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Abstract: With the growing concerns over environmental degradation and the increasing demand
for sustainable materials, eco-friendly composites have gained considerable attention in recent
years. This review paper delves into the promising realm of seed-based fillers, reinforcements and
polysaccharidic matrices in the production of biocomposites that are yet focusing on those seeds,
which can be considered industrial process waste. Seeds, with their inherent mechanical properties
and biodegradability, which are often the waste of production systems, offer a compelling solution
to reduce the environmental impact of composite materials. This paper explores the properties of
various seeds considered for composite applications and investigates the processing techniques used
to incorporate them into composite matrices. Furthermore, it critically analyzes the influence of seed
fillers on the mechanical and physical properties of these eco-friendly composites, comparing their
performance with traditional counterparts. The environmental benefits, challenges, and limitations
associated with seed-based composites from waste seeds are also discussed, as well as their potential
applications in diverse industries. Through an assessment of relevant case studies and research
findings, this review provides valuable insights into the outlook of seed-based composites as a
sustainable alternative in the composite materials landscape, emphasizing their role in promoting a
greener and more responsible approach to materials engineering.

Keywords: seed-based composites; waste ligno-cellulosic biomass; seed geometry

1. Introduction

In recent years, the urgent need for sustainable and environmentally responsible
materials has become increasingly apparent in the face of global ecological challenges. As
industries seek alternatives to conventional materials that are often derived from fossil
fuels and contribute to pollution and waste, the production of eco-friendly composites
containing agricultural waste (or “agrowaste”) has emerged as a suitable strategy [1]. More
specifically, this waste, by and large definable as “biomass”, can enter the composites
production in form of filler, yet also in form of matrix, in the sense that polysaccharides,
such as starch, can be extracted from it. In quite optimistic terms, these materials have
been defined as “green composites”; however, the challenges in their fabrication do not
appear to be negligible [2]. This type of refuse does take the most different forms, from
elongated fibers of various lengths to fillers closer to ellipticity or even sphericity, although
often with sharp edges and variable roughness [3]. In general terms, it can be suggested
that the use of secondary raw materials leads to a more pronounced irregularity, which has
an obvious effect on the final performance of the material, especially in the case of largely
industrialized products, such as wood–plastic composites (WPCs) [4].
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The value of this approach is that it constitutes a suitable alternative to the disposal of
biomass by landfilling, also considering that most of these materials cannot be considered
compostable [5]. This occurs especially in case the amount of lignin in the refuse is signifi-
cant, such that it occurs for many shrubs and trees seeds where the kernel is surrounded by
a ligneous coating (acorns are a good example of that), and that are collected from green
areas in a generic way [6].

This would move the balance towards incineration or procedures that involve their
carbonization, e.g., the production of active carbons from green waste mixed with other
systems’ refuse, such as end-of-life tires [7] or waste from high added-value productive sys-
tems (olive oil) [8]. A more developed option would be obtaining biochar with hierarchical
nanostructured surfaces, which can be achieved by carefully tailoring production parame-
ters; this has been obtained with a number of agrowaste types, including shells, such as bael
shell (Aegle marmelos), or rice husk [9]. These solutions receive further justification for the
potential that they have to provide additional environmental bonuses, such as in the case
of removal of pollutants, e.g., lead or arsenic in water [10] or dyes [11]. Another possibility
in the way of material valorization is offered, for instance, by dye absorption during water
treatment; however, this leaves unresolved the seed disposal, such as verified with papaya
seeds [12] and jujube (Ziziphus jujuba) seeds [13]. Another well-known solution, which is
here reported for completeness, is the introduction of seed residue in the biodiesel system,
which has been performed in the case of neem oil seed, to serve as sustainable catalyst
support [14]. In general, further oil extraction from seeds considered to be non-oily may be
performed, such as grape seeds [15]. In any case, the above solutions are likely to increase
the carbon footprint and represent a downcycling of the materials.

On the other side and notwithstanding all the above limitations about the performance
reliability, which will be discussed further down, the use of biomass-containing composites
represents a promising avenue for reducing the environmental impact of various appli-
cations. These include, e.g., substitution of carbon-based or even metallic materials for
the production of friction-resistant devices [16,17] or brake pads [18,19]; this required also
developing wear rate models to better focus on the degradation patterns of agrowaste in
this context [20]. To try to summarize the issue, always bearing in mind the biorefinery
approach, the use of agrowaste-derived liquids, and essential oils offers natural plasticiz-
ers, reactive compatibilizers or active additives; however, when it comes to seed refuse,
avoiding incineration is not obvious [21].

The possible economical interest of a secondary application, such as the extraction
of bioactive components or oil, as reported above, does not always remove the waste
problem and is not practically viable for the majority of vegetable species, where the yield
or quality of oil is scarce, which in particular leaves the aspect of seed disposal unresolved.
This represents an issue also because the development of materials from crop residues or
by-products is increasingly viewed as a method for waste management [22]. However, for
smaller seeds, they are often integrated in an undifferentiated biomass (normally defined
as “cake”, which can nonetheless receive attention also for application in the material field).
This is the case also, e.g., for grape seeds [23], whenever they are approached according to
a “biorefinery” concept, as described in Figure 1.

Among the plethora of eco-friendly composites, one particular area of interest lies in
the incorporation of seed as fillers, hopefully able to work as reinforcements, into composite
matrices for the production of compostable (disposable in the organic fraction of waste)
materials, therefore with limited amount of ligneous fillers, yet also for obtaining more
durable materials with limited water absorption [24].

As a consequence, a more sustainable and added-value step is represented by the
exploitation of crop-derived residues, such as seeds, as ligno-cellulosic materials. By
harnessing their unique characteristics, researchers and engineers can also develop bio-
composites that not only exhibit improved mechanical performance but also possess lower
carbon footprints and reduced reliance on non-renewable resources. The first and obvious
approach is the use of seed powder, such as in the case of tamarind (TSP), with a relatively
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simple matrix for fabrication, typically epoxy, to assess which is the maximum amount
of filler that is worth introducing not to hamper the composite properties. In Figure 2, it
appears that the tensile and flexural strength, measured according to ASTM D790 [25] and
ASTM D638 [26] standards, respectively, degrade for both loading modes when the amount
of filler exceeds 40 wt.% [27]. Another study indicated a steady increase in impact strength
(measured according to ISO179 standard [28]) for up to 30 wt.% TSP filler content in epoxy,
ground to dimensions between 200 and 300 microns, with very limited increase in water
absorption, not attaining 2% after 12 days [29].
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In other cases, the properties of the whole seed have also been investigated: seeds
possess intrinsic mechanical properties under compression, such as for wheat [30], and
a significant hardness, though dependent on moisture content and even genotype, such
as for pomegranate [31]. For both properties, the non-standard geometry of the seeds
requires the development of specific testing methods, which will be further discussed in
the following sections.

Moreover, the bio-friendly character of seeds holds the potential to revolutionize the
composite materials landscape, as an abundant agrowaste. It is not surprising that studies
on the mechanical performance of seeds have been proposed for very large productive
systems, such as sunflower [32], rapeseed [33], and castor beans [34]. On the latter, a
biaxial compression loading was also performed, as described in Figure 3 [34]. In Ref. [35],
indications are offered to the extrusion performance yielded by castor beans, which, after
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the load drop due to the episperm breakage comes up to a consistent force in excess of 80 N,
due also to the repeatable geometry of the bean (Figure 4).
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This interest applies also to very diffuse cultivations, deeply rooted both into wood
production and into different food-based products, such as is the case for pine trees [36].
Even for systems, which are diversified, such as is the case for flax, where textiles constitute
a large part of the outcome, the insufficient exploitation of seed products may result in
growing environmental impact, as indicated by life cycle assessment (LCA) [37] (more de-
tails will be given in Section 4.4), which are increasingly integrated into the characterization
activity [38].

The assessment of mechanical performance, as declined against moisture content and
other environmental parameters, can also be put into relation with the characteristics of the
oil obtained. Limited studies do exist in comparing mechanical and physical characteristics
of the different parts of the plant; this is, for example, for hulls, kernels, and seeds from
Jatropha Curcas, which is a source for biofuel, and therefore is likely to produce large
amounts of waste from the bulk of the fruit [39]. In this case, the sphericity of fruits, nuts,
and kernels was measured, as the ratio between the surface area of a sphere of the same
volume of the particle and the surface area of the particle itself, and resulted quite high
for all three of them, being equal to 0.95 ± 0.03, 0.64 ± 0.03, and 0.68 ± 0.01, respectively.
No specific testing standards were used, yet a deformation velocity of 0.5 mm/s was used,
which was demonstrated in testing seeds and kernels to yield a particularly low strength,
possibly inducing a reduced toughness of the sample [40]. Despite a geometry not far
from sphericity, the compression properties, as observed in walnuts, can vary significantly
between the three axes, and, while decreasing with moisture content, would increase with
compression speed (three speeds were considered, 0.5, 1, and 1.5 mm/s) [41].

More complex scenarios are also possible in this respect, such as the extraction of
cellulose from seed waste; this was carried out, e.g., on mango seeds [42], which appears,
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as it will be repeatedly shown in next section, to be among the most used in material
production from biomass. In similar cases, lignin and hemicellulose have been removed
by alkaline treatment, e.g., on mango seed pods, to obtain cellulosic short fibers [43]. This
appears to be a limiting factor though to consider seeds as just another source of cellulose
and it leads to an increased amount of waste and chemical use.

This review paper delves into the realm of seed-based composites and their connection
with further applications of seeds, exploring the diverse range of seeds that have been
investigated for their significance when employed as fillers or reinforcements in composite
materials. Botanical names of the cultivation from which the biomass is obtained are also
often indicated, along with the common names, according to the use that is conducted in the
literature, where often either of these are used. Of course, in terms of the production system,
especially related to food, this has an environmental sense whenever the seeds are either
produced in excess or they represent in themselves a waste, not being adapted to use. This is
the case for non-edible seed cakes, such as those from neem seed protein [43] and Pongamia
pinnata seeds [44], from which the development of a “green” resin has been proposed, and
the previously mentioned jatropha seed cake, which served as the reinforcement for epoxy
resin [45]. There are more substantial cases in which the extraction of starch from seed
waste has also been proposed to serve for the production of bio-based resin. This was
suggested for non-edible avocado seeds, whose starch has been blended with cellulose
at different scales and cross-linked to reduce water absorption and propose a “green”
resin [46]. Some literature did also consider seed hull waste: its principal application still
involves their role as the precursors for the fabrication of active carbons (e.g., Brachystegia
euricoma [47], Prosopis Africana [48], or castor beans [49]): however, other destinations were
also possible. For example, sunflower seed hulls for pectin composites [50], or pumpkin
seed hulls for dye removal from water solutions [51]. For larger seeds, such as mango,
even the separation of the different parts was necessarily performed before grinding and
introducing in the composite formed with a polylactic acid (PLA) matrix [52]. In particular,
kernel and integument offered distinct properties when examined under X-ray diffraction
(XRD) for crystallinity measurements, as reported in Figure 5. A similar study on mango
seed powder/PLA composites reported that the use of plasticizers, such as tributyrin and
triacetin, did improve fiber/matrix compatibility, while on the other hand, it did not affect
compostability properties after 12 weeks [53].
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In other cases, the seeds are not powdered, yet fragmented, in which case the edge
geometry of the pieces obtained also has an importance on the performance. In Ref. [54],
unsaturated polyester resin is added with date palm seed particles with 0.5, 2-, and 2.8-mm
size with loadings up to 25 wt.%. The hardness grows with higher particle dimensions,
whereas the tensile performance does suggest limiting to the lowest one. This means the
filler dimensions can be tailored, at least to a point, to suit the needs of the prospected
application. It needs to be clarified of course that the seeds are supposed to be of limited
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dimensions and with simple structure to fit the purpose, otherwise they need to be used
in form of powder then sieved so to use only particles of dimensions compatible with the
composite fabrication. To give an example, in Ref. [55], where palm date seed powder has
been used as filler in glass/epoxy composites, the average granulometry was approximately
75 microns. In some cases, seed-derived material can offer a multifold action, involving
not only mechanical potential, strictly linked to filler morphology, but also intervening
on polymer processing, hence modifying its rheology. This has been experimented, e.g.,
with the addition of sunflower seed husk flour in an acrylonitrile-butadiene-styrene (ABS)
matrix [56].

The focus of the review is generally to provide an in-depth analysis of the influence
of seed fillers on the mechanical and physical properties of eco-friendly composites. By
understanding the structural effects of seed incorporation, researchers can better design
composites tailored for specific applications, while adhering to sustainable practices.

Furthermore, the challenges and opportunities associated with the processing tech-
niques used for integrating seeds into composite matrices are also discussed. The scalability
and viability of seed-based composites in industrial settings are also explored, shedding
light on the practicality of these materials for real-world applications.

Overall, this work aims to present a comprehensive assessment of the state-of-the-art
in seed-based composites, highlighting their potential as a game-changing solution in the
pursuit of eco-friendly materials. Through an evaluation of key case studies and research
findings, we hope to inspire further advancements in this field, contributing to a greener
and more sustainable future for material engineering.

2. Overview

This present review has the following structure:

• Seed-based fillers/reinforcements: providing an overview of various seeds that have
been studied for their potential as fillers or reinforcements and discussing the unique
properties of seeds that make them suitable for composite materials (Section 3.1).

• Processing techniques: exploring the different methods used to incorporate seeds
into composite matrices and discussing the challenges and opportunities related to
processing seed-based composites (Section 3.2).

• Mechanical and physical properties as fillers: analyzing the effect of seed fillers on
the mechanical and physical properties of the composite materials and comparing the
performance of seed-based composites with traditional composites (Section 4.1).

• Use of seed products as composite matrices: The application as filler in bio-composites
is not the only one suitable for seeds use. It is also possible to use polysaccharide seeds
for the production of starches to serve as matrices (Section 4.2).

• Characterization for the construction industry: Other sectors, which are actively
searching for sustainable fillers, able to avoid or reduce resource depletion, are also of
interest for seed-derived materials. This is the case for construction industry, where,
the majority of works on seeds in materials can be found (Section 4.3).

• Environmental impact: assessing the environmental benefits of using seed-based fillers
compared to conventional fillers (e.g., glass fibers), and discuss the biodegradability
and end-of-life considerations of seed-based composites (Section 4.4).

• Comparative analysis: comparing seed-based composites with other types of eco-
friendly composites (e.g., natural fibers, recycled materials) in terms of performance,
cost, and environmental impact (Section 4.5).

• Applications and industries: identifying potential applications and industries where
seed-based composites can be used effectively and discussing any commercial or
industrial implementations of seed-based composites (Section 5).

• Conclusion: recapitulating the main findings and arguments discussed and highlight-
ing the potential of seed-based composites as a sustainable alternative in the composite
materials industry (Section 6).
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3. Materials and Processes

The question of hardening and strengthening composites using biological materials
or agrowaste has a significant impact, which is not strictly limited to the use of bio-based
matrices, though it can also have some significance in the case of conventional; hence,
oil-based ones. This is in the case of polymer composites. On the other hand, it can also be
relevant as regards ceramic-based composites, which are typically used in the construction
industry. In both cases, the geometry of whole seeds, or seed-derived filler, does represent
one of the principal caveats for successful use of them.

3.1. Seed-Based Fillers/Reinforcements

Hereinafter, an overview is provided of various seeds that have been studied for their
potential as fillers or reinforcements, discussing the unique properties of seeds that make
them suitable for composite materials. When the use is occasional and more interesting for
the techniques used in materials development than for the characteristics of the seed, the
relevant studies will be reported in the respective sections.

There is a wide number of studies on the use of powdered seeds of small dimensions
in composites; here, an attempt is done to introduce those seeds that are the most largely
used in composites and their relevant production systems. This would also expose the
potential applications, excluding those connected with carbonization, gasification, and
generally recovery, which compete with the use of seeds in composites.

It is noteworthy that most seeds that have found an application into composites do be-
long to a productive system directly correlated with food, normally for edible oil extraction.
For completeness’ sake, it is noteworthy evidencing that seeds proved sufficiently adherent
also to a matrix constituted by tannery shavings (leather waste) [57], which on the other
hand have been also proposed, in a chromium-free version, as the reinforcement for self-
produced thermoplastic starches (TPS) [58]. However, the largest part of ideas/proposals
for seed introduction in materials do directly concern food waste.

In particular, the direct production of biodegradable composites by the extrusion of a
mix between two food wastes, namely rapeseed cake and brewer’s threshing (barley husk)
in different proportions (30:70, 50:50, 70:30) has also been anticipated, the advantage being
that the material did not require any additional processing [59]. The question in this regard
is the density of agglomerates, which is seen as increasing with rapeseed content.

This is again the case for some cultivations that pertain to large productive systems.
Examples can be date seeds, which, apart from nutritional significance, are also used in oil
extraction [60], brewing [61], and even as a substitute for coffee powder [62]. Date seeds
have a characteristic that is definitely of interest for introduction in composites: though
being generically elliptical, their geometry is very limitedly affected by the environmental
conditions, in terms of distance between the centroids [63]. This suggests that the variability
between species in terms of mechanical performance is minimal.

A substantial number of works on composites are also available involving the use of
olive pits powder, for which other uses have been proposed, such as in capacitors with high
energy and power density [64], or in the exploitation of their antimicrobial and antiradical
properties [65]. Interest has also been raised recently with peach seeds, which, as is the case
with kernels, are well known for the extraction of bioactive compounds [66]. Some other
fruit seeds, such as cherry pits, for their geometry particularly close to sphericity, have
also been proposed for use as aggregates in cement [67], while their controlled porosity
raised attention for application in lithium–sulfur batteries [68]. In other cases, where the
complexity of the structure of fruit seeds is considerably higher, and powdering does not
appear to be a facile option such as, e.g., for cactus fruit seeds, the direct extraction of
polysaccharides proves to be a more viable route for their exploitation [69]. Whenever the
dimension of the seeds is very small, such as in the case of tomatoes, the approach does
better concern a general use of tomato waste including, e.g., seeds and peels, which have
been studied over decades, yet which prevalently contain polysaccharides and proteins [70].
This allowed for, e.g., performing the production of biodegradable pots, in combination
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with hemp fibers [71], while recently, a more comprehensive review on the use of tomato
waste in view of bio-based materials is delivered in Ref. [72].

It is also worth mentioning that also in the case of prickly pears, probably in contrast
with first evidence, most uses are here again connected with the food sector [73]. As far as
their seeds are concerned, oil was often analyzed and characterized, as a food supplement
and for its content of fatty acids [74], and in other cases connected with the production
of biofuel [75,76]. Other uses of prickly pear products are related to materials, e.g., for
the development of lightweight concrete [77], to the synthesis of bacterial cellulose [78],
and to the extensive use of mucilage for film production [79]. Among the larger fruit
production systems, however, other kinds of niche products pertaining to the food system
and supplying versatile seeds, have been proposed. This is the case, as exposed also in
the introduction, for tamarind seeds: here, the high content in polysaccharides (50–57%
in the whole seed, and 67–72% in the kernel) [80] allows applications for film production.
This occurs in blends in other typical polysaccharides, such as alginate, where a combined
film with tamarind seed was also proposed as a drug delivery system, experimenting with
diclofenac [81]. Another seed, which has a niche market in the food sector, is pistachio,
which, also due to its relevant porosity that enables resin penetration [82], equally has been
used in composite fabrication with a large number of matrices, both thermoplastic and
thermosetting [83].

A great deal of attention has also been elicited in the case of sunflower seed cake, which
is perceived as a natural composite for its presence of around 40% of lignocellulosic fibers
from the husks of sunflower seed, possibly to be linked with intrinsic biopolymers, such
as globulins, which specifically show a thermoplastic behavior. This hypothesis, though
raised in Ref. [84] (Figure 6), did find limited practical application so far, yet it appears to
be a very sustainable solution for the absence of the requirement to use a further polymer
matrix, extraneous to the original one. A recent application indicated that globulins could
serve as the matrix for sage seed hydrocolloid with a potential use as hydrogel for the food
and pharmaceutical sector [85]. More traditionally, yet possibly with easier feasibility, the
use of sunflower seed cake as the filler in thermoplastic composites was also proposed [86].
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3.2. Processing Techniques and Composites Fabrication

For the seeds to be used as fillers in composites, the process normally involves the
crushing of the seed into powder, or the use of the seed in a mix or agglomerate with
other matter obtained from production, to be defined as “cake”. The use of the whole
seed does not appear to be a very likely occurrence for the geometrical limitations in the
composite fabrication, even with small seeds. However, a number of studies exist, which
report data over compression performance of whole seeds (or nuts, including seeds, such
as is the case for acorns). Some relevant data are reported in Table 1, which show a very
large range of values, which is further influenced by moisture and geometrical factors,
such as sphericity and roundness, i.e., the more or less pronounced smoothness of edges.
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These values though preserve their significance as an indication of the maximum strength
obtainable from the filler.

Table 1. Compression data on whole seeds.

Plant Sphericity Max. Compression
Load (N)

Corresponding Moisture
Content (%) Ref.

Corn 0.6–0.75 480 25 [87]
Safflower 0.58–0.63 33 6.5 [88]

Cumin 0.53 50 7 [89]
Dioclea reflexa 0.84 1500 12 [90]
Shorea robusta 0.71 247 10.5 [91]
Black pepper 0.94 75 9 [92]

A typical compression curve is reported in Figure 7 [90], together with the different
dimensions of the seed, which shows a particularly high sphericity, under compression.
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In the case that the bare seed is used, some parts might be particularly valuable and
practically used. This occurs for the extraction by mechanical stripping of the fibrous
component of the seed that has sometimes been carried out, such as with poplar seeds [93].
Even in an important sector, such as cotton production, waste from seed opening for fiber
extraction might not be devoid from fibers itself [94,95]. The awareness of this situation
was brought to the proposal for a biorefinery approach, also in the case of the second major
seed-extracted fiber after cotton, kapok (Ceiba pentandra) [96]. Of course, the length of fibers
obtainable from waste products is much shorter and not of interest for textile production,
not normally exceeding a few millimeters or, at best, centimeters.

Grinding into fragments or powder is carried out mechanically and a factor that has
obviously a significant importance of obtaining a sufficiently strong filler–matrix interface
in the composite is the granulometry distribution. The simplest way to introduce the
fillers in composite is a manual procedure with agitation (stir casting) with thermosetting
matrices, such as epoxy. This is due to its simplicity and relative effectiveness.

Examples of the previous procedure are reported below, such as is the case for mango
seed composites [97]. Mango seed is a single embryo (approximately 40–70 mm long,
30–40 mm wide, and 10 mm thick), housed in the seed coat, around 1–2 mm thick, which
was extracted by boiling the seeds, separating it manually and grinding to a fibrous and
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flaky small size of 12–25 microns. Olive seeds also represent a classical filler, which was
attempted, e.g., in Ref. [98], in formats like 300, 450, and 600 microns and in amounts of up
to 18 wt.%, again in epoxy. Date palm seeds have been added to form a hybrid composite to
glass/epoxy laminate in an amount of 10 wt.% with a mean size of the particles being equal
to 75 microns [99]. This resulted in a reduction of wear loss and in improved toughness,
though the application of the filler did require a pre-treatment using sulfuric acid and then
a thermal processing up to 80 ◦C. Always with date palm seeds and using a thermosetting
matrix, yet a vinyl ester one, the introduction of up to 50 wt.% of date palm seed powder
was possible: this was also due to the more refined grinding to a dimension spanning
between 30 and 60 microns [100].

The use of seed fillers with thermoplastic matrices does appear less diffuse for obvious
difficulties linked to temperature processing and rheological behavior of the mixture. Deal-
ing with thermoplastics, the perspective may change, in the sense that the biodegradable
character of biomass fillers can be exploited by coupling it with a bio-based matrix: in
sectors, such as biomedical materials, the presence of poly (lactic acid) (PLA) as a matrix is
predominant [101]. However, since starch might also be extracted as a bio-waste, it does
not come as a surprise that examples are reported as concerns the filling of thermoplas-
tic starch (TPS) particles cast with two different types of seed hairs from trees, namely
milkweed (Asclepias syriaca) and silver poplar (Populus alba) [102]. The effect of this mod-
ification was particularly detrimental over the elongation of TPS, nonetheless. Another
example was obtained with date pits that were introduced in an amount of up to 50% in
polystyrene and then heat pressed to produce the final composites with the idea to promote
their possible use as thermal insulators [103]. Using date seeds and biopolyesters, namely
poly(buthyleneadipate-co-terephthalate) (PBAT) and poly(lactic acid) (PLA), a composite
was also produced by melt mixing at a temperature of 145 ◦C with PBAT and of 170 ◦C
with PLA up to a filler content of 40 wt.% [104]. Melt mixing with seed powder, namely
of Mimusops elengi shell, was also applied with polypropylene and different amount of
powder, at a temperature of 180 ◦C and in different amounts, though very limited (not
exceeding 10 wt.%), to be proposed for the application in automotive dashboards, or other
furniture panels [105]. Date palm seeds powder has also been introduced in recycled linear
low-density poly(ethylene) in amounts up to 30 wt.% and processed by twin screw extruder
followed by compression molding; however, the crystallinity was reduced by the effect of
the filler from 49 to 29% [106].

Another possible use is pertinent to an increasingly developing sector, namely
the introduction of biomass powders as component for fillers to be employed in
3D printing filaments, especially realized using PLA; specific reviews exist in this regard,
e.g., Ref. [107]. A recent study did involve the use for this purpose of tamarind seed kernel
powder, which had some role in the production of composites [108]. In this specific case,
the powder was sieved to obtain a granulometry range, between 50 and 100 µm, adapted
for introduction in the filament, though not possibly exceeding a concentration of 2% to
offer tensile properties enhancement and effective melt flow due to the difficult control of
porosities [109]. In other cases, the presence of seed waste is concealed into a composite
waste biomass, including peels and other mainly cellulosic material, rather fibrous such as
it is the case for tomato (Solanum lycopersicum) [110]. A scanning electron microscopy (SEM)
image of the above is represented in Figure 8, where the non-uniformity is appreciable.
Notwithstanding this limitation, a 10 wt.% filler was possibly introduced in the filament,
with some improvement of the tensile strength (from 27 to 30 MPa) at the expense of
deformation (from 58% to 36%) at 0◦ raster angle (tool path vs. building table). Some
influence of the latter was also revealed, with 0◦ preferable to ±45◦.

The potential of 3D processes when introducing seed powder appears still to be
elucidated. An attempt has also been carried out as for 3D bioprinting of medical scaf-
folds, showing some potential of cartilage repair, though using a complex mixture of
alginate/halloysite nanotubes/methylcellulose/Russian olive (Elaeagnus angustifolia) seed
powder, the latter having some tradition for wound healing in traditional medicine [111].



Sustainability 2024, 16, 1526 11 of 27

Sustainability 2024, 16, x FOR PEER REVIEW 11 of 27 
 

it does not come as a surprise that examples are reported as concerns the filling of ther-
moplastic starch (TPS) particles cast with two different types of seed hairs from trees, 
namely milkweed (Asclepias syriaca) and silver poplar (Populus alba) [102]. The effect of this 
modification was particularly detrimental over the elongation of TPS, nonetheless. An-
other example was obtained with date pits that were introduced in an amount of up to 
50% in polystyrene and then heat pressed to produce the final composites with the idea 
to promote their possible use as thermal insulators [103]. Using date seeds and biopolyes-
ters, namely poly(buthyleneadipate-co-terephthalate) (PBAT) and poly(lactic acid) (PLA), 
a composite was also produced by melt mixing at a temperature of 145 °C with PBAT and 
of 170 °C with PLA up to a filler content of 40 wt.% [104]. Melt mixing with seed powder, 
namely of Mimusops elengi shell, was also applied with polypropylene and different 
amount of powder, at a temperature of 180 °C and in different amounts, though very lim-
ited (not exceeding 10 wt.%), to be proposed for the application in automotive dashboards, 
or other furniture panels [105]. Date palm seeds powder has also been introduced in re-
cycled linear low-density poly(ethylene) in amounts up to 30 wt.% and processed by twin 
screw extruder followed by compression molding; however, the crystallinity was reduced 
by the effect of the filler from 49 to 29% [106].  

Another possible use is pertinent to an increasingly developing sector, namely the 
introduction of biomass powders as component for fillers to be employed in 3D printing 
filaments, especially realized using PLA; specific reviews exist in this regard, e.g., Ref. 
[107]. A recent study did involve the use for this purpose of tamarind seed kernel powder, 
which had some role in the production of composites [108]. In this specific case, the pow-
der was sieved to obtain a granulometry range, between 50 and 100 µm, adapted for in-
troduction in the filament, though not possibly exceeding a concentration of 2% to offer 
tensile properties enhancement and effective melt flow due to the difficult control of po-
rosities [109]. In other cases, the presence of seed waste is concealed into a composite waste 
biomass, including peels and other mainly cellulosic material, rather fibrous such as it is 
the case for tomato (Solanum lycopersicum) [110]. A scanning electron microscopy (SEM) 
image of the above is represented in Figure 8, where the non-uniformity is appreciable. 
Notwithstanding this limitation, a 10 wt.% filler was possibly introduced in the filament, 
with some improvement of the tensile strength (from 27 to 30 MPa) at the expense of de-
formation (from 58% to 36%) at 0° raster angle (tool path vs. building table). Some influ-
ence of the latter was also revealed, with 0° preferable to ±45°. 

 
Figure 8. Tomato waste biomass including seed, peels, fibers [110]. Figure 8. Tomato waste biomass including seed, peels, fibers [110].

4. Properties and Sustainability

Achieving a real sustainability for the application of seeds and related powders into
composites would mean attaining a number of objectives, which can be clarified further in
this section:

1. Obtaining sufficient properties that would improve the wearing out pattern of the
composite and allow it to be used for applications involving some duration of use
(i.e., not being limited to single use) [112]. This will have to happen also for used for
which wear is expected and is important it to be predictable, i.e., in the tribological
field [113].

2. Be ready for introduction in composites with limited, if any, chemical/thermal/phy-
sical treatment, providing an adequate interfacial strength and quasi-uniform adhe-
sion with the matrix, nonetheless. A wealth of possible methods does exist, though
many may be aggressive and result in further chemicals’ discharge [114]. Represent a
believable alternative, able to be successfully proposed and applied, to the incinera-
tion of the biomass involved, in view of its perceived and demonstrated structural and
functional quality in the developed composite [115]. In Figure 9, some indications are
provided, which particularly suggest the position of materials from agrowaste, among
which are seed-based ones as a source for the development of new bio-materials
(although the term is controversial, being also dedicated to those designed for interac-
tion with human body; hence, biocompatible) [116]. This would suggest, for example,
in our specific case the application, e.g., of seed derivatives in low-value items, such
as asphalt modifier, normally in the form of biochar [117]. This was applied in the
case of Mesua ferrea particles in excess of 150 microns [118], although in other cases,
such as for apricot seed shells, the modification was carried out at more manageable
temperatures, i.e., 180 ◦C [119]. This is obviously a better solution than waste pro-
duction, and does not pertain to a real circular economy concept. As a result, further
considerations on the construction industry use of seed-derived materials, as exposed
in Section 4.2, will offer more exposure to studies that involve limited treatment of
waste for its introduction.
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Figure 9. The position of bio-(based) materials from agrowaste in a circular economy concept [116].

4.1. Mechanical and Physical Properties as Fillers

The study of mechanical and physical properties of seeds for their use into materials
and more specifically for their development in biocomposites has involved a large number
of factors, which are briefly summarized in Figure 10.
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The study of the mechanical performance of seed-based composites is in some cases
restricted by the fact that a limited tenor of filler is introduced, which, if too small, can
raise some concern over a possible greenwashing approach and a limited usefulness of
the process in terms of the process. There is an obvious relation between the amount of
filler and its granulometry, in particular in the case of the production of composites with
considerable thickness (over a few mm) to be used as particleboards. In particular, the
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comparison between a number of studies where granulometry is overtly reported is offered
in Table 2.

Table 2. Examples of bio-composites with powdered seeds.

Powder Source Resin Diameter (µm) Max. Amount (wt.%) Ref.

Euterpe oleracea Castor oil PU Less than 70 12.5 [120]
Moringa oleifera PBAT 41 ± 10 10 [121]

Phoenix dactilifera Epoxy Up to 200 10 [122]
Pistachio PMMA Up to 212 12 [123]

Almond shell PBS 150 (average) 30 [124]
PU = Polyurethane; PBAT = Poly (butyrate adipate terephthalate); PMMA = Poly (methylmetacrylate);
PBS = Polybutylsuccinate.

However, in itself, a large amount of filler might not be always necessary; in Ref. [125],
using Delonix regia (Dr) seed filler in a recycled low-density polyethylene (RLDPE), a
fourfold increase of tensile strength is observed just by 4 wt.% addition of it, also with
statistical repeatability. This can be explained, given the quite high granulometry of the
particles (over 105 µm), by their capability to hinder fracture, which is lost by the excessive
packing obtained at higher particle contents. As a whole, the particle size has an influence
on the tensile strength, which implies that over some dimension of the filler, a decrease of
performance is revealed, worsening the higher the amount of particles introduced. This is
observed in Ref. [54] with date palm seeds ranging from 0.5 to 2.8 mm, and optimized in this
sense in Ref. [99], where wear loss was demonstrated to be largely dependent on abrasive
paper grit size, therefore suggesting a typical behavior for friction-resistant materials.
Palm date seed (PDS) fillers are, however, among the most promising in mechanical
terms and have, in fact, been attempted also in hybrids with glass/epoxy composites, in
amounts up to 50 wt.%, obtaining a tensile and flexural strength of 271 MPa and 241 MPa,
respectively [126]. PDS was also proposed in combination with other filler, namely alpaca
wool in a polypropylene matrix, both in the maximum size of 100 microns [127]. The
optimal content for tensile, flexural (according to Ref. [27] and Charpy impact strength
(according to [29]) was achieved for a respective content of 15 wt.% palm seed and 20 wt.%
alpaca wool powder.

In principle, biodegradable matrices should be used with biomass fillers: the most
popular and widely used being poly (lactic acid) (PLA) [128]. In the case of PLA/olive
pits composite, two different grinding methods (A, planetary ball mill, and B, centrifugal
rotor mill), which led to different particle size and a different granulometry (rounder for
A, flakier for B), as shown in Figure 11, were proven to affect, very limitedly, the thermal
properties of the filler. On the other side, the tensile modulus of PLA composites with olive
pits powdered according to the B-method was higher by 18% with respect to A-method,
keeping constant a 20 wt.% filler content [129]. Another natural resin whose use has been
proposed with seed-derived materials is Dammar resin, which is obtained from trees of the
Dipterocarpaceae family [130], and more recently used, to compensate for its properties,
also in blends with other synthetic resins, such as epoxy [131]. However, the use with pure
Dammar resin together with 40 wt.% crushed sunflower seeds was attempted, and it was
suggested that, given their limited tensile strength (in the order of 10 MPa) their use would
be more of interest in terms of core for sandwich structures, therefore acting more naturally
in compression [132].

Another biodegradable, yet not bio-based, matrix that has found some interest in being
filled with seed waste products is polycaprolactone (PCL), whose principal limitation lies
in its low softening temperature of approximately 60 ◦C, yet has found some application in
biocomposites, also from agrowaste, whenever their use is restricted to ambient temperature
or around it [133]. As a matter of fact, the use of PCL with seeds has been prevalently limited
to parts of these. This has been the case for cocoa bean shells (CBS), where the introduction
of 30% CBS led to an increase of the Young’s modulus for PCL from 439 to 740 MPa, though
at the expense of some tensile strength [134]. In another case, the fibers from borlotti and
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green beans were extracted to be used as a reinforcement for PCL, and their introduction in
the amount of 40 wt.% led to a Young’s modulus in the excess of 1200 MPa, again with a
substantial decrease of tensile strength [135].
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A particularly comprehensive analysis about mechanical, thermal, and water absorp-
tion properties of seed-based composites has been carried out dealing with Polyalthia
longifolia (mast tree)/vinyl ester matrix composites, which were introduced in amounts
from 5 to 50 wt.% in the polymer matrix, though the properties declined above 25 wt.%
filler. Data indicated a large variability, namely a tensile strength of 9–32.5 MPa, a flexural
strength of 44–125 MPa, an impact strength of 10–31.1 kJ/m2, and a Barcol hardness of
23–36.5 [136]. The difficulty in increasing the amount of filler over a certain amount and
obtain an advantage in terms of mechanical properties was also encountered in the case of
pinecone residues, where the introduction of 30 wt.% filler did result an increase of 11%
of both tensile strength and hardness, whereas tensile elongation decreased by 48% and
impact strength by 30% [137].

A further possibility Is the introduction of powders to a different dimensional level,
typically nano- vs. micro-, for the improvement of the properties of other composites that
may be of limited interest as such. This has been the case when employing tamarind seed
nanopowder as an additional filler for Luffa cylindrica composite in an epoxy compos-
ite [138]. Luffa, which is a natural sponge, has had some limited applications in materials,
in particular trying to tailor the chemical treatment required for composite fabrication, and
is in continuous search for optimization as for the number of layers and stiffness, due to
its cellular structure [139]. In Ref. [140], a 60:40 epoxy luffa composite has been filled with
tamarind nanopowder (TNP) with 7.5% TNP resulting in the most promising results, with,
more specifically, a 18% improvement of impact strength and a 16% improvement of both
tensile strength and flexural strength, while compression strength only grew by 7.5%.

4.2. Use of Seed Products as Composite Matrices

Despite the fact that, as reported above, biocomposites have been produced using seeds
and relevant powders as fillers, a large number of materials obtained from the seed system
have been reported, which can be in search of relocation for use in this field. In principle,
other than the extraction of oil, also the synthesis of starch from seeds containing sufficient
amounts of polysaccharides, as in avocados, has been proposed [141]. The process of starch
synthesis from seed waste includes the application of a limited tenor of chemicals and water
for the purpose. In particular, after grinding and soaking in sodium sulphate solution, the
obtained mixture was homogenized, filtered, and washed with deionized water, before
settling. The crude starch extract was then separated from discarded supernatant and was
dried at 50 ◦C for one day after washing.
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The advantages of the extraction of starch from seeds does provide an important link
between food-based waste and its possible application in other sectors. This is especially in
view of the multifaceted characteristics of the starch products, which does not hinder use of
seeds also for other objectives, depending on the very chemical characteristics of the single
seeds, therefore, by some preliminary screening of these [142] (Figure 12). In the specific
case of avocado seed, given their non-negligible dimensions, exceeding a few centimeters,
hence with significant strength and stiffness, this would even extend to wood replacement
products [143].
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However, research was needed gradually to concentrate on the starch-rich seeds
discarded from food production to evaluate whether they may serve as composite. An
example of these fruits is litchi (53% starch), which nonetheless contains a limited amount of
the structural polysaccharide, amylose (7.6% against 29.2% of a typical starch for bioplastics
production, corn), though there is more limited variability of granule size and extractable
through both alkali and acidic routes [144].

Another possibility of exploitation of seed-based waste is in the introduction of starch–
mucilage blends, where the mucilage of two main seeds has been exploited, namely from
Plantago psyllium and chia [145]. In the former’s case, film with potato starch were formed
with thicknesses between 120 and 200 microns for edible packaging purposes [146], while
in the latter, mucilage acted as the matrix with starch nanocrystals [147].

Starch extraction did also elicit some other characteristics, such as the possibility of
controlled drug delivery, as is in the case of jackfruit (Artocarpus heterophyllus) seeds [148].
With cress seed (Lepidium sativum) gum, able to offer a hydrocolloid, the application of
matrix blend, formed by alginate and soy protein, was effectively tested for the delivery
of curcumin [149]. Another possibility to obtain starch-based composites reinforced with
cellulosic husk from the same origin was also carried out using pehuen obtained materi-
als [150]. The development of active packaging with antibacterial properties against food
typical pathogen agents was also proposed by the addition of grapefruit seed extract to
carrageenan films [151].
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4.3. Characterization of Seed Products for the Construction Industry

Some potential has also been elicited in terms of application of seed-derived materials
in the construction field, where, due to resource depletion, the use of secondary raw
materials is increasingly growing [152]. In particular, one of the principal issues in the
construction industry is the envisaged substitution of aggregates for concrete extracted
from quarries (natural aggregates) (NA) with recycled aggregates (RA). The latter have
been lately also obtained from generic biomass, such as wood bark, where the presence of
cellular structure did allow yielding a foamy aspect to concrete [153]. As is the case also for
composites, it can be noticed that some of the applications proposed the carbonization of
the biomass to allow for its use as a filler. This occurred, e.g., for bottom ashes from biomass
incineration [154] or olive waste ashes; in this case, in addition to recycled aggregates [155].

This was in passing to as-received materials, not involving an incineration stage, in the
case of palm date seeds, as, e.g., the filler for bricks, therefore in combination with traditional
construction materials, such as clay and straw, where it overcame the performance of olive
husk [156]. Potential was also shown by coconut shells in the construction industry, often
in the form of use of ashes in concrete [157], yet also in the ligneous form for the production
of aggregates [158] or fiberboards [159]; however, coconut shells do border into the field of
natural fibers, whose use has widely been widely recognized in the literature [160]. The
use of coconut shell aggregates demonstrated to be adapted for replacement of naturally
extracted aggregates concrete (NAC), offering in a Class III concrete a compression strength
at 3 and 28 days equal to 93% and 88% NAC, which was therefore considered acceptable
for use [161].

This allowed for extending the field of application to avoid combustion of other very
abundant fillers, such as date seeds. Another proposal concerned their use in the amount
of in unsaturated polyester matrix for thermal insulation boards, in a granulometry of up
to 2 mm and a quantity reaching even 70 vol.%, though this ultimately resulted in a water
retention in the order of 15%. This suggested limiting the amount of date seeds to 50 vol.%,
which allowed for keeping thermal diffusivity at 0.096 mm2/s and water retention not
exceeding 3.44% [162]. Other application of date seeds (DS) in thermal insulation boards
involved application of bio-polyesters, such as poly(lactic acid) (PLA), with an amount
of DS of up to 40 wt.%, which yielded thermal diffusivity of 0.0342 mm2/s, and water
retention of 5.6% over 24 h [163]. It is possible also to observe the difference between various
modes of introduction for date palm fillers. In particular, a study on the replacement of
gravel with palm kernel shells (12 mm max. dimension), crushed palm kernel (1.18 mm
max.), or date seeds ash in concrete reported that for a 10% replacement the decrease in
compression and flexural strength was limited and did not match the amount of recycled
aggregate introduced [164].

However, an evaluation of the introduction of up to 20% of crushed rubber seed shells
into cement did indicate a reduction of both slump and compressive strength due to the
difficulty of cement to effectively coat the irregular particles of biomass [165]. Further
studies carried out by improving mixing and descending to an adequate fineness of the
biomass aggregate did lead to some improvements up to 4 vol.% of rubber seed powder
aggregate [166]. In the case of sunflower seed waste, their introduction as aggregates in
cement was also attempted, up to 30 wt.%, which despite a large reduction of mechanical
performance, greatly improved water absorption at 7 and 28 days. This would suggest the
need for a retuning of water/cement ratio in production, which might eventually result in
some cost reduction [167].

4.4. Comparative Analysis with Conventional Composites

A few comparative studies exist that do emphasize the possibility to replace wood-
based composite fillers with seed-based ones. This is also perceived as significant in terms
of compression strength, where epoxy composites including rubber seed shells and walnut
shells up to an amount of 20 wt.% overperformed Sundari wood (Heritiera littoralis) by
792% and 722%, respectively [168].
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In Ref. [169], for example, alternatives to polypropylene boards filled with radiata pine
wood are proposed, namely macadamia shells, pinecones, and eucalyptus capsules. Other
than the obvious cost reduction achieved with some decrease in terms of tensile, flexural,
and impact strength, suggestive evidence points out to the fact that the introduction of
seeds allows for reducing the anisotropy of the composite. This outcome has been exploited
in other cases by the introduction of a powder-like material of ligno-cellulosic origin in
combination with a fibrous one in the same composite, such as for kapok seed powder in
kenaf fiber composites, also with an environmental impact reduction by not requiring the
application of fiber treatment [170]. The fine-tuning of the fibrous-seed powder combination
would offer the highest performance is by no means obvious and does require a comparative
assessment of some different configurations. This was found out, for example, in the case
of Indian almond fibers against neem seed powder [171]. Another interesting factor does
concern the fact that the experience accumulated over ligno-cellulosic fillers is substantial
and extends over seed-based composites. For example, the application of the maleinization
process to increase the compatibility of polyolefin matrices, such as polypropylene, and
their blends with natural materials [172], proved also to be suitable for the introduction of
date palm seeds in composites [173].

4.5. Environmental Impact: LCA Studies on Seed-Based Materials and Related Systems

A further aspect to be considered, to try to evaluate the sense of the operation when
it comes to producing seed waste-based materials (divided in the three above classes of
composite fillers, bio-matrices, and materials for construction) is to define their potential
for reducing their environmental impact. A significant aspect in terms of LCA of biomass
for application in materials, as evidenced in a study over their use in the packaging context,
is their traceability [174]. This can be explained by some life cycle assessment (LCA) studies
reported on various cultivation systems, as far as seeds are regarded, and the potential
role of materials from waste into them. It is worth noting that incineration that is mostly
dedicated to seed nuts, including detailed studies, are, e.g., dedicated to pistachio [175],
which indicated that, for 1 kg of biochar, emissions of CO2 and CH4 were 1180 and
4 g, respectively. Other than this, the production of biodiesel can also be considered an
alternative scenario. However, this does not imply that the yield of this production is
necessarily high: one of the most diffuse cases, as is based on a non-food seed, is the use of
jatropha, where the oil extracted from the seed was reported to be variable (between 21 and
48%) across the regions of India, which does not represent more than 40% of their relative
weight [176]. This would suggest, given the amount of biomass remaining, a potential
use of oil seed cake, which is scantily exploited and whose position in the LCA system
is defined in Figure 13, where no mention of possible materials’ use is listed. In the case
of biodiesel production from Jatropha in Pakistan, by-products, including glycerin (for
cosmetics or medical application) and press cake, are mentioned instead, although for
press cake, only food for fishes and organic fertilizer (bio-compost) application have been
identified [177].

The issue highlighted in Figure 13 can be also reported in other cases for seed produc-
tion systems; the potential application of discarded seeds or of post-extraction remaining
seeds for biodiesel production is not contemplated as a potential option, despite the un-
avoidable generation of seed-based waste from the process. In particular, some studies
are mentioned on LCA of some systems based on seed use for food purposes. Examples
include hemp [178], where consideration has been mainly limited to fibers so far, and food
use is a recent occurrence, still not involving questions about the use of generated refuse.
However, the development of hemp oil-based bio-resins [179] points towards the possible
use of seed in this context. In other cases, for larger and more ligneous seeds, such as
apricots, whose use has been proposed for biodiesel extraction, issues are encountered
in the process, which suggested the fabrication of innovative catalysts for the purpose,
in the specific case based on cerium oxide [180]. Other than biodiesel, other extractions
are considered with more focused (species-dependent) application: this is the case for
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cucurbitin, a biologically active non-proteic amino-acid used for antiparasitic purposes,
extracted from pumpkin seeds [181]. A more general analysis has been also carried out on
LCA of date palm seeds, yet they are intended on germination [182].
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It is possibly fair to say that LCA studies on seed-based systems do either not contem-
plate the use of seed cake in materials (not to say the bare seeds) or describe it as far away
from the field of composites or relevant matrices. This appears as a significant limitation
for the possible environmental assessment of the process, which this study intends to single
out, as much as possible.

5. Applicability

Despite all the above limitations, several applications are currently investigated in the
field of seed-based composites and matrices, mostly but not exclusively linked to wood
replacement ones. In some cases, to ensure a higher flexibility for use, the production
of hybrids, including different fillers, can also be proposed. In view of this solution, the
comparison of a number of these needs to be performed. In Ref. [183], three not very
studied, but quite diffused, seed fillers were, e.g., compared, namely from soap nuts, bael
(Aegle marmelos), and black myrobalan (Terminalia chebula), structurally and dimensionally
different. Another field that indicated a considerable promise for the use of waste seeds is
the one of tribological applications, where the substitution of traditional materials, such as,
for example, carbon black, for polymer filling, especially in the case of rubber, is intensely
sought for [184]. This is the case for instance for the introduction of Jatropha curcas seeds
into epoxy resin [185].

However, overtime, the field has been expanding towards other aspects more loosely
related to it, moving rather towards other functionalities more connected with the geometry,
structure, and material characteristics of the seed, which is no longer identified as a bare
filler. This is the case for Ref. [186], where a composite including seed from Nigella sativa
served in a nanohybrid form for the removal of methylene blue, which was intended
at evaluating its more general viability in terms of water treatment functioning. Other
antibacterial applications, focused on water treatment applications, were offered again by
seed from Nigella Sativa, which is reported in a review that included many different seeds
for the immobilization of various heavy metal particles [187].

Chemical removal, and in a wider sense decontamination, is another possibility for
seed-based fillers; in particular, starting from the evidence of orange waste to facilitate



Sustainability 2024, 16, 1526 19 of 27

the treatment of sewage, Ref. [188] suggested the potential or orange seed powder, made
conductive with magnetite (Fe3O4) coating, in the removal of methylene blue and violent
dyes [189]. A similar application, more focused also on the possibility to treat biomedical
refuse, hence involving also water polluted, other than again with methylene blue as a
comparative agent, also with drugs (ibuprofen), was also proposed dealing with hemp
seed composites [190]. Another field in which the presence of seeds in the composite does
produce distinct potential is the production of antibacterial films, namely for the ability to
ensure sufficient strengthening and consistency to biodegradable polymer gels, such as it
is the case for chitosan in the immobilization of zinc oxide [191]. The potential reduction
of date seed powder (and to other sufficiently ligneous seed powder, potentially) to the
nanometric size would also open other fields of application, such as, for example, the filling
of dental materials and resins, such as poly(methylmetacrylate) [192]. This is also reported
here for desired completeness.

6. Conclusions

The application of seeds in composites, as the filler or else as the matrix, would
provide a prospective use in terms of circular economy and sustainability to this abundant
waste, often derived from very large productive systems, deeply branched also in other
sectors, such as food production or fuel oil extraction. Criticalities might be encountered in
evaluating in which form the seed-originating material can be employed, either as such or
in the form of powder, cake, pellets, etc.

The factors involved are multifold, from granulometry to the mechanical performance
of the original seed. This has not only importance in terms of mechanical and structural
performance, but also as far as added value is regarded, and has an influence on its real
integration into a circular economy paradigm. In this sense, the competition of seed-derived
waste for use in materials with other sectors involving an application with a lower hierarchy
level as regards EC directive 2008/98, namely incineration (for active carbons or biochar
production) or biodiesel development is still open, until suitable applications of these in
materials recycling are elicited. It is not by chance therefore that the most considered seeds
are, other than those that are part of a large food productive system (e.g., olive, orange,
nuts), also some that are specifically aimed for incineration (date palm), or for biodiesel
production (jatropha). Life cycle assessment studies seldom recognize any role to waste
seed and even not to seed cake post-extraction, which appears as an obvious delaying
factor for their process of use under circular economy auspices.

Further considerations would also concern the possible integration of other knowledge
into seed-derived composites, as regards the treatment of material to ensure improved
compatibility with polymer matrices, and the possible combined use together with seed-
extracted starch biopolymers, possibly and ideally originated from the same cultivation.
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57. Ławińska, K. Production of Agglomerates, Composite Materials, and Seed Coatings from Tannery Waste as New Methods for Its
Management. Materials 2021, 14, 6695. [CrossRef]

58. Pompei, S.; Tirillò, J.; Sarasini, F.; Santulli, C. Development of Thermoplastic Starch (TPS) Including Leather Waste Fragments.
Polymers 2020, 12, 1811. [CrossRef] [PubMed]

59. Zdanowska, P.; Florczak, I.; Słoma, J.; Tucki, K.; Orynycz, O.; Wasiak, A.; Świć, A. An evaluation of the quality and microstructure
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