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Abstract

This paper reviews studies on green resource fractionation for two different types of material
displaying a lignocellulosic or granular-type structure or a composite of the two. It explains how the
identification of specific biochemical or spectral markers helps monitor tissue fate along processing
and thus increase our knowledge on material fractionation. The key role of tissue mechanical
properties in fracture behavior and the value of characterizing them were highlighted to better
understand particle composition and properties. The effect of different modes of mechanical stress
and strain during grinding as the main step of fractionation was illustrated. The value of different
types of pre-treatment before or at grinding to reduce energy required to fracture and enhance
dissociation or compound accessibility was presented. Separation methods based on differences in
properties of the generated particles, and particularly innovative developments based on
electrostatic sorting, were reviewed.

1 Introduction

Dry biorefining emerges as the most appropriate processing technology to help develop products
(food, packaging, bio-chemicals, energy, etc.) made with renewable resources in a sustainable chain.
Dry biorefining helps economize water and avoids energy consumption in drying operations. It is
traditionally undertaken to convert cereal grains by grinding them into particles (between 30 and
1500 um) ready to be further classified by sieving. Depending on their biochemical composition and
specific properties, these particles are used to make cereal products like bread, pasta, semolina or
biscuits or to serve for feeds or production of energy. Plants material is a heterogeneous structure
made of distinct organs (stem, grains, leaves, etc.), each composed of different tissues with specific
composition and structure. The way they break under process stress will thus determine the
composition of the particles produced. Moreover, a heterogeneous particle can be transformed into
a homogeneous one if its size is sufficiently reduced by grinding. This will open the way to tissue or
even molecular isolation. The fracture behavior of the raw material or its component tissues depends
on its mechanical properties, which can be characterized and are related to the material’s structure
and biochemical composition. This makes it important to gain better knowledge of the raw material
fracture behavior in order to better understand and further control the biochemical composition and
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properties of the particles produced. A multidisciplinary approach is needed to characterize the
structure, biochemical composition and mechanical properties of the raw material and establish their
relationships with fracture behavior. This same approach will also help develop simulation models
that predict grinding process behavior—models that will also usefully expand the natural variability
raw matter and help define the “ideal” or most appropriate material to optimize end-to-end process
energy expenditures.

Two objects of study appear particularly suitable for dry biorefinery behavior analysis:

- the lignocellulosic material making up the cell walls of wood tissues, stems, straw, and the
outer grain tissue. Lignocellulosic material presents interesting properties in itself and is a
source of potential molecules of interest for producing renewable energy (cellulose) or green
molecules for packaging or chemistry applications (lignin);

- agranular-type material found in the inner grain tissue (i.e. cereal endosperm or leguminous
cotyledons). It is mainly composed of starch granules surrounded by a protein matrix with a
distinct level of adhesion between the two polymers.

Depending on the scale of the analysis—subcellular, tissue or plant organ—the green resources
correspond to either one of these two objects of study or a composite of both. Monitoring the
through-processing fate of each tissue or subcellular part starts with first defining specific markers.
The first part of this review mainly describes how characterizing the biochemical composition of the
different tissues helps reveal their fracture behavior and how knowledge of their physical properties
helps understand or even modulate their fate through processing. We also explain how determining
the biochemical composition and structure of the studied objects helps develop models for
predicting breaking behavior. The second part of this review analyzes each processing step and
illustrates how it can be modulated or re-engineered to better control the particle properties or
develop molecular separation.

2 Tissue-scale characterization

The example of cereal grain offers a good illustration (Fig. 1.) of how the agro-resources displays a
complex structure made of different tissues with distinct biochemical composition and structure and,
therefore, distinct physical properties. Cereal grain is usually transformed by milling processes which
couple successive steps of grinding and then sieving the particles produced to recover the grain’s
inner part, found in the finest particles which are used to make cereal food products for human
consumption, from the other parts found in the largest particles. These processes roughly separate
the endosperm tissue made of starch particles in a protein matrix from the other tissues, and the
efficiency of this separation is classically monitored by ash measurement, as ash concentration
increases from the grain heart to the periphery. These recent years pressure has been growing to
improve the quality of the cereal products by increasing their micronutrient and fiber content
(mainly found in the aleurone layer; Antoine et al. 2002) without increasing the levels of
contaminants (mycotoxins produced by grain-infesting fungi, grain storage pesticides or heavy
metals) that can find their way into the most peripheral tissues (outer pericarp and the other outer
layers). The classical ash marker was clearly insufficient to achieve this goal. Furthermore, there has
been renewed investigation into the potential for better value-streaming of the grain milling
fractions not used for human consumption. Indeed, if not used to make food products, green



materials constitute a source of potentially valuable polymers for food ingredients or non-food uses,
like gluten, starch, B-glucans, cellulose, lignins, phenolic compounds, among others.

2.1 Simple tissues (microscale)

2.1.1 Biochemical composition of tissues and identification of specific markers to monitor

processing
It was important to accurately identify the biochemical composition of each tissue in order to
determine the location of potential molecules of interest (as done for taxifolin in Douglas fir bark;
Trivaleto et al., 2016). It was also useful to identify any molecules only or mainly located in one
tissue, which could therefore be used as markers to monitor the corresponding tissue in the different
fractions obtained depending on the process employed. Getting such markers requires the isolation
of pure tissues and the quantification of specific molecules. Tissue proportion can then be deduced
from the concentrations of biochemical markers in the fractions compared to those in pure tissues.
As an example, for common wheat grains, it is possible to isolate some of the main tissues by hand-
dissection (Surget & Barron, 2005). Using this approach, it was found that starch quantification could
serve as a marker of the starchy endosperm, whereas aleurone layer, testa, outer pericarp and
embryo were found to be efficiently monitored by measuring phytic acid, alkylresorcinols, trimeric
form of ferulic acid and wheat germ agglutinin, respectively (Hemery et al., 2009a). It was also found
possible to distinguish markers for monitoring subcellular structures: p-coumaric acid was used to
guantify aleurone cell walls, whereas phytic acid was found to mark aleurone intracellular globoids.

Fig. 1

This methodology appeared useful to finely characterize the distribution of the main grain tissues in
common wheat grain milling fractions, such as coarse bran, and to further monitor their fractionation
according to particle size (Antoine et al., 2004a, 2004b) or according to different grinding or particle
separation conditions (Hemery et al. 2011a, 2011b). This procedure was also found to efficiently
demonstrate differences in aleurone layer fractionation between wheat grains differing by hardness
(Greffeuille et al., 2005). Furthermore, it proved easily transposable to durum wheat studies (Barron
et al., 2011a) and was used to monitor tissue distribution over the course of debranning or after
milling (Raggiri et al., 2016; Rios et al., 2009). Some of these biochemical markers could also be used
to monitor tissues from other small cereal grains, as shown for barley (Mayolle et al., 2012).

Due to their specific biochemical composition, wheat grain tissues were shown to display different
spectroscopic responses in the mid-infrared range or in Raman and autofluorescence spectroscopies
(Barron & Rouau, 2008; Jensen et al., 1982). These properties were used to identify and even
quantify some of the grain tissues after their size reduction into powder (Barron, 2011b; Galindez-
Najera et al., 2016; Jensen et al., 1982; Symons & Dexter, 1996). Compared to biochemical marker
quantification, spectroscopic tissue fingerprinting is a simpler and quicker method, but it does not
offer the same accuracy for all of the tissues and cannot separately distinguish the aleurone cell walls
from the intracellular medium. However, spectral identification coupled with imaging paves the way
to obtaining tissue distribution within particles and then to evaluating the dissociation of biological
tissues directly after grinding (Corcel et al., 2016).



2.1.2 Characterization of tissues and their constitutive polymer physical properties
Hand-dissection of wheat grain tissues has also enabled further characterization of their physical
properties. Antoine et al. (2004c) demonstrated distinct resistivity and capacity of the most
peripheral grain tissues from the outer pericarp to the aleurone layer. However, relative values of
these dielectric properties also depend on tissue water content. These differences in tribo-charging
potential were found useful to develop other separation methods than sieving ground tissues,
especially when ultrafine particles were obtained (Hemery et al., 2009b, 2011b).

As grinding is the first step in material fractionation, it was important to determine the mechanical
properties of wheat grain tissues in order to better control the energy required to grind and optimize
the later sieving separation conditions, i.e. to amplify size differences in particles of the tissues to be
separated. Indeed, tension tests until rupture on hand-isolated tissues showed differences in the
mechanical properties of the tissues making up the wheat grain outer layers (Antoine et al., 2003).
These properties were found to depend on tissue water content, as expected, but also on
temperature (Hemery et al., 2010a). The pericarp layer was found to break differently to the other
outer-layer grain tissues at moisture contents below 16%. This means that the tissues were possible
to separate under these conditions, whereas at higher moisture content, all of the outer layers
increased their extensibility and broke similarly, thus making them impossible to separate. Tissue
extensibility and mechanical energy to fracture was found to positively correlate with temperature.
Under -50°C, the outer pericarp was found to display almost no resistance to fracture whereas the
aleurone layer was still elastoplastic and the tissues between the two were brittle, making it easier to
reduce the size of the overall outer-layer grain tissues. These relationships between mechanical
properties and temperature or wetness conditions could thus be useful to optimize processing.
Moreover, the extensibility of grain peripheral tissues was also shown to differ depending on
common wheat hardness (Greffeuille et al., 2007), with tissues from soft grains being more
extensible. These contrasting mechanical properties could be related to the differences in size
distribution of the bran particles obtained from milling, which mostly come from these outer-layer
grain tissues (Greffeuille et al., 2006a).

The mechanical resistance of the grain’s inner part, i.e. the starchy endosperm which makes up the
majority of the grain (80-85%), was also explored. As the endosperm is made of starch granules
measuring between 5 and 30 um embedded in a protein matrix (gluten), an original scratching AFM
method was developed. This method was used to probe the starch surface (1 um?) and to explore in
depth the mechanical properties of the surrounding protein network and its potential interfaces
(Chichti et al., 2013). The method showed that protein had lower mechanical properties (close to
talc, around 0.6 GPa) than starch (close to calcite, around 2.4 GPa), and also identified differences in
mechanical behavior at the protein—starch interface depending on wheat grain hardness. These
differences appeared to correlate well with the presence of specific proteins called puroindolines,
which were hypothesized to play a lubricant role at this interface, in soft grains where they are
present in the wild-type forms (Chichti et al., 2015). Absence of adhesion between constitutive
polymers in the soft starchy endosperm could explain why flours obtained from grain grinding
displayed distinct particle size profile distributions. Soft common wheat grains showed a bimodal
particle size distribution with one peak around the size of starch granules, whereas flours from hard
common wheat grains, carrying mutated puroindolines or lacking one of them, showed a mono-
modal distribution (Greffeuille et al., 2006b).



At tissue scale, parallelepiped-shaped samples made in the grain starchy endosperm were submitted
to compression tests in order to characterize their mechanical properties. Mechanical properties
were found to depend mainly on grain hardness (Greffeuille et al., 2006b; Haddad et al., 2001), which
can be controlled by selecting the appropriate wheat cultivar (soft versus hard common wheat) or
species (common wheat versus durum wheat) as it is linked to a specific genetic locus on
chromosome 5 of the D-genome. Mechanical properties were also found to depend on endosperm
water content and on endosperm vitreousness, a characteristic related to the porosity of the
structure and generally assessed by visual evaluation on cut grains. Table 1 summarizes the data
measured in compression tests on samples made in the starchy endosperm from two near-isogenic
wheat lines differing only by hardness and grown in contrasted environments to obtain mealy or
vitreous grains differing only by porosity level. The data clearly shows the impact of hardness and
vitreousness on endosperm mechanical properties. Grains from the hard-isogenic line were found to
display higher maximum stress (¢ max) and strain (¢ max) values and total energy to rupture (W)
than grains from the soft line. Stiffness (E) was found to increase sharply with vitreousness for both
lines. The vitreousness effect on mechanical properties was more pronounced with the hard wheat
line, as stress and energy to rupture was multiplied two-fold.

Table 1

2.2 Associated tissues/organs (mesoscale)

2.2.1 Grinding energy measurements and cohesive and adhesive properties

An instrumented micromill equipped with on-line torque transducers was developed (Pujol et al.,
2000) to record energy consumption during milling on small quantities of grains (2100 g). The
micromill also affords the correspondingly reduced particles, as flours, which can be quantified and
characterized. Table 1 summarizes the data obtained at first break from the same wheat samples
used for the characterization endosperm mechanical properties. The data reveals significant
differences between energy required to break hard grains compared to soft grains, whatever the
wheat growing conditions. Vitreous kernels were found to produce less flour than mealy ones, and
therefore required more energy to produce a similar flour yield in comparison with mealy samples as
measured by K’. As already observed when studying endosperm mechanical properties, the
vitreousness effect on mechanical resistance was more pronounced with the hard wheat line, and
total energy to rupture the endosperm samples was well correlated with energy required to break
the grains. Moreover, this energy required, which depends on both hardness and vitreousness, was
found to directly impact the starch damage level in the flour, which is a key characteristic as it leads
to differences in water absorption when the flour is later used to make food products (Morrison &
Tester, 1994). Therefore, both the adhesion between constitutive polymers (depending on hardness
and controlled by genetic factors) and the porosity of the starchy endosperm (depending on growth
conditions) affect the required grinding energy and end-properties of the flour.

New methodologies were developed to estimate either the cohesion of each biological tissue or their
adherence within a multilayered system. Specific attention was paid to evaluate tissue cohesion
directly in structured organs, thus avoiding dissection steps and potential associated artifacts.
Cohesion of tissues was related to ablation thresholds using pulsed laser (Martelli et al., 2009, 2010a)
or their ionization effectiveness using laser-induced breakdown spectroscopy (LIBS) (Martelli et al,
2011). In wheat grains, cohesion of the overall constitutive tissues—even those not possible to
isolate by hand-dissection—was studied in their native state. Testa was then singled out, for the first
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time, as the most cohesive tissue within the outer layers. These methodologies have paved the way
to screening for differences between cultivars, and a dedicated micromechanical device has been
developed to probe biological tissue adherence. In wheat grains, adherence at the interface between
the nucellus and the aleurone layer was studied through peel tests (Martelli et al., 2010b), and
adherence distribution around the wheat grain was investigated, and it was found that adherence
was lower around the germ at the grain basal part. Even though interpreting peel forces is complex
task, this methodology could be appropriate to evaluate differences among cultivars or to test the
effects of pre-treatment in wheat processing.

The mechanical properties of the wheat grain outer layers were found to change following enzymatic
oxidative pre-treatments with exogenous peroxidases in order to modify the cell-wall polymer
interactions (Peyron et al., 2001). The change was found to occur at the interface between tissues.
Similarly, Desvignes et al. (2006) showed that activating the potential of endogenous peroxidases
also leads to changes in the mechanical properties of the wheat grain outer layers.

2.2.2 Numerical modeling of plant fragmentation

Cracking and fractionation issues can be tackled using numerous theoretical approaches, among
which lattice-based methods are particularly well suited to heterogeneous materials like green
resources marked by a complex histology (Topin et al., 2007). These approaches have been
successfully employed with image analysis to help describe wood mechanical properties at
subcellular scale (Perre et al., 2016) or phase distribution models for wheat endosperm modeling
(Topin et al., 2008). The different phases and interfaces are discretized using one-dimensional
elements, such as breakable linear springs (Fig. 2a). Their location in starch or protein network or
void helped derive the stiffness and failure stress of the springs thanks to the mechanical
measurements made on wheat endosperm by AFM (Chichti et al., 2013). In the elastic regime, there
was very good agreement with experimental tests (Chichti et al., 2016). The numerical stress—strain
curves, failure properties, and evolution of starch damage (Fig. 2b) were studied in detail (Topin et
al., 2009) for distinct 2-D microstructures differing in porosity—a parameter linked to vitreousness—
and level of adhesion between polymers—a parameter linked to hardness. One important outcome
was a map of starch damage levels as a function of starch—protein interfacial adhesion and protein
volume fraction in the pore space (Topin et al., 2008). The results highlighted three clearly different
starch granule failure regimes (Fig. 2c) and helped to better understand the role of both
microstructure and starch—protein surface adhesion, which is related to genetic background through
the lubricating action of puroindolines. Note that the simulations are not limited to the parameter
range of available wheat varieties, and that the numerical procedure can help extrapolate features
for the selection of future plant material. Finally, when dealing specifically with milling, it is
important to account for dynamic effects caused by shockwave propagation. A promising approach
was recently developed to focus on these effects, which lead to fracture branching and complex
crack patterns.

Fig. 2

3 Processing step studies and development



The bio-refinery concept consists in fully exploiting the potential functionalities offered by green
resources. It combines several unit operations to obtain different products with complementary
uses, from foods and feeds to building-block molecules, agro-materials (fibers), biofuels or energy,
with the ideal aim of squeezing value from the whole plant material. Grinding steps are the main
operation for dry fractionation of these green resources, which fragments the raw materials.
Intensive dry grinding enhances the reactivity of powdered products, and can be considered in itself
as an efficient pretreatment of bulk biomass prior to further biotechnological processing, providing a
sufficient reduction in particle size (Silva et al., 2011, Silva et al., 2012, Barakat et al., 2013).

Furthermore, the heterogeneity of the raw matter, for example the presence of a mix between
granular and lignocellulosic materials in grains, generally makes it necessary to separate the obtained
powders, which exhibit different compositions and properties, ready for further distinct value
streams. This can be achieved by adding separation or classification unit operations to the
fragmentation and dissociation steps. Keeping separation operations as dry processes is a particularly
attractive avenue for sustainable development as dry processes have lower environmental impact.
The techniques employed are based on physical and/or chemical differences between particles,
typically differences in size, shape, density, or composition.

Physical, chemical or biochemical conditioning of the raw materials prior to grinding and separation
could also improve the dissociation and recovery of specific fractions.

3.1 Comminution and dissociation of plant materials

In the field of biomass valorization, grinding generally consists of reducing the raw material into a
target particle-size distribution, ideally using a little energy as possible. It also increases the
accessibility of components for further chemical or enzymatic extraction (Barakat et al., 2014).

Biomass can be comminuted by a combination of chipping and grinding. Several types of size
reduction are generally distinguished to dissociate plant material at different scales: cutting, crushing
or coarse grinding (cm to mm) at plant-organ scale, intermediate comminution (cm to 100um) at
tissue scale, fine grinding (<100um) at cell scale, and ultra-fine grinding (<20um) as sub-cell scale.

At particle scale, the mechanical loading involved can be very complex to resolve. Particle size
reduction is achieved by a combination of different mechanical forces resulting from impacts,
compression, abrasion and shearing, all of which may coexist in the same equipment (Motte et al,
2015a). Fig. 3-a illustrates these main mechanical stresses and gives examples of equipment available
that can dissociate material at tissue and/or cellular scale.

Fig. 3

Inside a mill, fracture paths propagate in preferential ways between or through the tissue/cells. The
fracture depends on various parameters such as milling energy, mechanical loading at particle scale,
mechanical properties of the plant materials and the defects in their microstructure, environmental
conditions, and more. Milling thus produces a wide range of particles that differ in size, density,
color, biochemical composition, and so on. For example, fracture propagation was shown to differ
depending on wheat grain hardness, which generates distinct particle properties (Greffeuille et al.,
2006b; Heinze et al., 2016). Recent studies on cork cells also showed that depending on the



mechanical stresses generated by the equipment—either shear and compression or impact—fracture
path either propagates through the cells or tends to bypass them (Motte et al., 2017).

Fig. 3-b illustrates the particle size distribution obtained after grinding oat bran starting material with
different devices. Four peaks are distinguishable in the curves ( <1um, =20um, =100um, =500um) but
their relative importance varies according to equipment used. In this example, the impact generated
using a jet mill appeared in efficient for oat bran grinding at cellular scale, as the grading curve
counts just one major peak at 500 um (Fig. 3-b), whereas shearing generated by the high-shear mill
led to two populations of particles that could be further separated, e.g. by air classification.

However, dissociation, which appears an essential pre-separation step, is not related solely to
particle size reduction. Indeed, if the fracture path propagates in the same way through all of the
tissues, the resulting particles will be “composite” and constituted of different tissues even if fine
grinding is applied. In this case, there will be very few differences between particles, and the
separation step will be less efficient. In contrast, if fracture path propagates preferentially between
the different tissues, then a better dissociation, creating differences in size, composition and/or
mechanical properties of the particles, could be achieved even if the particles are still coarse. As an
example, a coarse milling of Douglas fir bark with a knife mill followed by simple sieving was recently
shown to allow good separation of the different tissues (Trivelato et al, 2016).

Energy consumptions increases significantly with decreasing particle size (Barakat et al, 2013), and
the separation processes are more difficult to undertake for the finest particles. In a sustainable
processes perspective, it is important to adjust target particle size to expected level of dissociation.
Thus, the choice of one milling technology over another must be adapted to the plant materials in
order to accentuate the differences between particle properties and minimize the total energy
consumption. To that end, a pretreatment step, either prior to or during the grinding step, can also
be inserted in the processing chain.

3.2 Pretreatment to decrease milling energy and enhance tissue dissociation or the

biochemical compounds accessibility
Changes in the green resources’ mechanical properties can be obtained by pretreatments in order to
potentially modulate their milling energy and their behavior during the grinding steps and/or
enhance accessibility to compounds of interest. Pretreatments may be physical, chemical and/or
biochemical. Drying and conditioning the raw materials is known to be the simplest. Indeed, moisture
content and temperature were found to significantly influence the mechanical properties of isolated
tissues (Hemery et al., 2010a) and thus potentially their grinding energy. However, to be efficient,
the gain in grinding energy has to superior to drying energy. Due to the heterogeneity of the
material, the water penetrates the different tissues in a different way, playing a plasticizing role and
thus modifying their viscoelastic properties, which significantly influences their grinding behavior.
This principle is particularly exploited in wheat grain processing during the conditioning step, where
it allows better dissociation between the starchy endosperm and other tissues thanks to the greater
differences in mechanical properties of the different tissues. Cryogenic grinding was also found to
yield fine particles at less energy cost compared to room-temperature grinding (Hemery et al.,
2011a) while also increasing phenolic acid bioaccessibility (Hemery et al., 2010b) and potentially
preserving some heat-labile micronutrients. However, cryogrinding all of the bran-constitutive
tissues frozen in the same way fails to exploit the differences in tissue mechanical properties and



does not therefore enhance histological separation. Thus, ambient grinding has to be preferentially
applied before cryogenic milling if tissue dissociation is required. Reduction of the mechanical
resistance of wheat bran and grain was also observed after UV irradiation and was shown to be due
not only to the hydrothermal history of the material but also to changes in the chemical interactions
between the cell-wall polymers of outer-layer tissues (Peyron et al., 2002).

Based on knowledge of the effects of oxidative treatments on wheat-grain outer-layer mechanical
properties, ozone was applied to wheat grains and shown to efficiently decrease grinding energy
(Desvignes et al., 2008). However, even if ozone treatment also showed promise for decreasing
potential grain contaminants, it comes with potential side effects that should be carefully analyzed to
correctly evaluate the benefits of ozone treatment (Lullien-Pellerin, 2012). Lignocellulosic material
fractionation using wet processing to obtain sugars for biofuel production often requires drastic
conditions that use high amounts of solvent and energy, resulting in detrimental environmental
impact. Recently, an innovative eco-friendly one-pot approach coupling chemical treatment under
high solid-to-liquid-ratio conditions (5/1) and vibro-ball-milling was found to be the most efficient
way to increase carbohydrate accessibility for enzymatic conversion at less solvent and energy cost.
It was successfully applied to corn stover (Loustau-Cazalet et al., 2016) and sugarcane bagasse
(Sambusiti et al., 2015).

Note too that anaerobic fermentation of wheat straw followed by grinding was shown to both
reduce milling-specific energy consumption by up to 35% in comparison with untreated straw and to
enhance bioethanol yields by up to 83% (Motte et al., 2015b).

3.3 Separation processes

Dry fractionation processes can integrate several separation techniques that exploit different
properties of the particles: sieving based on particle sizes, aerodynamic sorting based on particle
densities and shapes, and electrostatic sorting based on differences in particle composition.
Electrostatic sorting is the most novel of the three for plant material dry refineries.

3.3.1 Classical separation processes: sieving and aerodynamic sorting

Sieves/screens are the oldest and most-widely used working elements for separating solid particles
by size, and can effectively divide particles from a few centimeters down to a hundred microns in
size. Air classification, which serves to classify particles both by size and aerodynamic sorting, was
also found to successfully produce fractions with specific properties and even to obtain separation of
the wheat flour components in protein- or starch-enriched fractions (Letang et al., 2002). More
recently, finely-ground rice straw was also split by air classification into a lignin-rich fraction suitable
for chemical valorization and a cellulose-rich fraction with improved performances in hydrolysis and
fermentation yields (Chuetor et al., 2015). Another application of air classification involves selecting
lignocellulosic particles as charges in bio-based composite materials. Indeed, the composite obtained
showed distinct particle-size-dependent properties (Berthet et al., 2017).

3.3.2 Innovative separation processes: electrostatic separation

Electrostatic separation is quite recent in the field of plant product refining, and can integrate
different techniques based on differences in particle charge acquisition and conductivity, mostly via
two main types of devices using distinct principles: triboelectric separators and belt-type
electrostatic separators.



3.3.2.1 Triboelectric separators (Fig. 4-a)

These types of separators require that some of the particles present in the fraction for separation to
be oppositely charged. Triboelectrification occurs when the particles are rubbed together and/or
against an insulating material that induces electron and ions exchanges depending on the surface
composition of the particles. Tribocharging is generally obtained in fluidized beds or pneumatic
conveyor pipes. The mixture of charged particles is then separated in an electric field and collected
as positive and negative fractions. Triboelectric separation was successfully used to classify particles
of finely-ground wheat bran to yield powder fractions of different properties (Hemery et al., 2011b).
Charge of the particles was related to their biochemical composition: particles from the pericarp
layer, which is rich in highly-branched heteroxylans, were separated from particles from the aleurone
cell-walls which contain B-glucans and more linear arabinoxylans. After recycling positive fractions on
the separator, it was possible to obtain an aleurone-cell-wall-rich product with a yield of around one-
third of the initial bran. Triboelectrostatic separation was used to obtain (3-glucan-enriched fractions
from oat bran preparations. Particles rich in B-glucans and starch were separated from particles
containing arabinoxylans, enabling to obtain nearly 50%-enrichment in -glucans from defatted
finely-ground oat-bran. Further jet-milling and air-classification was able to increase the B-glucan
concentration up to 56% (Sibakov et al., 2014). A combination of fine milling and electrostatic sorting
was also able to split rice straw into a cellulose-rich fraction and a lignin- and hemicellulose-rich
fraction. The cellulose fraction exhibited better performances in enzymatic hydrolysis and ethanol
fermentation than the starting material, while the lignin fraction can serve for chemical extraction or
energy recovery (Chuetor et al., 2015). Oilseed cakes were also found to be efficiently fractionated by
dry processes. Triboelectric separation was especially successful with sunflower cake (Barakat et al.,
2015). A combination of ultrafine milling and electrostatic separation enabled continuous extraction
of proteins from polysaccharides, lignin and polyphenols. A 50% protein-rich fraction and a 40%
lignin-rich fraction were prepared, after which downstream enzymatic reactions applied to these
fractions open an attractive route for producing valuable chemicals from biomass.

An advantage of the triboelectric separators is that they can operate efficiently with a wide range of
particle sizes even if the constituents share similar electrical conductivities. Operating with very fine
particles allows better resolution of separation, but can pose dust management problems. The
drawbacks to triboelectric separators that now need to be overcome are sensitivity to ambient
humidity and sample water content, binary recovery of the products which requires recycling to
reach acceptable purity but to the detriment of the mass yield, and difficulties with process scale-up
to industrial level.

Fig. 4

3.3.2.2 Belt-type electrostatic separators (Fig. 4-b)

Belt-type electrostatic separators exploit differences in electrical conductivities of the species to be
sorted. A belt-type separator can rely on two different charging mechanisms, namely corona
discharge (shower of charged ions) and electrostatic induction (transfer of charges from a charged
surface) to separate good from poor conductors. In this system, all of the particles to be separated
are charged with the same polarity and then conveyed by a grounded metallic belt up to the
separating zone where an electric field is generated by a rotating roll electrode connected to a high
voltage supply. The charge decay during conveying differs according to the particle’s insulating
properties. The less conductive particles, which retain more charge, are attracted by the roll
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electrode and then collected by scraping, whereas the most conductive particles, which have lost
their charge, stay on the belt where they are collected separately. A 50:50 mixture of material from
finely-ground wheat grain peeling (corresponding to the outer pericarp) or from isolated gluten was
conveyed on a belt-type separator (Remadnia et al., 2014). As pericarp and gluten exhibited similar
conductive behavior, the corona charging was not an effective solution for efficient separation, so
conductive induction was recommended. Indeed, because of their flat elongated shapes exposing
more contact surface to the belt, peeling particles charged more easily and underwent stronger
attraction by the roll electrode whereas the less-charged spherical gluten particles were left behind
and collected on the belt. Other experiments were conducted with different plant materials to better
understand and optimize their separation on a belt-type electrostatic device. The study of charge
decay showed that wheat semolina behaved as a conductor whereas cork and wood powders acted
more as insulating materials. Results obtained on a custom-built corona electrostatic separator
highlighted particle charge is not the only factor governing the separation processes. Indeed,
semolina and wood particles behaved differently when used as separated powders or as a blend
composed of 50% semolina and 50% wood (Mayer-Laigle C. et al., 2016).

The belt-type electrostatic separator is a versatile device with a large number of adjustable operating
parameters, which means it can be readily adapted to various materials and conditions to obtain the
best separation. The problem appears to be fixing conditions appropriate for a range of green
resources. The geometry of this type of separator also makes it particularly sensitive to ambient
humidity which can shield particle charges.

4 Conclusions—Perspectives

Fine characterization of the structure, biochemical composition and mechanical properties of the
material to process has enabled deeper understanding of fractionation behavior in dry conditions,
and helped develop ways to monitor tissue and precisely determine fraction composition. Moreover,
models constructed based on this knowledge make it possible to expand the natural variability of the
material and test the effects on fracture behavior to better define the critical factors involved.

The success of dry biorefinery schemes was found to depend on optimizing the modes of mechanical
stresses by taking into account the structure and mechanical properties of the material. Ultrafine
grinding cannot be considered the best solution to obtain a homogeneous material, but it generally
allows better accessibility of the constitutive molecules.

Physical, chemical or biological pretreatments of the material can be applied before or at grinding
and are found to decrease the energy required to rupture while enhancing the bioavailability of the
material components.

The loss of differences in size, shape and density between particles has prompted the need to
develop innovative processing based on other particle properties. Electrostatic separation was found
particularly successful for some applications, but drawbacks are still bottlenecks for better efficiency
and industrial development, including the need to control water content in the sample and the
environment, the potential explosive risk, and the flowability of fine particles.
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For a better dry biorefinery, it is necessary to optimize a combination of grinding at defined size
according to the composition and structure of the material with separation steps that could
potentially include both classical or innovative methods, such as for separation according to density
and charge. Moreover, adapted pre-treatments will help reduce the energy required for grinding and
potentially increase the accessibility of biochemical compounds from the in process resources.
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Figure 3

a Compression Impact Shear Abrasion
D Y Sy —

Knife mill
TISSUE Ball mill 'mpﬁzcr;m'” Ce”thc')g”“i‘Ei'l'lm"' Abrasive mill
SCALE Millstone . . . Attrition mill

Ball mill Pin mill
Counter-rotating mill
CELLULAR Ball mill Jet mill High shear mill Jet mill

SCALE Millstone Ball mill Millstone

% of particles

0.01 0.1

10
diameter (mm)

100

19



Figure 4
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Figure captions
Fig. 1.

Schematic representation of a cereal grain (wheat as an example), adapted from Surget & Barron
(2005), showing the various component tissues and some of their main biochemical compounds
(those used as biochemical markers for the different grain tissues are underlined).

Fig. 2.

a) 2-D geometric model for the spatial distribution of phases in the wheat starchy endosperm and
meshing with linear spring elements; b) Numerical simulation of a crack pattern in compression for a
mealy wheat microstructure; c) Failure regimes obtained from a parametric study in which both
protein content and starch—protein adhesion are varied.

Fig. 3.

a) Main mechanical stresses in different equipment enable plant material dissociation at tissue scale
or cellular scale; b) Particle size distribution obtained after oat bran grinding with distinct grinding

devices (#abrasive mill, Mpin mill, Ahigh shear mill, X jet mill).

Fig. 4.

Principle schemes of devices for electrostatic separation. a) Triboelectric separator; b) Belt-type
electrostatic separator.
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Isolated mechanical properties of starchy

Grain milling with an instrumented

endosperm micro-mill
E1l First K' Starch
E Omax € max W max (kg/kg | break | (kl/kg | damage
(MPa) (MPa) (%) (MJ/m3) |grains) | flour (%) | flour) (%)
Soft
mealy 560+ 180 16.56+6.8 3.61+0.93 0.37+0.22| 9.8 12.3 80.0 1.9
Soft
vitreous | 710+ 130 18.38+5.27 3.20+0.77 0.35+0.13 | 10.5 10.1 105.9 2.2
Hard
mealy 620+140 2895%x7.67 5.63+1.24 093+0.37| 11.6 13.7 85.7 34
Hard
vitreous | 880+160 49.76+5.5 6.69+0.46 1.96+0.39| 13.5 8.1 169.3 5.2

Table 1. Grains from near-isogenic lines differing only by hardness were selected and grown
in contrasted environments to obtain mealy or vitreous grains differing only by porosity level

(Oury et al.,, 2015). Mechanical properties (Young’s modulus, E; maximum stress, o;

maximum strain, €, and total energy to rupture, W) were then measured in compression tests
using parallelepiped-shaped samples made in the starchy endosperm of these different grains.
Grains (150 g) were also milled with an instrumented micro-mill (first break and sieving) to
record the grinding energy E; required at first break (Pujol et al., 2000) and percentage of

flour (particles <200 pum) produced. The milling index K’ corresponds to the energy required
to produce 1 kg of flour. We also measured percentage of starch damage in flour using a
Megazyme assay (K-SDAM starch damage assay kit, Megazyme Int., Ireland).
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Highlights

- Specific biochemical markers help monitor tissue fate along processing

- Tissue mechanical properties determine fracture path and energy expenditure

- Numerical modeling helps expand variability and test fractionation behavior

- Innovative particle separators were developed based on their dielectric properties
- Pre-treatments before or at fractionation help reduce energy demand
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