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Abstract

Mechanical milling is a relevant preliminary processing operation that is widely used for the
reuse of various types of agro-industrial waste. The objective of this study was to conduct
milling experiments of hazelnut (Corylus avellana L.) shell waste at different times (0.5, 1
and 1.5 min) and subsequently evaluate the particle size distribution (PSD) of the powders
obtained by sieving methodology. In addition, flowability parameters were determined
for the particles retained on the sieves, and their morphology and microstructure were
examined using several microscopy techniques. The results demonstrated that the hazelnut
shells were successfully fractionated under the milling conditions investigated (short
milling times < 1.5 min), and the histograms of the PSD exhibited a wide dispersion of
sizes (<1.7 mm). The particles retained from sievejgy to residue exhibited poor or no
flow, attributable to the high degree of cohesion between them. Morphological analysis
based on optical microscopy and image analysis revealed that there was an increase in the
aspect ratio parameter when the particle size decreased, meaning that the particles had
elongated shapes. Microscopic analysis (SEM, AFM and CLSM) showed that the particles
exhibited complex shapes and a comparable microstructure, comprising tightly packed
clusters of sclerenchyma cells. From the microscopy images obtained (SEM and AFM), it
was inferred that the cracks generated during blade impacts propagate along the middle
lamella of the cells, allowing the cluster-like arrangement to be preserved. The CLSM
results demonstrated that as the size of hazelnut shell particles decreases, the exposure
of lignin on its surface is favored. The findings of this study demonstrate that hazelnut
shell waste can be readily pre-processed using a blade grinder, thereby facilitating its reuse
in applications that demand fine particle sizes (e.g., bioadsorption of pollutants and the
production of biocomposite materials). Likewise, the results concerning the flowability
parameters, microstructural arrangement, and morphological features of the different
particle fractions obtained are crucial variables that must be considered. These variables

Recycling 2026, 11, 3

https:/ /doi.org/10.3390/recycling11010003


https://crossmark.crossref.org/dialog?doi=10.3390/recycling11010003&domain=pdf&date_stamp=2025-12-22
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/recycling
https://www.mdpi.com
https://orcid.org/0000-0002-9220-2405
https://orcid.org/0000-0002-1227-8072
https://orcid.org/0000-0002-5078-163X
https://orcid.org/0000-0002-8712-5994
https://orcid.org/0000-0001-9466-1907
https://orcid.org/0000-0001-6890-2340
https://orcid.org/0000-0001-5108-5161
https://doi.org/10.3390/recycling11010003

Recycling 2026, 11, 3

20f 18

significantly influence the possible applications for the revalorization of this type of agro-
industrial waste.

Keywords: agro-industrial waste; hazelnut shells; flowability; microstructural features;
microscopy techniques

1. Introduction

In recent decades, there has been a substantial increase in the volume of agro-industrial
waste, which is mainly attributed to the global growth in food demand. Agro-industrial
waste is defined as all materials discharged by the agricultural and food industries, pro-
duced through activities related to harvesting, cleaning, handling, and processing food.
Examples of these types of waste include, but are not limited to, leaves, roots, fruit peels,
nutshells, seeds, eggshells, bagasse, rice husk and stems [1]. The absence of comprehensive
health strategies and regulations in several countries, including Mexico, has led to the
utilization of unsuitable waste disposal methods, such as burning or landfill, which has
significantly contributed to the exacerbation of environmental concerns. Until a few years
ago, agro-industrial waste was considered worthless material, so its use was quite limited.
In terms of chemical composition, this type of biological material has high concentrations of
proteins, carbohydrates, biopolymers, minerals, and functional compounds [2]. However,
these materials have the potential to play a fundamental role as renewable resources, which
contributes to reducing waste accumulation and preventing environmental pollution, in
accordance with the principles of the circular economy [3]. Currently, the implementation
of production systems, such as the circular economy, has emerged as a priority. These
strategies promote the utilization, reuse, and recycling of this type of waste. One type
of agro-industrial waste that has generated considerable interest in recent years is hazel-
nut shells. These materials are notable for their abundance, chemical composition, and
favorable mechanical properties.

Hazelnuts (Corylus avellana L.) are one of the most important nuts worldwide produced
and the second most popular after almonds. Hazelnuts are grown in many countries in
Europe and Asia, with Turkey, Italy, United States, and Azerbaijan standing out for their
production and exportation volume [4]. The hazelnut shell is a thin brown structure that
protects the edible seed, known as the kernel. This structure represents approximately 50%
of the total fruit weight [5]. Given the estimated annual production of hazelnuts at 1,195,732
tons, the amount of shell waste generated is estimated to be approximately 538,559 tons [3].
In regard to the chemical composition of shells, McNeill et al. [3] conducted a summary of
the chemical composition of various types of nut shells, noting that hazelnut shells have the
following composition: lignin (30-38%), cellulose (17-24%), hemicellulose (15-28%), and
moisture content (9%). On the other hand, hazelnut shells are classified as multi-cellular
structures, comprising various structural elements such as calcium oxalate crystals, large
rounded sclereids, collapsed vascular bundles, and small sclereids [6]. Hazelnut shells have
emerged as promising material due to their distinctive characteristics, which have generated
significant potential for diverse applications. Hazelnut shells have been utilized in a variety
of applications, including the synthesis of biosorbents for the removal of pollutants [7],
the production of activated carbon [8,9], as base material for the synthesis of cellulose
nanostructures [10], as fillers for the production of biocomposite materials [11], and as
biomass for energy production [12]. Additionally, hazelnut shells have been employed in
the production of cement compounds [13].
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To maximize the potential of agro-industrial waste, several pretreatment methods
are employed. Milling is an example of physical pretreatment whose main objective is to
reduce particle size through the action of mechanical forces of impact or friction. However,
it can also be used to mix and modify the shape of particles [14]. Furthermore, it has been
demonstrated that high-energy ball milling can influence the degree of polymerization and
crystallinity of cellulose, while altering the rigid structure of agro-industrial waste [15].
To successfully reduce the particle size of agro-industrial waste, various parameters of
the milling process must be considered, as well as the intrinsic properties of the waste.
The variables to be considered in the milling process include the type of mill, the effective
milling time, the amount of the sample in the milling chamber, the milling speed, and
the conditions (wet or dry) [16]. Also, the mechanical properties, chemical composition,
moisture content, and structural characteristics of the tissues comprising agro-industrial
waste must be considered during the milling. The range of particle sizes that is required
during the milling process is determined by the specific application for which the waste is
to be utilized. For instance, in the elaboration of composite materials based on hazelnut
shells, the incorporation of fine particles (mean particle size < 110 pum) is advantageous
due to their increased surface area [1]. On the contrary, the presence of fine particles
(particle size < 500 um) has been shown to be disadvantageous when the hazelnut shells
are utilized as biomass for energy production, as fine particles have been observed to cause
losses in the performance of burning systems [17]. The manufacture of acoustic panels
is another example of an application where the particle size of hazelnut shells directly
influences acoustic performance. In this case, moderate milling is sufficient to obtain coarse
particles (sizes in the range of mm, >5 mm), which are easy to handle and have adequate
adhesion [18]. Therefore, it is imperative to study the particle size distribution obtained
when fragmenting agro-industrial waste under specific milling conditions (e.g., milling
time, mill type, etc.). Although milling is a widely used method for the management and
utilization of hazelnut shell waste, there is a paucity of literature focusing on comprehensive
analysis of this process and the fragmentation mechanisms that occur. Furthermore, there
are few studies in the literature that examine in detail the morphological and microstructural
characteristics, chemical composition, and physicochemical properties of hazelnut shell
particles. Therefore, the objective of this study was to conduct experiments milling hazelnut
shells (Corylus avellana L.) at different times (0.5, 1, and 1.5 min) and evaluate the particle size
distribution (PSD) of the powders obtained using a sieving methodology. Furthermore, the
flowability parameters of the particles retained in the sieves utilized were determined, and
their morphology and microstructure were examined using several microscopy techniques.

2. Results and Discussion
2.1. Particle Size Distribution (PSD) of Milled Hazelnut Shell Samples

From a technological perspective, it is important to know the particle size distribution
of an agro-industrial waste that is subjected to specific milling conditions. In this study,
experiments were conducted to mill hazelnut shell waste at various times (0.5, 1, and
1.5 min). The sieving methodology was developed to evaluate the PSD, where for all sam-
ples evaluated the recovered material was 99.01 & 0.00%. Figure 1 presents the histograms
of the PSD of hazelnut shells that were subjected to different milling times. As can be seen
in this figure, the histograms exhibit a left-skewed normal distribution, which means that
there is a greater dispersion of fine particle sizes. The highest mass retention was observed
on the sieves for the three milling times evaluated, except for the sieveps at 0.5-min milling,
which exhibited a mass fraction of approximately 35%. The particles retained on sieves
ranged in size from 300 to 710 um. The results also revealed that there was a progressive
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increase in the mass fraction retained on the higher mesh number sieves (sievejgp, sieveqo,
sieveynp) and residue as the milling time increased.
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Figure 1. Histograms that represent the particle size distribution (PSD) of hazelnut shell samples that
were milled at different times: 0.5, 1 and 1.5 min.

Table 1 presents the granulometry parameters that serve to quantitatively characterize
the milled hazelnut shell samples. As expected, a decrease in D, Was observed with
increasing milling time, with the following sequence of values: 615.98 pm (0.5 min) >
390.31 um (1 min) > 281.58 pm (1.5 min). There were significant differences (p < 0.05)
between the D;ean values for the different times evaluated. Likewise, high o values were
presented for all milling conditions and these also decreased with increasing time. This fact
is associated with the wide dispersion of particle sizes generated by the milling process.
Finally, the span is a parameter that measures the spread of the distribution, and the values
are presented in Table 1. The three distributions exhibited elevated span values, ranging
from 2.86 to 3.23 for times of 1.5 and 1 min, respectively. These high span values are also
related to the extensive distribution of particle sizes generated.

Table 1. Parameters determined to characterize the granulometry of milled samples of hazelnut shells
at different times.

Milling Time (Minutes)

Parameters of Granulometry

Average Particle Size, Dyyeqn (Um) Standard Deviation, o (um) Span (Dimensionless)
0.5 615.98 +29.722 768.68 + 26.17 2 291 +0.09°
1 390.31 + 14.01° 368.00 + 10.84 P 323+0.14°2
1.5 281.58 +11.20 ¢ 316.78 + 71.27b 2.86 +0.07°

The values were expressed as mean =+ standard deviation (n = 5). Values with the same letter within the same
column indicate no significant differences (Tukey test; p > 0.05).

The type of mill and milling variables (e.g., time, amount of material, milling speed,
wet or dry conditions and temperature) are key factors influencing the particle size dis-
tribution (Dyean, 0 and span) of a particulate material [16]. In this regard, a reduction in
the particle size of hazelnut shells was successfully achieved by using a blade mill that
operated at a constant rotational speed and short milling times. The results indicated that
increasing the milling time by a factor of three (i.e., 1.5 min) resulted in a reduction of
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approximately 50% in the Djyeqn value (281.58 & 11.20 um). Likewise, a similar behavior
was observed in the ¢ values, where it was observed that for the milling time of 1.5 min
the o value decreased to 316.78 & 71.27 um. This finding indicates that particle size tends
to exhibit greater homogeneity when milling time is increased. These results confirm the
significance of time as a pivotal variable in the milling. Despite the plethora of studies
published that have focused on the utilization and novel applications of hazelnut shells,
only a limited number of studies have reported results on the particle size distribution of
this agro-industrial waste. For instance, Barczewski et al. [1] evaluated the application of
different types of agro-industrial wastes (sunflower husk, hazelnut shell and walnut shell)
as fillers in the development of resin-based composite materials. The authors reported
that the milled hazelnut shells sample had a mean particle size value of 47.6 um and that
the PSD exhibited a very narrow shape with particle sizes less than 150 pm. These results
are lower than those reported in our study. These differences can be attributed to the
milling conditions employed in the aforementioned study, where it is hypothesized that
the milling time was considerably longer because this information was not reported in
the methodology. In another study, Aliotta et al. [11] produced PLA-based biocomposites
using two samples of milled hazelnut shells of different granulometry (coarse and fine).
The authors reported that the average diameter values for the coarse and fine particle size
samples were 206.7 um and 25.8 um, respectively. The coarse particle size value reported
by the authors is comparable to that reported in our study for a milling time of 1.5 min
(281.58 pm). The authors also noted that both samples exhibited a wide distribution of
particle sizes; this behavior is similar to the results found in our study. A notable omission
in this study is the lack of information regarding the milling times applied to the two
samples of hazelnut shells. Various published studies focused on the reuse of hazelnut
shells do not reveal details of the milling conditions used. This fact can be attributed to the
utilization of a specific particle size range in these studies, which is obtained through the
process of sieving.

2.2. Flowability Parameters of Particulate Samples from Hazelnut Shells

Table 2 presents the values of the physical parameters related to the flowability of
the hazelnut shell particles retained in the different sieves. The results indicated that
the apparent density (p4) values gradually decreased when the particle size was finer
(i.e., larger sieve numbers). The particles retained on sieveps exhibited an p4 value of
0.65 & 0.01 g/cm3, while the residue particles showed a value of 0.39 + 0.01 g/cm?
(p < 0.05). The decrease in p4 values can be attributed to the presence of numerous free
spaces, or interparticle spaces, within fine particle powders. This characteristic results in a
reduction in the mass occupying a given volume. The tapped density (or) is a measure of
the capacity of the particles of a sample to rearrange and occupy a smaller volume under
the action of blows or vibrations. In this sense, it was observed that the pr values were
higher compared to the p4 values, indicating that there was a rearrangement of the parti-
cles. The particles retained from the sieveys to sieveyyy presented pr values ranging from
0.71 g/cm3 to 0.74 g/cm?3. No significant differences (p > 0.05) were observed between
these values. The particles retained on the sieveypy and in the residue exhibited values
of 1.01 + 0.10 g/cm3 and 1.89 £ 0.09 g/cm?, respectively. This finding indicates a higher
degree of particle rearrangement in both samples.
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Table 2. Physical parameters that describe the flowability of the hazelnut shell particles retained in

the sieves used.

. Apparent Density, Tapped Density, o Hausner Angle of Repose, Flow Character of
Standard Sieve No. PPPA (g/cm?) Y F;)PT (g/em®) Y Carr Index, CI (%) Ratio, HR gAOR (O)p Powders
Sieveps 0.65+0.012 0.72+0.03 ¢ 10.33 +4.16 9 1.11+0.05¢ 23.86+3.649 Excellent
Sievesg 0.59 4 0.01 2 0.71+0.01¢ 17.34+3.21¢ 1.21 +£0.04¢ 32.31+1.36°¢ Fair
Sieveigo 0.51 +0.0220 0.74 +£0.07 30.33+£9.07 145+0.19¢ 33.34+2.05¢ Poor
Sieveygo 0.46 4+ 0.01 2 0.71+0.05¢ 35.00 +6.24¢ 1.5440.14° 36.17 4 0.46 b€ Very poor
Sieveygo 0.43 £0.02°® 1.01 £0.10° 56.66 & 6.65° 2.34+033° 39.74 +1.31° No flow
Residue 0.39 £0.01° 1.89 £0.092 79.33 +£1.52° 48540362 48.64 +0.43° No flow

The values were expressed as mean =+ standard deviation (n = 5). Values with the same letter within the same
column indicate no significant differences (Tukey test; p > 0.05).

On the other hand, the values of the Carr index (CI) and Hausner ratio (HR) showed
a comparable trend, with an increase in both parameters observed as the particle size
decreased. CI and HR are parameters that are traditionally determined to classify the
flow character of powders of different chemical nature [19-21]. Therefore, the particles
retained on the sieve,s and sievesy showed excellent and fair flow character, respectively.
Both samples have a low degree of cohesiveness, allowing particles to flow freely. On the
contrary, it was observed that from the sieve;qp, the particles have a poor flow character
to no flow (sieveygp and residue). The above indicates that these samples have too much
cohesiveness between their particles and, as a result, low flowability. Finally, the angle of
repose (AOR) is another indicator of flowability and as expected it showed a similar trend
to the CI and HR values. The AOR values ranged from 23.86° (sieveys) to 48.64° (residue).
Powders with a high value for the AOR indicate a higher degree of cohesion between their
particles. From our knowledge, there is little information in the literature on the values
of the flowability parameters of hazelnut shell powder or other types of nuts. However,
flowability parameter values have been reported for other types of agro-industrial waste.
For instance, Jan et al. [2] reported HR values of less than 1.12 for potato peel powder,
deoiled rice bran, banana peel powder, and paddy husk; these values are very similar to
the value reported in our study for the hazelnut shell particle sample from sieveys (see
Table 2). The same authors determined AOR values for their samples that were similar to
or lower than those reported for the hazelnut shell particles of the sieveps (23.86°), except
for the paddy husk sample, which had a value of 30.96°.

In general, the flowability of particulate materials or powders depend on various
factors such as particle size, particle morphology, temperature and moisture content [22].
Of the factors mentioned above, particle size is one of the physical characteristics that
has the greatest influence on the flow character of a powder [23]. Based on the results
obtained, it was observed that the smallest hazelnut shell particles had poor to very limited
flow characteristics due to the high degree of cohesiveness between the particles. This
phenomenon is related to the fact that smaller particles have a greater surface area, which
promotes more interparticle interactions (e.g., van der Waals forces and electrostatic forces).
From an industrial perspective, it is imperative to understand the flow behavior and
cohesion degree of powders because these characteristics influence a range of technological
operations, including transport, storage, packaging, blending, and filling.

2.3. Morphological Analysis of Particles by Image Analysis

Table 3 summarizes the values of the particle size and shape parameters of the particles
retained on the sieves as calculated by the image analysis technique. As expected, the
values of the size parameters (area, perimeter and Feret’s diameter) decreased as a function
of the mesh opening of the sieves used. These parameters are suitable descriptors of particle
size because they also consider the complexity of their shapes. The Feret’s diameter is a
parameter commonly used to evaluate the equivalent particle diameter. The values of this
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parameter show that a wide range of particle sizes from about 1.2 mm (sieveys) to 10 um
(residue) was obtained from the milling experiments. On the other hand, some shape
parameters were also calculated which showed differences in the retained particles for each
of the sieves. Circularity is a descriptor that evaluates the similarity of a particle to a perfect
circle; a circularity value of 1 represents a perfect circle, while values closer to 0 indicate
elongated shapes. With respect to this parameter, it was observed that the particles retained
in most of the sieves had very similar values of circularity (0.64 to 0.70), except for the
residue, which had the highest value (0.83), indicating that the particles are more similar to
a perfect circle. Aspect ratio was another shape parameter that was determined, which is a
measure of the fit of a particle’s shape to an ellipse (major axis/minor axis). Therefore, more
elongated shapes are seen in the finer particles corresponding to the sievesqg and the residue.
Finally, we calculated the roundness parameter which is an inverse descriptor of the aspect
ratio. As expected, the results for this parameter showed an opposite behavior to the aspect
ratio values, with the highest value for particles retained on the sieveps (higher roundness).
Particle shape can play an important role in some physical properties of powders, such
as flowability. Particles with spherical or rounded shapes can flow better compared to
particles with irregular or complex shapes (e.g., polyhedric shapes) [22]. Furthermore, the
shape of the particles can be a very important physical characteristic when proposing new
uses or applications for this type of agro-industrial waste.

Table 3. Size and shape parameters of hazelnut shell particles retained in different sieves calculated
by image analysis.

Size Parameters Morphological Parameters (Dimensionless)
Standard Sieve No.  Number of Data

Area (um?) Perimeter (um) Feret’s Diameter (um) Circularity Aspect Ratio Roundness
Sievers 50 720,152 + 103,873 3623 + 429 1191 £181 0.70 £ 0.09 1.29+0.15 0.78 £0.09
Sievesy 64 154,134 4- 104,302 1631 £ 568 516 +£177 0.66 & 0.07 1.36 £0.22 0.75+0.11
Sieveigg 78 50,849 + 33,631 953 + 348 311+118 0.67 +0.08 1.43+£0.38 0.73+0.14
Sievesy 201 11,856 =+ 5439 456 + 119 155 + 40 0.66 £ 0.08 149 £0.37 0.70 £ 0.14
Sieveyoo 3946 293 +93 76.72 +19.28 27.57 +6.18 0.64 +0.17 1.75+0.67 0.62+0.15
Residue 4152 53.28 +45.52 26.66 +12.64 10.63 4 4.64 0.83+£0.12 1.69+0.53 0.63 +£0.15

The values were expressed as mean + standard deviation.

2.4. Microstructural Analysis of the Particles by SEM

The morphology and microstructure of hazelnut shell particles were examined using
the SEM technique (Figure 2). In terms of morphology, it has been observed that the
particles have a complex and irregular shape. In general, most of the particles are slightly
elongated, which is consistent with the values obtained for the aspect ratio parameter, where
an increase in this parameter was observed when the particles were finer (see Table 3).
Regarding the microstructure, it was observed that particles from the sieveys to sieveygg
had a similar microstructure consisting of tightly packed clusters of sclerenchyma cells
(Figure 2a—d). Morphologic differences in the sclerenchyma cells that make up the particles
could be seen in the images. Figure 2c shows particles composed of short isodiametric cells,
elongated cells (rod-like shape), and a combination of both. As illustrated in Figure 2d, the
particles exhibit a discernible cluster-like architecture, comprising multiple sclerenchyma
cells. In the case of the sieveyqg (Figure 2e), it was observed that the particles correspond to
relatively large single cells (65.99 & 14.78 pm) with isodiametric and elongated shapes; some
clusters formed by a few small cells (25.28 & 5.85 um) were also seen. Lastly, whole and
fractured isodiametric single cells (27.57 &= 5.73 pm) were observed in the residue sample
(Figure 2f). In this sample, some elongated cells were also visible. Their width and length
were 21.08 £ 4.49 um and 77.31 £ 12.54 um, respectively. The high values of circularity
and aspect ratio found in the residue (see Table 3) are associated with isodiametric and
elongated cells. In addition, many cell wall fragments were observed in the images of the
residue (Figure 2f).
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Elongated
cells

Single
cells

Figure 2. SEM images at different magnifications of hazelnut shell particles retained on each of the
sieves used: (a) sieveys, (b) sievesy, (c) sieveygg, (d) sieveyq, (e) sieveyyy and (f) residue.

Several studies published in the literature indicate that hazelnut shell particles have
irregular shapes and rough surfaces [1,11,17]. However, the microstructure of the particles
is poorly described in these studies. To accurately describe the microstructural arrangement
of particles obtained from agro-industrial waste, it is necessary to know the native structure
of the material in detail. Huss et al. [6] classified the hazelnut shell as a multi-cell type
structure because it is composed of calcium oxalate crystals, rounded sclereids, vascular
bundles and small sclereids. This description agrees with the structural elements observed
in the SEM images, with sclereids being the most abundant structures compared to the
other structural elements. Sclereid cells constitute the primary structural components of
hazelnut shell particles. Some calcium oxalate crystals and fragments of vascular bundles
were seen in small proportions in the SEM images of hazelnut shell particles.

On the other hand, SEM images provide information to elucidate the possible frag-
mentation mechanism occurring in the hazelnut shell during milling process (Figure 3).
As mentioned above, the hazelnut shell is a material composed mainly of sclerenchyma
cells: short isodiametric cells and elongated cells (rod-like shape). As shown in Figure 3a,
these cells are connected by the middle lamella, which is an interfacial matrix that acts as
a glue between the cells. This image also shows the presence of pits on the cells, which
are randomly distributed and act as a transport system for nutrients and water between
cells [24]. The middle lamella serves to maintain the structural integrity of plant tissues
and is an approximately 50 nm thick structure [25]. The preservation of the same mi-
crostructural arrangement (i.e., tightly packed clusters of sclerenchyma cells) in most of
the particles obtained suggests that impact-induced cracks propagate mainly along the
middle lamella. Therefore, it can be concluded that middle lamella breakage is the predom-
inant energy-absorbing mechanism responsible for the fragmentation of the hazelnut shell.
A characteristic of this mechanism is that the primary cell wall remains nearly intact, as
evidenced in Figure 3a. Based on these results, it can be inferred that the cells are weakly
linked by the middle lamella, this allows cracks to propagate around the cells. This same
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energy- absorbing mechanism has been described by other authors for shells with plant
tissues of similar architecture that were subjected to compression and tension tests [6,26].

structure

: ¥ 3 Fragment of 1
S 7 % p vascular bundle
tilayer e R A p A V- /
o
4

Cell rupture Fractured
sclerenchyma
cell

Figure 3. SEM images of microstructural features of hazelnut shell particles and identified failure
mechanisms: (a) sclerenchyma tissue (sievepqy), (b) fragment of cell wall (sieveqp), (c) micro-crack on
cell wall fragment (sieves), (d) cell rupture (sieveyq), (e) fractured sclerenchyma cell (residue) and
(f) fragment of vascular bundle (residue).

The breakage of the primary cell wall is another failure mechanism that was identified
in the SEM images. Figure 3b shows a fragment of primary cell wall, which exhibits
multiple pits distributed across its surface. The morphology of the fragment suggests that
the cell underwent a delamination event, resulting in the detachment of only the primary
cell wall. In this mechanism, crack propagation occurs on the inner side of the primary
cell wall; however, it was also observed that it can extend into the outermost layers of the
secondary cell wall as shown in Figure 3c. This figure illustrates the cross-section of a cell
wall fragment, which is composed of multiple individual layers that could correspond to
the secondary cell wall (S1) and primary cell wall. Furthermore, the presence of micro-
cracks was observed on fragments of the cell wall (Figure 3c). Finally, cell rupture was
identified as an additional failure mechanism, as shown in Figure 3d. As can be seen in
the figure, this mechanism is characterized by the propagation of cracks through the cells,
resulting in significant damage. The cell rupture can be attributed to two mechanisms: the
impact of the mill blades on the particles and the collision of the particles with the mill walls.
Consequently, this mechanism led to the observation of numerous fractured sclerenchyma
cells (Figure 3e) and fragments of vascular bundles (Figure 3f) in the residue. The residue
also contained numerous cell wall remnants, which are byproducts of the breakage of
the primary and secondary cell walls. In Figure 3e, an isodiametric fractured cell can
be clearly seen, displaying that this structural element is hollow (lumen) and possesses
a thickened cell wall. Figure 3e also presents a magnified view of the cell wall, which
displays a lamellar structure composed of layers of nanometer thickness (i.e., less than
200 nm). The ultrastructural characteristics described herein are consistent with the typical

https://doi.org/10.3390/recycling11010003


https://doi.org/10.3390/recycling11010003

Recycling 2026, 11, 3

10 of 18

characteristics of sclerenchyma cells and are responsible for their mechanical strength. In
summary, different energy-absorbing mechanisms were identified, which are responsible
for the structural and morphological characteristics of the hazelnut shell particles obtained
by blade milling.

2.5. Distribution of the Biomolecules That Compose Hazelnut Shell Particles

CLSM images were obtained to examine the co-localization of cellulose/hemicellulose
(blue regions) and lignin (green regions) in hazelnut shell particles (Figure 4). The mi-
crostructure observed in the CSLM images was consistent with the results of the SEM
technique, where the following structures can be distinctly identified: tightly packed clus-
ters of sclerenchyma cells (Figure 4a—d), whole single cells (Figure 4e,f), fractured single cells
(Figure 4f), and cell wall and vascular bundles remnants (Figure 4f). Figure 4a—d showed
that the cellulose/hemicellulose present in the form of microfibrils [27] is distributed uni-
formly throughout the cell wall, while lignin was mainly located in the compound middle
lamella and in the outermost layers of the secondary cell wall (S51). These observations
are consistent with those reported by several authors, who point out that in sclerenchyma
tissues, lignin is mainly concentrated in the cell interface (i.e., junctions and edges cell)
and that there is a gradient in lignin composition toward the interior of the cells [24,28,29].
Figure 4b clearly shows an intense fluorescence signal (green regions) associated with
the high concentration of lignin located at the cell interface. Likewise, greater exposure
of lignin was observed on the surfaces of particles composed of cell clusters (Figure 4c)
and on whole single cells (Figure 4e). This phenomenon was also observed in the case of
residue particles consisting of cell wall remnants and whole and fractured sclerenchyma
cells (Figure 4f). On the other hand, the CLSM technique offers the distinct advantage of
clearly and detailed displaying the ultrastructural and morphological characteristics of
sclerenchyma cells. For instance, the cross-section of the cell wall can be clearly identified,
which for this type of cell is characterized by being thickened. The cell wall thickness was
8.11 & 2.17 pm. Other ultrastructural features that can be distinguished in CSLM images
include pits and lumen, which are identified as areas devoid of fluorescence (Figure 4d).
Furthermore, the distinction of sclerenchyma cell morphology was possible, with cells
exhibiting an isodiametric and elongated shape, as shown in Figure 4c—e.

Gy
Elongated
cells

Cell /

Isodiametric —»
cluster J

cells
(d) Y 4 k5 - -~ T ? Cellwall

remnant \

s, \

" ; “Wholf Wi *
&P %ﬂ&eu’ J
> - ;
! /

ph Fractured —
N sclerenchyma gt 20 um

Figure 4. CSLM images showing the distribution of cellulose/hemicellulose (blue regions) and lignin
(green regions) in hazelnut shell particles: (a) sievesp, (b,c) sieve;g, (d) sieveygp, (e) sievesgg and
(f) residue.
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Hazelnut shells are classified as lignocellulosic materials due to their high concen-
tration of lignin, cellulose, and hemicellulose. According to the extant literature, the
composition of hazelnut shells is as follows: lignin (30-38%), cellulose (17-24%), hemi-
cellulose (15-28%), and moisture content (9%) [3]. The CLSM technique facilitates the
examination of the spatial distribution of these biomolecules within the plant cells that
constitute the shell. In summary, cellulose and hemicellulose are distributed uniformly
throughout the cell wall, while lignin is primarily located in the middle lamella and the
outermost regions of the secondary cell wall (S1). The increase in lignin exposure observed
on the surface of sclerenchyma cells (either in clusters or individually) is a consequence of
the breakage of the middle lamella, which caused minimal damage to the primary cell wall
and allowed high amounts of lignin to remain on it. On the other hand, the mechanism
involving the breakage of the primary and secondary cell walls is responsible for the gener-
ation of small fragments (cell wall remnants) rich in lignin, cellulose /hemicellulose, which
correspond to residue particles. A comprehensive understanding of the co-localization
of the biomolecules that comprise hazelnut shell particles is imperative for the optimal
utilization of this type of agro-industrial waste, particularly in biorefinery processes aimed
at the production of chemical compounds with high-added value. The fact that lignin is
quite exposed on hazelnut shell particles could be advantageous in facilitating its extraction
and subsequent reuse for the synthesis of polymers (e.g., epoxy resin and polyurethanes),
carbon fibers, supercapacitor electrodes, and carbon foams [30]. In cases where hazelnut
shell particles are utilized as fillers in the production of biocomposite materials, lignin
exposure may emerge as a pivotal criterion for selecting a polymer matrix that is compatible
with this biomolecule, thereby ensuring optimal interaction.

2.6. Evaluation of Roughness and Ultrastructure Cellular of the Hazelnut Shell Particles

Figure 5 shows a gallery of AFM topographic images of the surfaces of hazelnut shell
particles retained in the used sieves. The topographical features observed on the surfaces of
the particles are a consequence of the energy-absorbing mechanism that occur during the
milling process. In this regard, the AFM images revealed that the surfaces of sclerenchyma
cells, corresponding to the cell wall, exhibited a low degree of roughness (Figure 5a,b). As
mentioned above, the middle lamella breakage does not result in substantial damage to
the cell wall, which maintains its structural integrity. However, other samples exhibited
rougher surfaces with stepped structures, which are associated with the breakage of the
primary and secondary cell wall (Figure 5¢,d). In cases where the damage to the cell wall
is drastic and extends to the layers of the secondary cell wall, higher steps are generated.
Furthermore, the multilayer structure of the cell wall could be discerned in fractured
cells belonging to the residue, as shown in Figure 5f. Cell rupture is the mechanism
responsible for generating fractured cells, which clearly exhibit the multilayered structure
of the cell wall and its internal cavity, known as the lumen. The thickness of the layers was
267.44 £ 59.51 nm. This value is consistent with those reported by other authors for layers
of sclerenchyma cells in walnut shell [28,29]. The size of the pits observed in the AFM
images was 1.52 £ 0.37 um (Figure 5b,d). This value is similar to the size of the pits
found in sclerenchyma cells of walnut shells [29]. Furthermore, the particles in sievesg
demonstrated significant roughness, which could be attributed to friction effects between
the particles, as evidenced in Figure 5e.
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Figure 5. AFM topographic images (scanning area of 10 x 10 um?) and roughness parameters
(Ra, Rq and Rmax, 1 = 10) of the surfaces of hazelnut shell particles retained on each of the sieves used:
(a) sieveys, (b) sievesy, (c) sieverqg, (d) sieveyg, (e) sieveygg and (f) residue.

Roughness parameters were extracted from AFM images with a scan size of
10 x 10 um? and are shown in Figure 5. The surfaces of sclerenchyma cells that retained
their native structure and experienced minimal damage exhibited low roughness values
(see Figure 5a). The values of Ry, Rq, and Rmax were found to be 165.74 nm, 219.87 nm, and
1625.33 nm, respectively. In the AFM images displaying pits on the cell surfaces, an increase
in the roughness parameter values was observed (Figure 5b). AFM images demonstrating
damaged cell wall surfaces (Figure 5e) or the cross-section of this organelle (Figure 5f)
also exhibited elevated roughness values in comparison to intact surfaces. Lastly, AFM
analyses revealed that surfaces with stepped structures associated with cell wall breakage
exhibited elevated levels of surface roughness, as shown in Figure 5¢,d. For instance, Rmax
values greater than 2000 nm were observed on surfaces with stepped structures. To our
knowledge, studies focused on topographic analyses of hazelnut shell particle surfaces
are limited. Balasundar et al. [31] reported R,, Rq, and Rmax values of 27.94 nm, 35.16 nm,
and 180.34 nm, respectively, for pistachio shell particles. These values are considerably
lower than those found for hazelnut shell particles. Consequently, this study presents novel
findings concerning topographical characteristics and roughness parameters of hazelnut
shell particles, which are associated with failure mechanisms. Roughness is a surface
characteristic that could be very relevant for some applications of agro-industrial waste
particles. In recent years, particles derived from agro-industrial waste have gained signifi-
cant importance due to their potential application as abrasive particles in the production of
exfoliating cosmetic products. The abrasive capacity of these particles depends on their
size, morphology, and surface roughness. It is hypothesized that, based on the roughness
parameters obtained, stepped surfaces would have greater abrasion capacity compared to
smoother surfaces.
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3. Materials and Methods
3.1. Plant Material and Milling Experiments

Whole hazelnuts (Corylus avellana L.) imported from the USA, were purchased at a
local market in Mexico City (Mexico). The hazelnut shell was separated from the kernel
using a bench vise. The shells were washed with tap water to remove dirt and impurities.
The shells were then oven-dried at 40 °C for 12 h. An electric blade grinder (CG-300,
Cgoldenwall, Hong Kong, China) with a rotation speed of 28,000 rpm was used for the
milling experiments. Blade mills are characterized by their simplicity and cost-effectiveness,
and they require minimal maintenance. The maximum capacity of the used miller is
300 g. The milling times tested were 0.5, 1 and 1.5 min; the times were continuous and
there were no rest periods. The experiments were conducted under dry conditions, and
the temperature in the milling chamber never exceeded 50 °C. Approximately 50 g of
hazelnut shells were used to carry out the milling experiments. For each milling condition,
a total of five replicates were made. Milled shell samples were stored in hermetically sealed
polyethylene bags for further analysis.

3.2. Particle Size Distribution by Sieving Methodology

The particle size distribution (PSD) of the milled hazelnut shell samples was deter-
mined by means of sieving methodology. Approximately 50 g of milled material were
utilized in the analyses, which were segregated on a set of five standard stainless-steel
sieves (8-inche diameter): 25, 50, 100, 200, and 400 (ASTM E11, WS Tyler, Mentor, OH,
USA). The characteristics and nominal opening of each sieve utilized are shown in Table 4.
The minimum diameter (D,;;,,) of the class corresponds to the nominal opening value of
the sieve utilized, and the particles retained in that class will exceed that value. On the
contrary, the maximum diameter (D) is defined as the nominal opening value of the
previous sieve, and the particles will be smaller than or equal to this value. The average
class size (D;) is defined by Equation (1).

_ Dax + Dyin

D
! 2

1)

Table 4. Classes and characteristics of the sieves used for the evaluation of particle size
distribution (PSD).

No. of Classes Standard Sieve No. Nome_}‘]ilizt;:'s;;sed n I\/I(l:lln“)“(l;‘el‘?;ag;:f; r?g';m MaXIg;,T(Ei:\;neter’ Average Class Size D; (um)
1 25 Sieveys 710 1700 * 1205
2 50 Sieves 300 710 505
3 100 Sievergo 150 300 225
4 200 Sieveyg 75 150 1125
5 400 Sievesgo 38 75 56.5
6 Residue Residue 20% <38 29

* The maximum diameter of the sieveys and the minimum diameter of the residue were determined by referencing
the opening values of sieve No. 12 (1.7 mm) and No. 635 (20 pm), respectively.

These sieves were then sorted according to sieve opening and subsequently shaken
for ten minutes. The fraction of mass retained in each sieve was calculated using
Equation (2), and these values were used to plot the histograms of PSD.

. Mass retained on sieve
Mass fraction (%) = Total sample mass x 100 )
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Furthermore, the mean particle size (D;eqn) and standard deviation (0) were estimated
for each milling condition using Equations (3) and (4), respectively. A mathematical way to
quantify the spread of a distribution is by calculating the standard deviation (¢).

_ ynD;
Dean = T (3)
1/2
o Zni(Di — Dmean)z
7= ( 1N ) @

According to the aforementioned equations, #n; and D; correspond to the retained
mass fraction (%) and average class size (um), respectively. Consequently, cumulative
mass fraction curves were plotted to calculate the Dy, Dsg, and Dy percentiles (um).
The median size at the 50% percentile (Dsg) is the size that marks the midpoint of the
cumulative distribution curve. Conversely, the particle sizes at the 10% percentile (D19) and
90% percentile (Dgg) are employed to denote the size of the smallest and largest particles,
respectively. The span parameter was calculated using Equation (5), which is an indicator
for quantifying the spread of the distribution.

Doy — Dy 5)

Span =
: Dsy

The parameters Dyyeq,, 0, and span were calculated to quantitatively characterize the
granulometry of the milled shell samples at different times. The powders retained in each
of the sieves derived from the separation process were collected and stored in hermetically
sealed polyethylene bags. Each of these fractions was evaluated for their flowability
parameters, and the morphology and microstructure of the particles were examined using
different microscopy techniques.

3.3. Determination of Flowability Parameters

The flowability of each of the fractions retained in the sieves were determined by
measuring some parameters, including the Carr index (CI), Hausner ratio (HR), and angle
of repose (AOR). To calculate the CI and HR values, the apparent (p4) and tapped (or)
densities of each powder are first determined. To calculate both densities, the method
described by Diisenberg et al. [21] was followed with some modifications. To determine
the p4, a graduated measuring cylinder of 25 cm? was filled with powder until a volume of
10 cm® was reached, and the weight was recorded. Subsequently, the cylinder was manually
tapped 100 times on a flat surface and the new volume was recorded to calculate the pr.
Both densities were calculated using the ratio of the weight of the powder to its respective
volume. The CI and HR parameters were calculated using Equations (6) and (7), respectively.

CI (%) = PZ—PA 100 (6)
or
HR = £T %)
PA

On the other hand, the AOR was determined using the funnel method. A symmetrical
plastic funnel with an angle of 55° and an internal diameter of 6 mm was placed at a fixed
separation distance of 7 cm above the flat surface. 20 g of each sample were carefully
poured onto the funnel, and the height (4) and diameter (D) of the cone formed were
measured to calculate the AOR using Equation (8). The flowability parameters (CI, HR and
AOR) were determined in quintupled for all powders retained on the sieves.

2h
t = —
an o D (8)
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3.4. Evaluation of Size and Shape Parameters by Image Analysis

An evaluation of the size and morphology of the fractions retained in the sieves
was conducted using optical microscopy and image analysis. Firstly, the particles were
meticulously placed and dispersed on a clean microscope slide. Subsequent digital images
of the particles, observed at 5x magnification, were captured using a light microscope
(BX51, Olympus, Tokyo, Japan) equipped with a digital camera (Infinity, Lumenera, Ottawa,
ON, Canada). A total of 10 images for each of the fractions were obtained under the
same lighting settings. The RGB images were stored in BMP format with a resolution of
1280 x 1024 pixels. Image analysis was performed using the Image] software (v. 1.45s,
National Institutes Health, Bethesda, MD, USA, Image]). First, the scale of the images
was changed from pixels to micrometers using a reference pattern. Then, the RGB images
(32-bit) were converted to grayscale images (8-bit) using the “Type 8-bit” tool. To segment
the particles, which constituted the region of interest within the image, the “Threshold”
tool was employed, setting a grayscale value for pixels from 0 to 90. Finally, several
parameters relating to size (area, perimeter, Feret’s diameter) and shape (circularity, aspect
ratio, roundness) particles were measured using the “Analyze Particles” tool.

3.5. Scanning Electron Microscopy (SEM)

The morphology and microstructure of the particles were examined using a scanning
electron microscope (JSM-7800F, JEOL, Tokyo, Japan). The particles were deposited onto
sample holder using conductive double-sided carbon tape, and then a thin layer of car-
bon was applied to the particles. The images of the particles were obtained at varying
magnifications using a secondary electron detector with an acceleration voltage of 5 kV
and a working distance of approximately 10 mm. A set of measurements were collected
to determine the dimensions of the various types of sclerenchyma cells that comprise
the particles.

3.6. Confocal Laser Scanning Microscopy (CLSM)

The co-localization of lignin and cellulose /hemicellulose in hazelnut shell particles
was examined using a CLSM (LSM 710 NLO, Carl Zeiss, Oberkochen, Germany). The
samples were stained using the methodologies proposed by Bond et al. [32] and Nicolas-
Bermudez et al. [29]. For the detection of cellulose/hemicellulose, the particles were stained
with a 1% aqueous solution (v/v) of white calcofluor M2R (fluorescent brightener 28 F3543,
Sigma-Aldrich, St. Louis, MO, USA). On the other hand, lignin detection required staining
with a 1% aqueous solution (w/v) of safranin (safranine O U926-03, J. T. Baker, Phillipsburg,
NJ, USA). The samples were stained for 10 min and then the excess fluorochrome was
removed with distilled water. The samples were dried at room temperature for 24 h.
Spectral channel mode was used for simultaneous detection of biomolecule fluorescence,
using excitation wavelengths for calcofluor (blue) and safranin (green) of 405 nm and
488 nm, respectively. The samples were observed using an objective lens (Plan-Neofluar
10 x /0.3, Carl Zeiss, Oberkochen, Germany) with different values of optical zoom and the
resolution of the captured images was 1024 x 1024 pixels (TIFF format).

3.7. Atomic Force Microscopy (AFM)

The surface and roughness of the particles were examined using an atomic force
microscope (Multimode V connected to a Nanoscope V microcontroller, Bruker, Santa
Barbara, CA, USA). The particles retained in the different sieves were meticulously de-
posited onto a magnetic holder using double-sided adhesive tape. The samples were ana-
lyzed in tapping mode using RTESP-300 probes (Bruker, Camarillo, CA, USA). Topographic
images of different scanning areas were captured on various particles corresponding to
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each of the fractions obtained. The processing of the AFM images and the estimation of the
roughness parameters (Ra, Rq and Rmax) were performed using the NanoScope Analysis v
1.4 software (Bruker, Santa Barbara, CA, USA). The roughness parameters were extracted
from the topographic images with the largest scanning area (10 x 10 um?).

3.8. Statistical Analysis

The values of all parameters obtained were expressed as means =+ standard deviations.
Tukey tests were performed using the statistical software SigmaPlot v. 15.0 (Graffiti LLC,
Palo Alto, CA, USA) to establish statistical differences (p < 0.05) between the different
parameters measured.

4. Conclusions

This study presents novel findings on the milling process of hazelnut (Corylus avellana L.)
shell waste and the physicochemical characteristics of the resulting particles. The results
demonstrated that, under the specific milling conditions that were examined, the initial
dimensions of the shells were effectively reduced. The shells milled for 1.5 min had a
Dyjiean of 281.58 pm with a o of 316.78 um; the high o value was associated with the wide
dispersion of particle sizes that were generated (<1.7 mm). The flowability results indicated
that the particles retained from sievejq to residue exhibited a poor or null flow character.
Regarding morphological analysis, it was observed that the particles have complex shapes
and that there was an increase in aspect ratio values when the particle size was finer.
The microstructures of the hazelnut shell particles were identified using SEM and CLSM
techniques: tightly packed clusters of sclerenchyma cells (sieveps to sievepq), large single
cells and clusters of small cells (sieveyyy), whole and fractured isodiametric cells, and
fragments of cell walls and vascular bundles (residue). A comprehensive analysis was
conducted using microscopic techniques to identify several energy-absorbing mechanisms
occurring during the milling process. The results revealed that the middle lamella breakage
was the predominant mechanism responsible for the fragmentation of the hazelnut shell.
The failure mechanisms identified in the images are responsible for the morphological and
microstructural characteristics, roughness parameters, and increased exposure of lignin on
the cell surface. The knowledge generated in this study could be used as selection criteria
for the optimal application of hazelnut shell particles, thereby reducing their environmental
impact and increasing their revalorization.
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Abbreviations

The following abbreviations are used in this manuscript:

PSD Particle size distribution

SEM Scanning electron microscopy

AFM  Atomic force microscopy

CLSM  Confocal laser scanning microscopy
CI Carr index

HR Hausner ratio

AOR  Angle of repose
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