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cDepartamento de Qúımica Orgánica, Fac

Orgánica (ISO), Universidad de Alicante, Ap

† Electronic supplementary informa
https://doi.org/10.1039/d3su00475a

Cite this: RSC Sustainability, 2024, 2,
1030

Received 16th December 2023
Accepted 21st February 2024

DOI: 10.1039/d3su00475a

rsc.li/rscsus

1030 | RSC Sustainability, 2024, 2, 10
ilanization of olive wood shell
stone and its use in polyester biocomposites†

Melissa Olmedo-Navarro,a Juana M. Pérez, *a Natalia Gutiérrez-Segura, a

Bernardo Sánchez-Sevilla,a Yolanda Soriano-Jerez,b Diego A. Alonso, c

Mari Carmen Cerónb and Ignacio Fernández *a

A full optimization of the reaction conditions for the high degree of functionalization of olive wood shell

stone (OS) with silanes of different nature has been conducted. The assayed silanes were 3-

aminopropyltrimethoxysilane (APTMS), g-methacryloxypropyltrimethoxysilane (MEMO), 3-(2-

aminoethylamino)propyltrimethoxysilane (AEAPTMS) and octadecyltrimethoxysilane (ODTMS) obtaining

high degrees of functionalization of the initial native OS. A complete characterization of the

functionalized OS materials was performed using a plethora of techniques such as Fourier transform

infrared spectroscopy (FTIR-ATR and FTIR-DRIFT), z-potential, elemental analysis, X-ray fluorescence

(XRF), thermogravimetry (TG), moisture content, and particle size distribution. The potential use of these

materials was subsequently studied in the synthesis of biocomposites partially replacing the conventional

inorganic filler, which due to its crystallinity is known to be not beneficial for human health. The obtained

biocomposite materials were studied by means of flexural resistance, Barcol hardness, colorimetry, static

contact angle, and dynamic-mechanical analysis (DMA).
Sustainability spotlight

This study represents a signicant advance in sustainable material development by investigating highly functionalized native olive wood shell stone (OS) using
diverse silanes. The process transforms agricultural waste into advanced biollers, supporting the circular economy and reducing reliance on non-renewable
resources. This work aligns with several UN SDGs: (i) SDG 9 by promoting innovation inmaterials science and advancing sustainable practices within industries;
(ii) SDG 12 by utilizing agricultural waste as a resource, reducing waste generation, and promoting the circular economy; (iii) SDG 13 by potentially reducing the
carbon footprint through the use of sustainable materials and minimizing reliance on non-renewable resources; and (iv) SDG 15 by repurposing agricultural
residues like olive stones, thereby reducing environmental impact and preserving land resources.
Introduction

The olive tree is one of the predominant agricultural produc-
tions in Mediterranean countries, highly relevant in their
economic and social industry. Under the leadership of Spain,
countries such as Italy, Greece, or Turkey are some of the main
producers of olives,1 and, as a consequence, these countries are
also producers of high amounts of wastewater or solid residues
derived from the extraction process.2 The residual solid ligno-
cellulosic biomass derived from native olive wood shell stones
(OS) is approximately 20% of the total olive weight. This agri-
food residue is mainly composed of cellulose, hemicellulose,
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and lignin,2 but additional organic components, called extrac-
tives2 are part of the dry material. Importantly, several metab-
olites comprising the extractives serve as energy reserves or offer
defense against microbial attacks,3 making them an additional
attribute of the obtained residue. However, due to its high
lignin content, OS is mainly repurposed as a renewable energy
source, predominantly as solid fuel,4 due to its low percentage
of N and S that minimize SO2 and NOx that contribute to the
ozone layer depletion.5 Other studies have previously been
described for the application of this renewable resource, such as
the synthesis of bio-oil products6 by pyrolysis,7,8 synthesis of
activated carbon for the removal of contaminants,9,10 synthesis
of organic compounds such as furfural11 or phenol-
formaldehyde resins,12 and most importantly the substitution
of plastic13–23 or inorganic llers, minimizing negative effects on
the environment24 and promoting clean technologies and
recycled products that also source relevant effects on the
economy.25–27 One of the advantages of OS is the potential to
replace traditional inorganic llers as reinforcement in the
production of green composites due to their biodegradability,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Representation for the functionalization of olive stone with
AEAPTMS.
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lower density, acceptable specic strength properties, ease of
separation, and low economic cost. These advantages allow
progress in the eld of the principle of circular economy and
green economy,28 which has recently impacted the eld by
reorienting the current strategy toward environmental aware-
ness whose objective is to convert waste into wealth.

One signicant limitation of lignocellulose-based compos-
ites stems from their hydrophilic nature, leading to poor
compatibility with the hydrophobic matrix.29,30 This issue arises
from the high hydrophilicity of OS, attributed to its abundant
hydroxyl groups. As a result, the composites experience chem-
ical vulnerability, causing dimensional alterations and weak-
ening interfacial adhesion.17 Over time, these properties
adversely affect the overall composite material performance. To
address these shortcomings, the application of specic
coupling agents has been documented in the literature, aimed
at mitigating these hydrophilic tendencies.29,31–33 These agents
effectively obstruct these hydrophilic sites, enhancing interac-
tion between the matrices. Silanes, renowned for their efficacy
as coupling agents, nd extensive use in polymer composites
owing to their bifunctional groups capable of reacting with both
lignocellulose llers and the polymer matrix. This interaction
forms a crucial bridge between the two components.1,34–40 This
enhancement in adhesion results in the formation of a uniform
composite structure, leading to signicantly improved
mechanical properties. The strengthened bond between the
components fosters greater integrity within the material, thus
enhancing its overall structural and functional capabilities.36,41

Several studies have been conducted to explore the use of
this material in synthesizing composites with polyester resins.
One notable example is the work by Gharbi et al., wherein they
achieved a exural modulus 2.8 times higher by incorporating
55% of silanized olive nuts our, treated with an unspecied
amount of g-mercaptopropyltrimethoxysilane, into a composite
with polyester resin.42 Additionally, the study measured the
exural strength, which increased by about 10% (with respect to
the untreated ller) at a content of 30 wt%. These ndings
underscore the critical role of silane treatment in improving the
overall mechanical performance of the resulting composites.

The aim of this study is to valorize lignocellulosic biomass
residues derived from the olive industry's waste stream, giving
them a new use as reinforcement biollers in the
manufacturing of composites. Building upon our recently
published results,43 where exceptional polyester-based bio-
composites were synthesized and comprehensively character-
ized, we aim to further explore the synthesis of highly
functionalized OS using the ‘graing to’ approach employing
silanes of varying nature, followed by a full characterization of
the nal materials. By partially substituting the conventionally
used inorganic llers with these highly functionalized ligno-
cellulosic waste materials from the olive industry, which are less
dependent on petrochemical sources, we anticipate the
production of more biodegradable and environmentally
friendly composite materials. This substitution could lead to an
enhancement in the mechanical properties of the composites,
contributing to their overall sustainability and reduced envi-
ronmental impact.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Results and discussion

To initiate our study and building upon our previous ndings,43

we have performed a comprehensive optimization process of
the reaction conditions. Our aim was to maximize the amount
of silane anchored onto the surface of the OS to hopefully
enhance the interfacial adhesion between the polymer and
matrix in the nal composite.

Given the diverse functional groups present in silanes, our
principal focus centered on method renement using silanes of
different compositions, such as (3-aminopropyl)trimethox-
ysilane (APTMS) and g-methacryloxypropyltrimethoxysilane
(MEMO), where various solvents, temperatures and reaction
times were tested (Tables S1 and S2†). The use of hexane and
APTMS notably enhanced the efficiency of our methodology,
resulting in a 7.9% increase in the anchoring of APTMS, total-
ling 33.6 mg g−1 of Si as determined by X-ray uorescence (XRF)
(Table S1,† entry 5). Increasing the reaction time from 2 hours
to 24 or 72 hours further improved efficiency by more than 21%,
yielding anchorings of 41.0 and 42.5 mg g−1 of Si, respectively.
Continuing our investigation, [3-(2-aminoethylamino)propyl]
trimethoxysilane (AEAPTMS) was evaluated using the optimized
reaction conditions for APTMS (hexane, 2 h, 75 °C), resulting in
an anchoring of 15.53 mg g−1 of Si (Scheme 1). This outcome
indicates a nearly identical total nitrogen content in both
materials (APTMS and AEAPTMS) when subjected to the same
reaction conditions.

Next, our investigation turned to the utilization of MEMO as
a silane agent. In our prior study,43 the experimental approach
employing MEMO resulted in minimal functionalization of the
initial OS obtaining a concentration of 0.11 mg per g Si.
However, through an extensive optimization procedure where
the solvent, temperature and pH were tackled (Table S2†), we
achieved a remarkable increase in Si content of 13.6 mg g−1

aer 2 h in water at pH 1.5 at 100 °C (entry 8, Table S2†). Similar
RSC Sustainability, 2024, 2, 1030–1039 | 1031
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Fig. 1 FESEM-EDX micrographs of OS@APTMS: (a) HDBSD; (b) overall
mapping; (c) carbon; (d) oxygen; (e) silicon, and (f) nitrogen.
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to the observations with APTMS, extending the reaction time
signicantly facilitated silane attachment, resulting in 36.9 and
44.1 mg per g Si aer 24 and 72 hours, respectively.

Having established the optimal conditions for MEMO, the
reaction was conducted using a non-protic and hydrophobic
silane such as octadecyltrimethoxysilane (ODTMS), resulting in
the anchoring of 15.3 mg g−1 of Si on the surface of the initial
OS aer 2 hours of reaction. This promising outcome sets the
stage for a more detailed examination of the interactions
between the functional groups at the end of the chain in silanes
anchored within our environmentally friendly and biodegrad-
able OS matrix, particularly regarding their interaction with the
polymers utilized in composite formation.

Table 1 summarizes the degree of functionalization results
obtained from all silanization procedures conducted within 2
hours. As previously mentioned, the use of X-ray uorescence
(XRF) was key in quantitatively determining the Si content in all
samples during the optimization process. These results were
supported by subsequent elemental analysis (EA), conrming
the presence of elemental nitrogen in OS@APTMS and
OS@AEAPTMS, thereby validating the success of the ‘graing
to’ approach (entries 2 and 3, Table 1). Additionally, a notice-
able increase of 3.1% in carbon and 1.0% in hydrogen was
observed when comparing native OS with OS@ODTMS, further
validating the efficacy of the developed methodology (compare
entries 1 and 5, Table 1).

A eld emission scanning electron microscope (FESEM)
equipped with a high-denition back scattered electron
detector (HDBSD) and an energy dispersive X-ray spectroscopy
(EDX) module was used in our analysis. In the initial OS, the
EDX mapping revealed the expected presence of carbon and
oxygen as major components, along with traces of S, Si and K
(Fig. S1†).44 This observation aligns with the ndings described
by Masłowski et al.,45 indicating that the functionalization
process signicantly alters the morphology of the specic bio-
ller, rendering it rougher and more jagged (Fig. S5†), probably
due to the fracturing of cell walls and the emergence of
microscopic ssures on the resulting surface. Furthermore, the
presence of the corresponding silane on the particle surface was
visibly apparent in all cases, resulting in a homogeneous
distribution of the silane throughout the entire surface, as
conrmed by EDX mapping images (Fig. 1 for OS@APTMS and
Fig. S2–S4† for OS@AEAPTMS, OS@MEMO and OS@ODTMS,
Table 1 Degree of functionalization of OS using optimal reaction
conditions after 2 h of reaction and results from FRX and EA (CHNS)

Entry Material [Si]a,b/mg g−1 Cc/% Hc/% Nc/%

1 OS 0.11 47.1 6.1 <LODd

2 OS@APTMS 33.6 (21.5) 42.7 6.3 2.5
3 OS@AEAPTMS 15.3 (12.4) 44.6 6.5 3.3
4 OS@MEMO 13.6 (12.1) 46.4 6.1 <LODd

5 OS@ODTMS 15.3 (20.4) 50.2 7.1 <LODd

a Data determined using XRF analysis. b In brackets the wt% of
functionalization. c Data determined using CHNS elemental analysis.
d LOD (limit of detection) established in 0.01%.

1032 | RSC Sustainability, 2024, 2, 1030–1039
respectively). Notably, when aminated silanes like APTMS or
AEAPTMS were analyzed through elemental mapping, the
homogeneous distribution of nitrogen across the material was
conrmed, similar to the distribution observed with silicon.
This observation conrms that the silane structure remained
intact throughout the process.

The particle size distribution of all silanized biollers was
assessed (Fig. S13–S16†), and a summary is provided in Table
S3.† Among the four silanized materials, only OS@MEMO
maintained similar values of d50 (61.31 mm) and d90 (128.62
mm) to those of the native OS. In contrast, APTMS, AEAPTMS
and ODTMS exhibited signicantly larger average sizes, with
d90 values of 171.01, 541.56, and 308.73 mm, respectively (Table
S3†). Compared to feldspar, the reference inorganic ller, the
particle sizes in all biollers were notably larger than feldspar's
d90 value of 25.55 mm. However, in terms of uniformity,
OS@APTMS, OS@AEAPTMS, and OS@ODTMS closely resem-
bled feldspar. In contrast, regarding surface area, only native OS
and OS@MEMO, with values of 0.317 and 0.268 m2 g−1

respectively, were closer to the feldspar value of 1.601 m2 g−1.
Silanization resulted in an increased size distribution in all the
silanized materials except OS@MEMO, and it reduced the
surface area in all except OS@MEMO, where the reduction was
minimal (ca. 3%). Additionally, it enhanced uniformity in all
except OS@MEMO, which suggests that, in terms of potential
behavior, OS@MEMO is more akin to the native OS than the
other silanized variants. These material disparities require
consideration in assessing the mechanical properties of the
resulting biocomposites (see below).

Fourier transform infrared spectroscopy provided conrma-
tion of the respective functionalities present in the various bio-
llers (Fig. S17–S35†). In native OS, the wide bands observed
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Water content and initial stage weight loss for OS and
OS@silanized materials using Karl Fischer titration and TG analysis

Entry Sample H2O
a (%) Loss weightb (%)

1 OS 7.4 � 0.2 5.5
2 OS@APTMS 4.0 � 0.4 6.4
3 OS@AEAPTMS 5.8 � 0.1 7.7
4 OS@MEMO 3.2 � 0.2 3.8
5 OS@ODTMS 5.6 � 0.1 4.4

a Determined by Karl-Fischer titration. b Resulting weight loss between
35 and 150 °C using TG and DTG analysis.
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between 3500 and 3100 cm−1 are attributed to O–H bond
stretchings from the hydroxyl groups present in cellulose, hemi-
cellulose, lignin, and surface moisture. The broadness of this
band indicates the presence of hydrogen bonds. However, in the
diffusive reectance measurements (Fig. S18†), this band
appeared to split into three bands with increased intensity. Upon
silanization, spectral differences emerged in the material in
comparison to the initial OS, suggesting covalent functionaliza-
tion of the OH groups. This was further conrmed by the presence
of a Si–O band at 1100 cm−1,46 along with a notable reduction in
the hydroxyl bands, likely indicating a decrease in adsorbed
moisture. Additionally, in all biollers, new absorption bands
within the 1800–800 cm−1 characteristic of silane groups were also
evident.47 Incorporation of aminated silanes revealed bands at
1463 and 1581 cm−1 corresponding to the deformationmodes,47,48

while anchoring of the aliphatic ODTMS showcased distinct peaks
at 2918 and 2850 cm−1 associated with Csp3–H stretchings, along
with the C–H bend or scissoring at 1465 cm−1.

The analysis of TG and DTG curves clearly reveals three
stages of thermal decomposition weight loss in both native and
modied OS (Fig. 2). The initial stage of thermal decomposi-
tion, observed between 35 and 150 °C, corresponds to the
release of adsorbed water and noncovalently attached organic
molecules, i.e., monomeric silanes.45,48–50 Results from this stage
indicate the highest weight loss in aminated OS@APTMS and
OS@AEAPTMS, suggesting their coordination potential due to
the nitrogen non-bonding electrons. Interestingly, despite this
higher weight loss, its water content remains lower than that of
native OS, implying that the silane coating is more effective in
improving hydrophobicity (Table 2).

The second stage occurs between 200 and 375 °C for OS and
200–400 °C for OS@silanized, primarily attributed to the initial
decomposition of hemicellulose (200–310 °C), followed by the
degradation of lignin and cellulose (310–400 °C).50–54 This stage
accounts for a signicant mass loss. Interestingly, the function-
alization of OS with aminated silanes appears to decrease the
degradation rate, contrasting with the effect of ODTMS silane,
where the degradation is even more pronounced than that of the
native OS, resulting in a considerable mass loss. The third stage
involves the nal decomposition of lignin (>400 °C), which
signicantly differs when comparing silanized materials to the
initial OS (Fig. 2).
Fig. 2 TGA and DTG curves for native OS and functionalized
OS@silanes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
In particular, the total degradation of OS occurs at 500 °C,
while silanized materials require higher temperatures to
complete this stage. This discovery is crucial, as the silane
coating confers greater resistance to the material against higher
temperatures, potentially benecial for specic applications or
inmanufacturing processes requiring elevated temperatures for
the production of desired composites. Additionally, the ash
content varies considerably depending on the efficiency of the
silanization process. For OS@APTMS, the ash content is 14.6%,
while it is 2.8%, 9.9%, 7.2%, and 5.3% for OS, OS@AEAPTMS,
OS@MEMO, and OS@ODTMS, respectively. These ndings
align with the amount of silane attached to the materials (Table
1). Powder X-ray diffraction (PXRD) analysis of these ashes
revealed the presence of amorphous silica resulting from
thermal decomposition of the graed silanes.49

The new silanized biollers were also studied in terms of
colloidal stability. Electrophoretic mobility provides insight
into the surface charge density of colloidal particles and helps
in the understanding of the electrostatic forces that affect
particle–particle interactions, aggregation, and dispersion
within a solution. These measurements allow comparisons
between the different surface coatings of the OS. Systems with
high z-potential (−/+) are considered electrically stable, while
low z-potential (−/+) values are usually referred to a system that
tends to aggregate and further precipitate.55 In this study,
measurements were always performed at a xed conductivity of
700 mS cm−1, which is equivalent to a concentration of 7.3 mM
NaCl (Fig. S36†). In these measurements only the electrical
surface properties of the suspended fraction of the materials
were studied, considering it as a representative portion of the
entire material. The suspended fractions corresponded to 17,
17, 34, 17 and 33% for OS, OS@APTMS, OS@AEAPTMS,
OS@MEMO, and OS@ODTMS, respectively, and their poly-
disperse particle distributions were 13.8 ± 10.9 mm, 2.6 ± 1.8
mm, 12.4 ± 7.9 mm, 8.1 ± 4.4 mm and 4.4 ± 7.3 mm, respectively.
Fig. S37–S41 and Table S4† show their optical microscopy
images and the particle histograms. At alkaline pH values
(Fig. 3, Table S5†), all materials exhibited highly negative z-
potential values, indicating a negative surface charge that
hinders interaction with similar neighbouring particles. At pH
4, silanes containing amino groups (OS@APTMS and
OS@AEAPTMS) showed a substantial increase in z-potential
values, from−25.3± 0.3 to +31.3± 0.4 mS cm−1 and from−19.8
± 0.4 to +31.5 ± 0.2 mS cm−1, respectively. This suggests an
RSC Sustainability, 2024, 2, 1030–1039 | 1033
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Fig. 3 z-Potential of native OS (pink), OS@APTMS (33 600 ppm Si)
(yellow), OS@AEAPTMS (15 530 ppm Si, orange), OS@MEMO (13
600 ppm Si, blue), and OS@ODTMS (15 270 ppm Si, green), as
a function of pH. All the measurements were performed in triplicate
(Table S5†) with a constant conductivity of 700 mS cm−1.

Fig. 4 Viscosity values for the mixtures resin/feldspar/OS@silanized
(50/42/8 %w/w). All the measurements were performed in triplicate
(Table S7†).

Fig. 5 Barcol Hardness measurements for the different composites
obtained. All the measurements were performed in triplicate (Table
S7†) with a constant conductivity of 700 mS cm−1.
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isoelectric point between pH 5 and 6 for APTMS and pH 7 and 8
for AEAPTMS, indicating the probable protonation of the amino
moieties present in these silanes as the primary source of
positive surface charge. On the other hand, those based on
MEMO or ODTMS silanes exhibited signicantly larger stability
than OS between pH 8 and 10, but lower when the pH is below 6.

Finally, the four silanized materials were assessed as bio-
llers for polyester composite fabrication, allowing for a reduc-
tion in the required loading of inorganic llers. This approach
paves the way of producing more biodegradable and eco-
friendly polyester-based composites, contributing to the
circular economy by using agricultural residues like olive
stones, thus minimizing their environmental impact. To
determine the substitutable amount of sodium feldspar with
OS, viscosity measurements (in cP) were conducted for various
mixtures at a constant temperature of 25 °C (Table S7†).
Initially, a standard resin/feldspar mixture (50/50 %w/w) was
prepared and measured, establishing a reference viscosity of
3426 cP. Subsequent blends of resin/feldspar/OS were formu-
lated to achieve a similar viscosity, observed at a ratio of 50/42/8
%w/w (Fig. S47†). Notably, an increase in the viscosity of the
mixture occurred as the OS quantity increased or when the resin
amounts relative to the solid component decreased. Then, we
proceeded to utilize the previously obtained OS@silanized
materials in fabricating polyester-based biocomposites and
assessing their mechanical properties. Employing the afore-
mentioned method, we prepared identical OS/feldspar
mixtures, achieving viscosity levels akin to those previously
observed, except for OS@MEMO (Fig. 4). In the case of this
bioller, the obtained viscosity of 4706 cP was 1280 cP higher
than when employing only feldspar.

This remarkable disparity highlights the signicant effect
that silane treatment can exert on the resultant biocomposite,
potentially leading to distinct mechanical properties (as
detailed below). The nal composites were obtained by a cobalt-
catalyzed curing reaction of the styrene-dissolved unsaturated
polyester resin obtaining test pieces according to ISO 178: 2019
(size 80 mm × 10 mm × 4 mm) and UNE 53270 (see Experi-
mental section). The Barcol hardness was initially measured to
1034 | RSC Sustainability, 2024, 2, 1030–1039
determine the resistance to deformation of the different mate-
rials, always using the resin/feldspar (50/50 %w/w) as the posi-
tive control (Fig. 5, Table S7†). Compared to the control, an
increase in the hardness value was noted when employing
native OS (58.6 ± 1.4 B) OS@ATPMS (56.9 ± 2.0 B), and
OS@MEMO (56.3 ± 2.0 B). In contrast, a reduction in Barcol
hardness is evident with the use of OS@AEAPTMS (49.0 ± 3.0)
and OS@ODTMS (36.0 ± 4.0 B), possibly due to the differing
lengths of these silanes compared to the others. The inuence
of silanization on mechanical performance, specically exural
strength and exural modulus, was also assessed. A marginal
decrease in exural modulus (Fig. 6a), indicating a reduction in
stiffness, was observed upon introducing 8% native OS.
However, incorporating various OS@silanized biollers signif-
icantly reinforced the composite, resulting in a higher exural
modulus in all cases except when using OS@ODTMS.

The increase in modulus is attributed to an improved level of
adhesion between the bioller and the matrix due to a better
contact. Similar to the Barcol hardness, the most favorable
results were obtained with OS@APTMS (5020 ± 241 MPa) and
OS@MEMO (5249 ± 166 MPa), both exhibiting a lower water
content compared to others (Table 2), and the latter having
reactive sites that could react with the binder in the consequent
curing process. No signicant differences were observed among
the exural strengths among the OS@silanized biollers, except
for OS@ODTMS, which again exhibited a differential behavior
with the lowest value suggesting the poorest interface within the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Mechanical performance in terms of (a) flexural modulus (MPa)
and (b) flexural strength (MPa) for the different composites obtained.
All the measurements were performed in triplicate (Table S6†).

Fig. 7 DMA curves for cured samples of feldspar, native OS and
OS@silanized: (a) storage modulus (log E0) and (b) tan d as a function of
temperature (°C).
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polyester (Fig. 6b). These results of increasing modulus and
almost no change in exural strength are in agreement with
previous ndings.42

The viscoelastic properties of the new composites were evalu-
ated with dynamic mechanical analysis (DMA). The polymer
chain-packing density in the glassy state and glass transition
temperature of the polymer are given by the storage modulus (E0)
and the tan d, respectively.56,57 The response of a given material to
an oscillatory deformation as a function of temperature allowed
us to test the potential of reinforcement of OS@silanized mate-
rials as well as their interfacial properties. The storage modulus
(E0) value of a composite is directly proportional to the interfacial
strength of the ller and the matrix. For all composites studied,
the behavior of an amorphousmaterial was obtained, where a rst
plateau zone related to a glassy domain was observed until the
temperature of the materials reached approximately 45 °C.

In the glass transition region (45–90 °C), the storage
modulus value shows a sharp decrease, followed by a modulus
plateau at higher temperatures where the polymer behaves like
a rubber (Fig. 7).

Note that except for the case of OS that the storage modulus
obtained in the glassy domain is lower with respect to the feldspar
sample, OS@silanized biocomposites present similar or even
higher values, providing the material with similar or even higher
stiffness. Furthermore, in the rubbery plateau, it could be
observed that in all samples the E0 value is higher within biollers
than with feldspar, indicating that the physical crosslinking
density increases in the silanized materials, especially with the
OS@MEMO sample. An a relaxation centered at 82.1 °C (Table
S6†) was obtained when the evolution of the loss angle (tan d) as
a function of the temperature was analyzed for the feldspar
composite. This value is related to the glass transition tempera-
ture Tg of the crosslinked polyester matrix. The addition of OS to
the mixture led to a decrease in the intensity of relaxation along
with a moderate negative shi of temperature (80.5 °C). However,
© 2024 The Author(s). Published by the Royal Society of Chemistry
when OS@silanized biollers were used, the Tg values increased
to 86.1, 82.9, 84.0 and 84.6 °C for OS@APTMS, OS@AEAPTMS,
OS@MEMO and OS@ODTMS, respectively (Table S6†). This
behavior is consistent with a more restricted molecular motion
imposed by the chemical connectivity between the bioller and
the polyester matrix through the silane coupling agent, which
causes a decrease in the amount of energy that could dissipate
throughout the nanocomposite, causing a shiing to higher
temperatures. This result provides evidence for the slight
improvement in the interfacial adhesion between the polymer
matrix and the OS@silanized bioller with respect to feldspar. In
line with these ndings, SEMmicrographs reveal the microscopic
appearance of the composites, where a homogeneous distribution
of particles is observed in all of them (Fig. 8). Fig. S49–S51†
provide full sets of images for each of the composites, including
those with feldspar and native olive stone.

The hydrophobic behavior of the biollers and nal composite
materials was also determined by measuring the static contact
angle with drops of water, formamide and diiodomethane (Tables
S9 and S10†). The native OS bioller displayed an initial water
droplet contact angle of 45°, which completely adsorbed within
the pellet aer 5 seconds. This rapid adsorption effect was even
more pronounced in OS@MEMO, where the droplet immediately
adsorbed upon deposition. In contrast, larger contact angles of
105°, 84°, and 107° were determined for OS@APTMS,
OS@AEAPTMS, and OS@ODTMS, respectively. This indicates that
in these three cases, the silane treatment modied the wettability
of the bioller, with OS@AEAPTMS being the bioller with the
highest affinity for water. When considering droplets of form-
amide and diiodomethane, the behavior is opposite, with
OS@APTMS exhibiting higher wettability with angles of 43° and
11°, for each droplet of formamide and diiodomethane, respec-
tively (Table S10†).
RSC Sustainability, 2024, 2, 1030–1039 | 1035
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Fig. 8 SEM images showing the microstructure of the composites
containing: (a) feldspar; (b) OS; (c) OS@MEMO; (d) OS@AEAPTMS; (e)
OS@APTMS; and (f) OS@ODTMS.
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Regarding the composites, in water, a signicant increase in
the contact angle was obtained when going from the native OS
(80°) to the silanized specimens (97–118°), while in formamide,
the OS produced an angle of 63°, and the contact angles of
silanized biollers were all within the range of 81–109°. The
diiodide drop was not affected by the different composites,
which obtain a contact angle in the range of 45–54°. Interest-
ingly, all OS@silanized biollers showed a purely hydrophobic
behavior with negative values of water adhesion tension (s0),58

except the native OS, which was positive, again demonstrating
the effect that the silane coating can produce on the nal
properties of the composite (Table S9†).

The evaluation of the surface chromaticity in the resulting
composites was also established using the CIELAB scale. Fig. S48†
shows the visual colors of the two controls (pure resin and sodium
feldspar) and those with olive stone biollers. Table S8† shows the
luminosity and chromacity values together with the chromatic
aberrations (DL*, Da* and Db*). The latter are calculated by sub-
tracting in each coordinate the value obtained when an 8% of
bioller is used from that obtained in 50/50 %wt. As expected, all
chromatic aberrations signicantly differ one from each other
with the highest luminosity DL* obtained in OS@AEAPTMS and
the highest chromacity Da* and Db* in OS@AEAPTMS and
OS@ODTMS, respectively. Furthermore, chromatic aberrations
and color change can be assessed by determining the color
difference (DE) between the CIELAB values before and aer add-
ing the bioller.43 As can be seen in Table S8,† the trend of DE is
very similar to that of DL*, where the highest change of 25.5 and
24.0 is produced with OS@AEAPTMS and OS@APTMS, respec-
tively, and the smallest change of similar magnitude is achieved
when the native OS ller is used.
Experimental
Materials and methods

Olive wood shell stone (OS) was provided by the Spanish olive
company Castillo located in Castillo de Canena in Jaén (Spain).
The solid was milled with an analytical mill (IKA MF-10) and
1036 | RSC Sustainability, 2024, 2, 1030–1039
<124 mm fraction was chosen for the characterization and
functionalization assays without any pre-treatment (Fig. S12†).
Unless otherwise indicated, reagents and substrates were
purchased from commercial sources and used as received.
Solvents were purchased as technical grade and used as
received. Polyester resin (Polres 12) was acquired from Omar
Coatings, cobalt accelerator (Valirex Co 6% D60) and tert-butyl
peroxybenzoate (TRIGONOX 93) were purchased from United
Initiators and sodium feldspar (STONETUN S.FLT.45.EX) was
obtained from Kaltun (Turkey).

Procedure for the preparation of test specimens for Barcol
hardness, mechanical properties (exural strength, exural
modulus, and DMA) and chromaticity test assays. In a dispos-
able plastic cup 50 g of resin (% w/w), feldspar (42% w/w) and
OS or OS@silanized (8% w/w) were weighed. The mixture was
homogenized manually and then MEMO silane (2% w/w with
respect to the resin), cobalt catalyst (0.2% w/w with respect to
the resin), and tert-butyl peroxybenzoate (TBPB) (2% w/w with
respect to the resin) were added and, aer stirring for 5 min, the
mixture was deaerated under vacuum for 10–15 minutes.
Subsequently, the mixture was added to ll each in the holes of
the mold, followed by the curing process where the mold was
heated on an oven for 2 h at 60 °C. Aer that time, the samples
were taken out of the mold and heated for 16 h at 50 °C followed
by heating at 120 °C for 2 h and taking out of the oven, allowing
them to reach room temperature. The pieces adopted the two
desired dimensions of 9 × 9 × 1 cm for Barcol hardness and
chromaticity test assays and with a length of 80 ± 2 mm, width
of 10 ± 0.2 mm and thickness of 4 ± 0.2 mm, aer the curing
process following the guidelines of ISO 178.

X-ray uorescence (XRF). X-ray uorescence analysis was
carried out in a Wavelength Dispersion X-ray Fluorescence Unit
model BRUKER S4 PIONEER. Automatic computer control of the
generator allows the kV and mA settings to be automatically
adjusted for each element. Operation and data reduction were
handled with the Bruker AXS SPECTRA plus soware package. To
ensure uniform density and reproducibility all the samples were
pressed with the help of a press NANETTI (model Mignon SS).

Elemental analysis (EA). The percentages of carbon,
hydrogen, nitrogen and sulfur were determined using an EA
1108 CHNS elemental analyzer (Elementar Micro instrument).

Granulometry. The particle size distributions of native OS
and the different resulting silanization materials were
measured using a Mastersizer 2000LF from Malvern Instru-
ments consisting of a Malvern HYDRO MU manual liquid
sample dispersion unit and a Malvern HYDRO 2000Up
minimum volume liquid sample dispersion unit. The solid
material was dispersed in water in each case, being the instru-
ment able to analyze particles in a range between 0.02 and 1500
microns with laser light diffraction technology.

FESEM-EDX. Scanning electron microscopy was carried out
on a Zeiss Sigma 300 VP eld emission high resolution scanning
electron microscope equipped with a eld emission Schottky
type emitter with an acceleration potential that ranges from 2
kV to 30 kV and an ultim Max 65 Oxford energy dispersive X-ray
analyzer (EDX), with large area mapping and automatic particle
analysis.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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FT-IR spectroscopy analysis. The FT-IR spectra were recor-
ded in the range 400–4000 cm−1 with a Bruker Alpha spec-
trometer (Alpha II, Bruker Optik, Ettlingen, Germany).
Attenuated total reection (ATR equipped with a diamond
crystal) and diffuse reectance infrared transform spectroscopy
(DRIFT) measurements were performed through their
exchangeable sampling modules.

Thermogravimetric (TG) and differential scanning calorim-
eter (DSC) analysis. The analysis involved the heating of 5 mg of
sample under constant nitrogen ow (50 mL min−1) with
a heating rate of 10 °C min−1 using a Mettler Toledo TGA/DSC 1
instrument equipped with an HT1600 oven and a MX5 ther-
mobalance. The thermogravimetric analysis (TGA) plot
describes the evolution in the sample mass, the differential
thermogravimetric analysis (DTG) plots describe the decom-
position rate in terms of the rst derivative of the TGA curve,
and the DSC graphs evidence endothermic/exothermic
processes or changes in heat capacity. The analysis was per-
formed using aluminum crucibles of 70 mL volume.

z-Potential measurements. z-Potential measurements were
conducted on a ZetaSizer Nano-Z ZEN2600 instrument (DTS1070
cell type) operating at a laser wavelength of 632.8 nm. z-Potential
values were obtained through the Helmholtz–Smoluchowski
model. Samples were prepared at 0.5% w/w, dispersing 50 mg of
the powder, and making up to weight with distilled water. Three
vials per sample were prepared, adjusting the pH (4, 5, 6, 7, 8, 9
and 10) manually under magnetic stirring with NaOH and HCl
solutions. The dispersions were sonicated aer preparation for
1 min to tear the aggregates. Subsequently, they were shaken and
le for sedimentation for another 2 min. Subsequently, the
conductivity was set to 700 mS cm−1 with NaCl 0.1 M. Before that,
a calibration line was established between [NaCl] and conductivity
(Fig. S36†), to estimate the electrolyte concentration. Samples
were shaken vigorously prior to their insertion into the measuring
devices. Equilibration time was set to 120 s. Average results were
obtained from ninemeasurements for electrophoretic mobility, to
ensure statistically signicant results.

Optic micrograph analysis. It was carried out with a Nikon
Eclipse Ti-E motorized inverted microscope equipped with
objectives: Plan Fluor 10×, Plan apochromatic 20×, 40×, 60×
oil, with a transmission detector.

Viscosity. Measurements were carried out in a Brookeld
Ametek DV-1 Viscometer. To carry out the tests, a 250 mL vessel is
lled with the mixtures and thermostated at 25 °C for 15 minutes,
ensuring that no bubbles remain inside. The appropriate spindle
was selected and immersed to its corresponding mark. The
measurement was considered adequate when the torque was as
close as possible to 50%. The test was carried out in triplicate.

Barcol Hardness. Hardness was measured with a standard
Barcol device (model GYZJ 934-1) commercialized by Neurtek
company. Samples were prepared in a silicon mold to reach
sizes of 9 × 9 × 1 cm size (UNE-EN-59).

Flexural resistance tests. Standard exural tests were carried
out with an Instron 3344 Universal Test instrument (MA, USA)
equipped with a 2000 N load cell and operated at 2 mm min−1

following ISO 178 standard recommendations. All tests were
© 2024 The Author(s). Published by the Royal Society of Chemistry
run at room temperature and using a crosshead speed of 2
mm min−1. The mechanical properties of each material were
calculated using the average thickness and width, testing at
least ve different specimens per sample. The procedure fol-
lowed to prepare the samples was the same as the one previ-
ously described. The repeatability of results conrms the good
manufacturing conditions of the specimens and the appro-
priate selection of the curing processing conditions. The
mechanical properties studied were exural strength (MPa) and
exural modulus (MPa).

Chromaticity test. Color was measured with a standard color
measurement device from Konica Minolta (model CR-400)
commercialized by Aquateknica company. The evaluation of
the surface chromaticity was established using the CIELAB
scale, where the data comprised luminosity values (L*) and two
chromaticity coordinates (a* and b*). L* represents the bright-
ness (0–100), a* represents the red (0–128) or green chromaticity
(−128 to 0), and b* is the color of yellow (0–128) or blue chro-
maticity (−128 to 0).

Dynamic-mechanical measurements (DMA). The dynamic
mechanical analysis was conducted in a exural mode using
a Mettler Toledo instrument equipped with a controlled
humidity atmosphere accessory. The temperature scans were
run from 20 to 120 °C at a heating rate of 3 °C min−1, frequency
of 1 Hz, and an amplitude deformation of 10 mm. The storage
(E0) and loss modulus (E00) of the sample as well as the loss factor
tan d = (E00/E0) were measured as a function of temperature. The
sample dimensions were about 4 × 1 × 0.4 cm. The main
relaxation temperature T is dened as the temperature where
the maximum of tan d is reached.

Scanning electron microscopy (SEM). The samples were
embedded in an epox cold setting embedding resin (EMS
catalog #1232). Aer curing, the samples were polished using
a Labopol-30 grinding/polishing machine. The samples were
covered with gold to avoid sample charging under the electron
beam and visualized using a scanning electron microscope
Tescan Clara operating at 15 kV.

Static contact angle. The contact angle on each material was
measured using the sessile drop technique using a goniometer
(drop shape analyzer DSA25). All measurements were made in
triplicate. As reference liquids, water and formamide were used
as polar liquid, and diiodomethane as non-polar liquid. From
the contact angles measured, the surface energy components
(gs

LW, gs
+, gs

−, gs
AB) were calculated, as well as the free energy of

cohesion (DGcoh), the surface free energy (gs), the water adhe-
sion tension (s0) and the critical surface energy (gc), as
described previously.59 Themedia surface roughness (Ra), which
is the arithmetic media with deviation from the mean line
within the assessment length, was measured in sets of ten times
with a surface proler (PCE-RT 11, PCE Ibérica S.L., Albacete,
Spain) with a 1 mm scan length and a 0.111 mm per sample
resolution.
Synthetic procedures

General procedure for the silanization of native olive stone
(OS@silanized). To a stirred suspension of 1 g of native olive
RSC Sustainability, 2024, 2, 1030–1039 | 1037
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stone in 50 mL of the corresponding solvent, the corresponding
amount of the specied silane (see Tables S1 and S2† for the
optimization of the reaction conditions) was added, and the
reaction was stirred under reux for 2 h. Then, the reaction was
allowed to cool to room temperature, ltered off under vacuum
and washed twice with DCM (10 mL), MeOH (10 mL) and
acetone (10 mL). Finally, it was dried in an oven at 60 °C for 12
hours obtaining the product that was used in further steps.

Conclusions

The synthesis of highly functionalized native olive wood shell
stone (OS) with four different silanes has been optimized, and
the resulting materials were thoroughly characterized. Silanized
OS exhibited higher thermal stability compared to native OS.
Surface charge analyses indicated improved stability under
specic pH conditions for different silanes, in particular the
substantial increase in z-potential values for OS@APTMS and
OS@AEAPTMS at pH 4. Incorporating these biollers into
composites enhanced hardness and exural modulus, with
OS@APTMS and OS@MEMO showing the most promising
results. DMA analysis suggested increased cross-linking density
in silanized materials, especially prominent in the OS@MEMO
probe, further supporting their role in enhancing material
strength. An additional signicant enhancement brought about
by silanization was the marked improvement in the hydro-
phobic behavior of the composite materials. The transition
from native OS to silanized specimens resulted in a substantial
increase in the static contact angle, indicative of heightened
water repellency. Overall, these ndings offer potential for
producing eco-friendly polyester-based composites using agri-
cultural residues, thereby reducing environmental impact and
promoting a circular economy.
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