sugar without significant furfural conversion.

This work aims to establish the chemical characterization of sweet cherry seeds before
and during the pre-hydrolysis of sweet cherry seeds, also aiming at obtaining an enriched
lignin material that can be further processed into value-added products, such as adhesives.

2. Materials and Methods
2.1. Materials

The sweet cherry seeds (SCS) used in this study were wastes produced by the company
Nutrofertil based in Portugal (Tondela), which is a residue management company. The
samples were milled in a Retsch SMI mill (Retsch GmbH, Haan, Germany) and sieved
using a Retsch AS200 (Retsch GmbH, Haan, Germany) for 20 min at 50 rpm. Four fractions,
>40 mesh, 40–60 mesh, 60–80 mesh, and <80 mesh were obtained, but only the 40–60 mesh
fraction was used for the tests.

2.2. Chemical Composition

The SCS were characterized for their ash content, extractives (in dichloromethane,
ethanol, and hot water), α-cellulose, lignin, and hemicelluloses, Figure 1.

The 40–60 mesh fraction was dried at 105 ◦C for at least 24 h and afterwards used
for the chemical analyses according to Tappi T 264 om-97 [42]. The average chemical
composition of each sample was determined in triplicate. The extractives were determined
by extraction with different solvents in sequential order of ascending polarity.

The ash content was determined by the calcination of the material at 525 ◦C according
to the standard procedure Tappi T 211 om-93 [43]. The inorganic composition was deter-
mined by ICP after ash wet digestion in a Leco CHNS-932 Elemental Analyzer (St. Joseph,
MI, USA). The extractive content consisted of the determination of dichloromethane,
ethanol, and hot water extractives using Soxhlet extraction according to Tappi T 204 om-
88 [44] as follows: approximately 10 g of the dried sample was used for Soxhlet extraction
using 150 mL of dichloromethane, ethanol, and water as solvents. The extraction time
was 6 h for dichloromethane and 16 h for ethanol and water, respecting a sequential ex-
traction with increasing polarity. The extractive content was determined in relation to the
dry material.
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Figure 1. Scheme of the determination of the chemical composition of SCS.

The lignin content in SCS free of extractives was determined by the Klason method
with 72% H2SO4 (according to Tappi T 204 om-88) [45]. The method consisted of two
hydrolyses. The first hydrolysis was performed with 72% H2SO4 for 1 h, and the second
with 3% H2SO4 in an autoclave at 120 ◦C for 1 h. The insoluble residue was obtained by
filtering in a G2 glass crucible, and then dried to a constant weight. Then, the soluble lignin
was analysed through spectrophotometry by measuring the absorption at 205 nm.

Holocellulose was determined by the acid chloride method in a water bath at 70 ◦C
until the sample became white. The insoluble material was then filtered and dried [46]. The
α-cellulose content was determined by hydrolysing the holocellulose with 2.5 mL of 17.5%
NaOH in a thermal bath. The insoluble residue was filtered, washed with 8.3% NaOH and
distilled water, finishing with 3.75 mL CH3COOH 10% in a G2 glass crucible, and dried to
a constant weight. The hemicellulose content was determined by the difference.

2.3. FTIR Analysis

The Fourier transform infrared spectroscopy (FTIR) technique was used to evaluate
the functional groups present in the original sample of SCS and the sample that underwent
pre-hydrolysis.

The initial dried SCS, the liquefied material, and the resulting solid residue were
analysed by FTIR-ATR. The samples were previously crushed and dried in an oven at
100 ◦C for one week in order to ensure that water was completely removed.

FTIR-ATR spectra were taken using a Perkin Elmer UATR Spectrum Two (Waltham,
MA, USA) with 72 scans/min and a resolution of 4.0 cm−1 over the 4000 to 400 cm−1 range.
After performing the background, the sample was placed over the crystal. Solid samples
were pressed against the crystal. An average of three spectra was used.
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2.4. Pre-Hydrolysis

Pre-hydrolysis was carried out in a PARR LKT PED cylindrical glass reactor of 600 mL
with a double coating. A 20 g sample (60 mesh) and 200 mL of distilled water were
introduced into the reactor, and the automatic stirrer was set at 70 rpm. The temperature
(160 and 170 ◦C, oil temperature on the shirt) and time (30, 60, 90, and 180 min) were
optimized to obtain the best liquefaction percentage. After removal from the reactor, the
mixture was filtered through a Buckner funnel with a paper filter, and the solid residue
was separated from the liquefied fraction, oven dried, and weighed. The percentage of
liquefied material was determined in accordance with Equation (1).

Lique f action Yield (%) =
Initial dry mass (g)− Solid dry residue (g)

Initial dry mass (g)
× 100

To determine the chemical composition of the solid fraction, dried material was used,
and the content of the following components was determined: Klason Lignin, holocellulose,
α-cellulose, and hemicelluloses, using the 40–60 mesh fraction. The extractives were
assumed to be mostly removed during pre-hydrolysis.

3. Results and Discussion
3.1. Chemical Composition

Table 1 presents the chemical composition of the SCS, where it can be observed
that it was composed of 1.31% ashes, while total extractives represented around 4.69%,
most of which were soluble in water (2.14%) and ethanol (2.04%), and only 0.49% in
dichloromethane. The total lignin was 32.94%, most of which was insoluble lignin (31.67%)
and the remaining 1.27% was soluble. α-Cellulose had a value of about 23.10% and 37.96%
for hemicelluloses. The determination of the chemical composition will allow us to better
understand the possible uses of SCS.

Table 1. Chemical composition of SCS.

Parameters Content (% Dry Matter, w/w)

Ashes 1.31
Na 0.10
Mg 0.58
P 0.95
K 3.2
Ca 0.93
Fe 0.02
Zn <0.01

Extractives
Dichloromethane 0.49

Ethanol 2.04
Hot water 2.16

Total 4.69
Lignin Soluble 1.27

Insoluble (Klason) 31.67
α-Cellulose 23.10

Hemicelluloses 37.96

Although the value obtained for the ashes (1.31%) is higher than the values obtained
for SCS by Venegaz-Gomez et al. [47], Duman et al. [15], and Kamel et al. [48], with 0.24%,
1.16%, and 1.2%, respectively, the differences are not significant. The inorganic composition
shows that SCS are more rich in potassium, with 3.2%, than all the other constituents,
followed by calcium (Ca) and phosphorous (P), with 0.93 and 0.95%, respectively. There
was also approximately 0.6% of magnesium (Mg) and a smaller amount of sodium (Na,
0.1%). Potassium was also the most representative element in grape stalks, followed
by calcium, magnesium, zinc, and sodium [44]. Comparing the inorganic composition
with those of black cherry seeds, almonds, and peanuts, all of these materials have higher
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percentages of potassium, followed by phosphorous; however, the third most representative
mineral was magnesium, followed by calcium, with the exception of almonds, in which
these inorganic compounds had the opposite order. Sodium and iron also had the lowest
contents, similar to SCS [49].

Relative to hemicellulose in the present study, the value of 37.96% is higher compared
with that in the studies by Gonzalez et al. [50], with 14.7%, and Duman et al. [15], with
28.59%. Nevertheless, these authors did not present the method used in their studies. The
cellulose content was lower than the values obtained by Petrov et al. [16] and Gonzalez
et al. [17], with 30% and 29.4%, respectively. The Klason lignin content is similar to the
results obtained by Gonzalez et al. [50], González-Domínguez et al. [18] (30.7%), and
Duman et al. [15] (29.08%), but lower than the results obtained by Petrov et al. [16] (40%).

Pre-hydrolysis with water (auto-hydrolysis) is an excellent method to remove hemi-
celluloses from lignocellulosic materials by a simple process without using chemical com-
pounds. In order to optimize the liquefaction conditions of the pre-hydrolysis, tests were
performed at different times (between 30 and 120 min) and temperatures of 160 ◦C and
170 ◦C. The results are presented in Figure 2, where it can be seen that the liquefaction
yield increased with the temperature and time of the process. For example, using a tem-
perature of 160 ◦C, the liquefied yield was around 6.3% for a 30 min liquefaction time,
but it increased to 18.6% for 180 min. Similarly, at 170 ◦C, the liquefied yield for 180 min
was about 26.6%, much higher than that obtained at 160 ◦C. A higher temperature might
lead to better liquefaction percentages; however, some authors stated that 170◦C was the
optimum temperature to remove hemicelluloses without significant conversion of xylose to
furfural [41]. The liquefaction percentages are higher than those obtained, for example, in
the auto-hydrolysis of Eucalyptus globulus wood at 150 ◦C for 3 h (12.5%) [50] or Eucalyptus
urograndis (10.8%) at 165 ◦C for 0.5 h [51]. Al-Dajani et al. obtained 19% liquefaction for
aspen wood by auto-hydrolysis at 150 ◦C for 4.5 h [52].
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Figure 3 presents the chemical composition variation over the several pre-hydrolysis
steps at both temperatures of 160 ◦C and 170 ◦C.

For α-cellulose, the values obtained for the two temperatures are very different. There
is a significant increase in α-cellulose from 23.1% in the original sample to 39.1% at 170 ◦C,
but only a moderate increase at 160 ◦C to 27.4%. The increase in α-cellulose shows that
this polymer is the most resistant to the pre-hydrolysis process, at least the crystalline
part of the cellulose, since α-cellulose mostly represents this part. The reduction of
hemicelluloses might even be higher since the solubilized cellulose counts toward the
hemicellulose content.
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170 ◦C (bottom).

The influence of pre-hydrolysis temperature is better seen in Figure 4, where the
differences between the initial material and solid residue after pre-hydrolysis are clearer,
being expressed as a percentage of the initial content for each component. The hemicellulose
content decreased to only 80% of the initial content at 160 ◦C, and even further to only 42%
at 170 ◦C. On the other hand, the lignin and α-cellulose contents increased; particularly,
the latter increased to 169% of the original value when treated at 170 ◦C. Holocellulose
also decreased, and its reduction was lower than the relative increase in α-cellulose for
both temperatures.

It was further observed that both the reaction time (Figure 3) and temperature (Figure 4)
had a significant effect on the decrease in the hemicellulose content.

3.2. FTIR-ATR Analysis

FTIR-ATR of the SCS and of the liquefied and solid residues over the several pre-
hydrolysis steps were performed. Figure 5 presents the spectra of the initial SCS and of the
residue obtained after pre-hydrolysis at 160 ◦C and for a 30–180 min reaction time. The
most characteristic peaks are marked for readability purposes.
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sample, depending on the temperature at the end of the process (time of 180 min).
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Figure 5. FTIR spectra of the original and solid residue from hydrolysed SCS at 160 ◦C.

Comparing the initial material with the residue, there seems to be a slight decrease and
a narrowing of the OH band around 3350 cm−1. The peaks at 2930 cm−1 and 2850 cm−1

have different behaviours. There is a decrease in the peak at 2930 cm−1 that becomes
less distinguished from the peak at 2850 cm−1. With the prolongation of the reaction
time, this region divides into three different peaks, around 2930 cm−1, 2885 cm−1, and
2850 cm−1. These bands are composed of the stretching asymmetric vibrations of -CH3
(2970–2950 cm−1) and -CH2- (2935–2915 cm−1) and stretching symmetric vibrations of
-CH3 (2880–2860 cm−1) and -CH2- (2865–2845 cm−1) [53]. Usually, the asymmetric band is
higher, which was true for the initial material but changed throughout the pre-hydrolysis
treatment. This shows that there were some changes in the neighbourhoods of these bands.
One of the possible reasons is the relative increase in the methoxyl groups in lignin due
to the reduction of carbohydrates, since the CH3 stretching vibrations of methoxyl have
lower frequencies [54,55].
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The bands at 1730 cm−1 and 1650 cm−1 were attributed to non-conjugated and conju-
gated C=O bonds. There seems to be a decrease specifically in the 1650 cm−1 peak. Lignin
has been mentioned to have high absorption at 1600 cm−1 due to benzene ring stretching
vibrations, but at this wavenumber there seemed to be no differences between the original
material and the solid residue. No significant changes could be observed in the fingerprint
region, although there seems to be a slight increase in the 1500 cm−1 peak. There is a
decrease in the peak at 1360 cm−1 in relation to the peak at 1330 cm−1.

There is also the appearance of a shoulder at around 1130 cm−1 that seems to be
due to the slight narrowing of the 1030 cm−1 band. This might be due to the decreased
absorption at around 1100 cm−1, which was attributed to the C-O stretching vibrations in
carbohydrates. At 170 ◦C, the changes in the spectrum are similar to those observed for
160 ◦C, with a slight decrease in the OH band and a decrease at 1650 cm−1.

The absorptions of the liquefied material are much higher than those of the initial
material, probably due to the air between the solid samples and ATR crystal resulting in
a weaker absorbance signal for the initial material, and also due to the infrared radiation
decrease with penetration depth [56].

The FTIR spectra of the original and liquified material from hydrolysed SCS at 170 ◦C
are presented in Figure 6.
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The clearest change between the initial material and the hydrolysed material is the high
increase in the OH band at around 3350 cm−1, although there is no visible increase over the
pre-hydrolysis time. This occurred at both 170 ◦C (Figure 6) and 160 ◦C (Figure 5). There is a
shifting of the 2850 cm−1 peak to higher wavelengths at both temperatures, even starting at
a 30 min reaction time. In relation to the 1730 cm−1 peak of non-conjugated C=O links, there
seems to be an initial decrease for both temperatures, followed by an increase at 170 ◦C.
This shows that several reactions are occurring at the same time during pre-hydrolysis. The
C=O linkage has a strong absorption between 1750 and 1700 cm−1, varying in accordance to
the functional groups, with higher wavenumbers for aldehyde (1740–1720 cm−1) followed
by ketones (1725–1705 cm−1) and carboxylic acids (1725–1700 cm−1) [55]. Contrary to this,
the peak at around 1600 cm−1 increased for the 30 min reaction, decreasing afterwards. This
peak is mostly associated with benzene ring stretching vibrations, which could corroborate
the wet analysis that shows that lignin increases in the residue, which means that there is
a percentual decrease in the liquid. There was an increase followed by a decrease in the
peak at around 1367 cm−1. This decrease was not observed at 160 ◦C. Somewhat similar
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behaviour was observed for the peak at around 1230 cm−1. A new shoulder appeared
at 1060 cm−1 in the 1030 cm−1 band that was mainly attributed to the C-O stretching
in holocellulose [57].

4. Conclusions

The chemical characterization of the sweet cherry seeds shows that this material has
several components that allow the recovery of its residue. The chemical composition of
samples that underwent pre-hydrolysis tests showed that, with an increase in time (from 30
to 180 min) and temperature (from 160 ◦C to 170 ◦C), there was an increase in the amounts
of lignin and α-cellulose. In the initial sample, hemicelluloses represented the major
component, while, after pre-hydrolysis, lignin and cellulose were the main polymers. The
high lignin content shows that this residue has enormous potential to produce adhesives or
rigid polyurethane foams with high mechanical resistance.

FTIR analysis showed that there were significant changes in the spectra from the initial
material, solid residue, and liquefied material, the clearest being the increased OH band
in the liquefied material, which was probably due to the solubilized hemicelluloses. The
changes in the FTIR spectra of both the solid residue and the liquefied material throughout
the pre-hydrolysis show that there were a lot of different reactions occurring at the same
time, some increasing and others decreasing the same functional groups, making it difficult
to track the changes over the pre-hydrolysis steps.

Potassium was the most representative inorganic compound, followed by calcium and
phosphorous.
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