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Abstract

:

In the context of food and agro-ecological transitions, the development of food applications based on legume flours and plant proteins requires a mastery of grain milling. While wheat grain milling has been extensively studied and is well-mastered, legume grinding and its underlying mechanisms are still poorly understood. The aim of this work is to contribute to the study of the fragmentation mechanisms of pea grains during grinding. Experiments were carried out on hulled yellow pea grains (Kameleon variety) ground under different conditions using a ball mill (MM400, Retsch®, Haan, Germany) or a micro-cylinder mill. The results showed that the grinding of pea grains, regardless of the type of mill, produced powders characterized by particle size distribution curves with a multimodal shape. The curve analysis was performed according to a simplified deconvolution approach, taking into account different particle populations without diameter overlap. Four particle populations of different sizes were identified and correlated with specific mechanisms governing the grinding of yellow split peas. The physical and biochemical properties of the resulting powders were determined. Taking into account the proportions of the four populations within the powders, the results showed a positive correlation between the volume proportions of very fine (0–10 µm) and fine (10–55 µm) particles within the powders and the starch damage rate and the specific surface area developed, irrespective of the type of mill.
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1. Introduction


Pulses have been part of the human diet since the earliest domestication of agriculture and plants and are cultivated worldwide [1]. Originally consumed as cooked hulled grains, they are also ground and used as flours or fractionated and used as enriched powders (protein concentrates/isolates). The use of legume flours and powders is often associated with the total or partial replacement of wheat flour. These flours are important levers for growth in the legume crops sector, promoting consumption through their versatile functional food potential. Compared to wheat milling, the milling of legume grains and its underlying mechanisms remain poorly understood [2] There is still little information on the process parameters associated with the production of these powders and their optimization for food applications [3], although legume flours exist for several applications [4,5,6,7].



Grinding is a unit operation that fragments material under mechanical stress. Depending on the type of mill and the desired granulometry, fragmentation is achieved by applying single or repeated stresses to the grain structure that are greater than the fracture stress of the material, at the grain or at the particle scale. Depending on the type of equipment, various mechanical stresses such as compression, impact, shear, and abrasion/attrition are promoted and cause material fragmentation and the formation of small particles. Powder properties are determined by the fragmentation mechanisms depending on the grinding equipment and its operating conditions.



Some studies have investigated the influence of the milling process on the characteristics of the resulting legume powders, either by comparing the effect of different types of mills or by modulating the milling parameters using the same mill. Most of the legume powders studied were either purchased from commercial flour manufacturers [4,8] or milled on a laboratory or pilot scale using a variety of different milling equipment [9,10,11,12,13,14,15]. Often, a lack of information about the grinding conditions prevented the observation of relationships between process parameters and product properties. Motte et al. (2021) [16] investigated the effect of grinding conditions using a roller mill under different configurations on the powder properties of pea and lentil grains. The grinding scheme based on reduced roll spacing between passes produced more damaged starch. Bourré et al. (2019) [4] investigated the effect of parameter settings using a knife mill with different sieve sizes on the properties of legume powders. The sieve size selected had a direct influence on the granulometric characteristics of the flours. They observed differences between the powders produced in the knife mill and commercial flour. Other studies have compared the effects of different mills [9,11,15] and their setting parameters [12,17] in order to understand the mechanisms induced in the separation of constituents during the milling process. These works mainly focused on the optimal separation of cellular components (starch, proteins) to optimize the enrichment of the powder, based on the generation of fractions or streams.



There is still a lack of studies in the literature that focus on the effects of the grinding process in order to establish relationships between the parameters of the grinding process, the fragmentation mechanisms, and the properties of the powders produced. The present work aims to contribute to the study of the fragmentation mechanisms of pea grains during grinding under different conditions. Experiments were carried out with yellow split peas ground using two different mills (ball mill and cylinder mill) under different conditions. The powders obtained were characterized in terms of their particle size distribution and their microstructure. The grinding of yellow split peas, using both types of mills, results in powders with a multimodal particle size distribution. Curve decomposition, based on a simplified deconvolution approach taking into account different particle populations without diameter overlap, allowed the identification of four particle populations of different sizes. The characteristics of each population were determined in terms of size, morphology, and volume fraction within the powders. The results were discussed in relation to the involvement of different comminution mechanisms during the grinding process.




2. Materials and Methods


2.1. Raw Materials


Whole yellow pea grains harvested in France in July 2022 were supplied by Scea La Gaillière (Villiers-en-Desoeuvre, France). In order to obtain a uniformly sized pea sample, the grains were sorted and sieved using a Rotex sieve shaker (RotexTM, Cheshire, UK) with 9 and 6 mm meshes, thus representing the size of the grains collected. The sorted grains were gently dried in a pilot hot air dryer (CS40/350 climatic chamber, CTS®, Hechingen, Germany) to a target moisture content of 13.5 ± 0.1 (g water/100 g dry matter).



The dried yellow pea grains were dehulled using a dehuller (TM05, Satake, Tokyo, Japan). The grains were then packed in airtight plastic bags (1 kg of peas per bag) and stored in a cold room at 4 °C until use.




2.2. Milling Process


Yellow split pea grains were milled according to AACC 26–32.01 [18] in a cylinder mill (MLU 202, Bühler, Uzwil, Switzerland) equipped with three breaker rolls, three reduction rolls and six sieves. After milling, six different powder streams were produced separately and recombined to obtain the whole powder. An air classifier (ATP50, Hosokawa-Alpine, Augsburg, Germany) was used to classify the powder fractions. The system was fed with 2 kg of sample at a flow rate of 0.7 kg.h−1, an air flow of 99.9 m3.h−1, and a selector speed of 8000 rpm. The very fine particles (diameter < 10 µm) were separated in this first step. The remaining powder was then separated by dry sieving using a mechanical granulometer (RotexTM, Cheshire, UK) with a column of sieves with decreasing mesh sizes (315, 280, 160, and 100 µm). To obtain the fine fraction of pea powder (10 < diameter < 75 μm), the fraction passing through the 100 μm sieve was recovered and sieved using a Hosokawa 200LS-N (Augsburg, Germany) suction sieve shaker with a 75 μm sieve. The medium fraction (75 µm < diameter < 500 µm) was obtained by remixing the fractions retained (>100 µm) by mechanical sieving and the suction sieve shaker.




2.3. Impact of Grinding Conditions


The influence of the grinding conditions was studied using two different laboratory mills. A laboratory roller mill (Micromill, UMR IATE prototype; Montpellier, France [19]) is used to generate compressive/shear stresses during the grinding process. A laboratory vibratory impact ball mill (MM400, Retsch®, Haan, Germany) in single ball configuration is used to generate mainly impact stresses during grinding.



To investigate different grinding conditions, yellow split peas were ground by modulating the setting parameters on both mills (Table 1), using a fractional factorial experimental design with 4 factors and 2 levels per factor (24−1). For each mill, a total of 8 different experimental grinding conditions were investigated (Table 2 and Table 3). The ball mill was also used with a load of 10 g of yellow split peas per grinding jar, a single steel ball (diameter = 25 mm), and a grinding frequency of 20 Hz, for different grinding times (between 30 and 300 sec). It should be noted that in all trials, the grinding conditions were deliberately set after preliminary tests to minimize heating constraints. Only run 7 of the ball mill experimental design and kinetic runs longer than 4 min generated uncontrolled heating within the grinding jars, which could have affected the state of the constituents of the pea powders produced. Such effects were not evaluated in this study.



All grinding conditions were performed at least in triplicate.




2.4. Particle Size Characterization of the Powders


Particle size analysis of the powders was performed at room temperature using a dry laser diffraction particle size analyzer (LS 13 320 XR, Beckman & Coulter®, Brea, CA, USA). A sample of approximately 2 g was characterized for each powder. The cell rotation speed was set at 70% to allow product suspension and circulation through the cell. The refractive index was set at 1.49. The particle size distribution of the powders was described by plotting the volume fraction (%) of the particles as a function of particle size (μm) and by calculating the median diameter (d50; µm). The particle size distribution curves of the powders were analyzed by deconvolution using four log-beta laws to describe the 4 populations of particles of different sizes. Each population of particles is delimited by a minimum and a maximum diameter value. The volume fraction (%) and the median particle diameter (d50; µm) of each of the 4 particle populations were calculated. Measurements were performed in triplicate.




2.5. Scanning Electron Microscopy (SEM)


SEM was used to describe the cellular structure of the pea cotyledon and the morphology of the 4 different particle populations. Observations were made using a bench-top scanning electron microscope (SEM) (Phenom ProX, Phenom-World BV®, Eindhoven, The Netherlands). Cotyledon sections and powders were mounted on a support and held in place with double-sided carbon tape. For each sample, the support was mounted on a rack for insertion into the machine. The samples were observed directly, without metallization. The following observation parameters were set: 10 kV acceleration voltage, image mode. The 1024 × 1024-pixel images are of high quality, resulting in fast acquisition times. Magnifications ranging from 50 to 300 μm were used. To observe the cell structure, five pea cotyledons were sectioned perpendicular and parallel to the embryo axis. The average cell size was estimated from cotyledon sections with intact cells. Since the sectioning protocol was simplified (no cryopreservation), cell damage (open cells) can be expected. Mean values were estimated from 20 different measurements. For starch granule observation, images were selected based on a qualitative observation of samples taken from whole grain sections and powders containing free, intact starch granules. The average starch granule size was determined from 70 random measurements of granule length (oval shape) observed on different images.




2.6. Evaluation of Flowability of Pea Powders Using the Hausner Ratio


The aerated densities of the powders were determined in triplicate by pouring a known mass of approximately 100 g of sample into a 250 mL graduated glass tube, inclined at 45° to allow free flow of the powder. From the measurement of the volume occupied by the powder (V0) and knowing of the initial mass (m), the aerated density (ρa) can be determined (Equation (1)).


    ρ   a =   m     V   0       ,  



(1)







Tapped densities were measured in triplicate using an automated tapped density analyzer (Autotap AT-6-220-50, Quantachrome Instrument®, Boynton Beach, FL, USA) capable of approximately 250 falls.min−1 from 3 mm. The same samples were tested as for the aerated density measurements. As there are no standards for measuring the bulk density of legume flours, the packing kinetics up to 3 constant volume measurements was chosen. The tapped density is calculated using Equation (2), where m is the mass of the beaker and Vf is the final volume occupied by the powder after compaction.


    ρ   t =   m     V   t       ,  



(2)







From measurements of the apparent uncompacted volume (V0, cm3) and the final compacted volume (VT, cm3) of the powders, the Hausner index, which is representative of the interparticle friction limiting the flow, was calculated using Expression 3 [20], where ρt = tapped density and ρa = aerated density. A Hausner index below 1.2 was considered to indicate high flowability.


    H a u s n e r   r a t i o   =     ρ   t       ρ   a       ,  



(3)








2.7. Measurement of the BET Surface Area


The specific surface area was measured by the Brunauer–Emmett–Teller (BET) method based on nitrogen absorption using the Porosity and Surface Analyzer (ASAP 2460, Micromeritics®, Norcross, GA, USA). The principle of the method is based on the measurement of the solid–gas interface surface area per unit sample mass. The samples were first degassed at 50 °C for 48 h (VacPrep061, Micromeritics®, USA). The samples were cooled with liquid nitrogen during the measurement.




2.8. Color Analyses


The color values of yellow split pea powders were measured using a chromameter, CR-410 (Konica Minolta, Tokyo, Japan), and reported in the CIE color space (L*, a*, and b*). Measurements were made in triplicate.




2.9. Starch Damage Content in Powders


Starch damage was determined according to AACC method 76–31.01, with the Megazyme K-SDAM kit (Megazyme; Wicklow, Ireland). Measurements were performed in triplicate.




2.10. Statistical Analysis


Means and standard deviations were calculated from triplicates for all measurements except for BET, which was performed in duplicate. Only mean values are shown on charts for clarity purposes while ensuring that all data respect a coefficient of variation of less than 5%. Full information is available upon request. Analysis of variance by Tukey’s multiple comparison range test was performed at the 5% significance level.





3. Results


3.1. Cotyledon Matrix Microstructure


The microstructure of the pea cotyledon has been described by SEM. At the tissue scale (Figure 1a), the cotyledon structure is formed by the assembly of cells of apparent polyhedral shape, bounded by sheet-like cell walls. The apparent diameter of the cells was estimated from multiple size measurements on different images (84 ± 13 µm). The highly ordered cells could be associated with a “honeycomb-like model material” based on the tissue structure of wheat [21]. The fiber-rich cell walls are clearly visible. Similar microstructural descriptions of pea cotyledons have been reported [22,23,24].



At the intracellular scale (Figure 1b), the cell structure could be described as a dense collection of different cohesive granular structures. This confirms observations already made in the literature [14,25]. The cell interior consists of elongated starch granules embedded in a matrix rich in small protein bodies, recognizable by their round shape and small size (1–4 µm). The apparent length of the starch granules was estimated from several images (24 ± 7 µm). A similar description of the structure of pea cells has been reported [22,26]. The heterogeneous nature of intracellular contents (i.e., polydisperse starch granules entangled in a protein matrix) may imply different stress resistance (i.e., failure threshold) during milling. The cell wall thickness of the legume cotyledon influences the grinding behavior [2,27]. Legumes with thicker cell walls are more friable during milling. The mechanisms involved in cotyledon grinding behavior may be influenced by the properties of the cell contents and cell walls, as well as the cohesion between the cell walls and their components (starch granules and proteins).




3.2. Particle Populations in Pea Powders


Regardless of the type of mill and the grinding conditions, the grinding of pea cotyledons produces powders with a wide range of particle diameters between 1 and 2000 µm. The particle size distribution curve for the pea powders shows a multimodal shape, characterized by several peaks of different intensity depending on the grinding conditions. This trend was observed for the powders generated by the two experimental designs with ball and roller mills, as well as for the grinding kinetic with the ball mill (Figure 2). Multimodal particle size distributions of legume powders, especially pea powders, have already been reported in the literature [8,28,29].



The particle size distribution of the powders (Figure 2) was studied as a function of the grinding time using the ball mill. The effect of grinding time can be seen in the evolution of peak intensities. The intensity of peaks associated with coarser particle size ranges decreases with increasing grinding time, while the intensity of peaks associated with finer particle size ranges increases (Figure 2).



We propose an original approach to the analysis of multimodal distribution curves, considering that pea powders are formed by the coexistence of several particle populations, differentiated by their diameters and their characteristics. Bordeaux et al. (2006) [30] proposed a probabilistic deconvolution method for the analysis of multimodal particle size distribution curves of powders obtained after the milling of durum wheat grains. Their probabilistic solutions considered 4–5 particle populations to deconvolute the particle size curves, with overlapping diameters between the populations. However, they did not identify relationships between the different populations and the comminution mechanisms. In the present study, the multimodal analysis is based on a simplified approach by considering the assembly of particle populations without diameter overlap. We assume that each of the log-beta laws identifiable on the particle size distribution curve can be associated with a specific population of particles within the powder. The decomposition of the particle size distribution curves by deconvolution of several log-beta laws allows us to identify four different populations whose presence is either systematic (i.e., in all powders) or dependent on the grinding conditions. This method made it possible to identify the limits for each population (as described in the next section). However, in the case of population 2, we chose to define the upper limit as a technological value with the maximum particle size of standard quality wheat semolina (~470 µm). This criterion was chosen as the boundary between populations 1 and 2.



The multimodal analysis makes it possible to identify the different populations of particles in the pea powders in order to describe the specificities of their microstructure (Figure 2).



	(i)

	
Population 1 is associated with very large particles with a diameter greater than 470 µm (Figure 2). This population is made up of preground particles that are usually considered too large for classical technological applications. Particles of population 1 consist of large tissue fragments of the cotyledon matrix with a high proportion of intact cells and only a few open cells in the periphery (Figure 3a). The diameter range of the very large particles (>470 µm) is largely higher than the diameter of the cotyledon cells (84 µm).







	(ii)

	
Population 2 is associated with coarse particles with diameters ranging between 55 and 470 µm (Figure 2). This particle diameter range is classically suitable for technological food applications of pea powders as flour and/or semolina. These particles are mostly composed of small fragments of cotyledon matrix with a high proportion of open cells exposing the cell contents and intact cells exposing the cell walls (Figure 3b). The diameter of the cotyledon cells (84 µm) is within the diameter range of coarse particles (55 and 470 µm). This population has not been specifically identified in the literature for powders derived from legume grinding. This population is characterized by a wide range of diameters, since the multimodal curve analysis did not isolate different populations between 55 and 470 µm. However, population 2 could contain several subpopulations whose presence is not systematic in the powders under the grinding conditions studied. Some of the powders produced are represented by population 2 with a more limited range of particle sizes (which does not go as far as 470 µm).




	(iii)

	
Population 3 is associated with fine particles between 10 and 55 µm in diameter (Figure 3). The fine particles are mainly composed of whole or damaged free starch granules (Figure 3c), cell fragments, clumps of cell material, and/or reduced fragments of cell walls. The apparent diameter of starch granules (24 µm) is in the range of fine particle diameters (10–55 µm) and is smaller than the diameter of cotyledon cells (84 µm). Similar fine particles have been observed after pea milling [23,27,31].




	(iv)

	
Population 4 is associated with very fine particles with diameters between 1 and 10 µm (Figure 2). This population is heterogeneous and includes small protein bodies, cell debris, clumps of cell material or fragments of cell walls (Figure 3d). This population has previously been identified in powders derived from pea milling [9,23]. It may also contain small starch granules [22,31] or fragments of damaged starch. The apparent diameter of starch granules (24 µm) is higher than the diameter range of very fine particles (1–10 µm).







Regardless of the grinding conditions, populations 2, 3, and 4 are systematically present (Figure 4) in the pea powders produced.




3.3. Effect of Grinding Time on the Particle Size Distribution Curves


The particle size distribution of the powders (Figure 2 and Figure 5) was studied as a function of the grinding time using a ball mill. The very large particles (population 1) are present in the powders only under moderate grinding conditions (i.e., short duration). This corresponds to pregrinding conditions.



The results show that increasing the grinding time in the ball mill induces significant changes in the granulometric distribution curve (Figure 2), and in the volume fractions of the four populations (Figure 5), with a decrease in the coarsest population (population 1), an increase, stagnation, and then decrease in population 2, and a continuous, monotonic increase in populations 3 and 4.



Under these grinding conditions, after 30 s of treatment, the very large particles (population 1) are still very present, representing about 40% by volume of the powder. As the grinding time is increased, their frequency decreased exponentially. After 120 s, the presence of very large particles (population 1) is “residual”.



The frequency of coarse particles associated with population 2 (<55–470 µm) shows a particular curve pattern that can be divided into two phases:



Phase 1: A first phase up to 90 s, in which the increase in grinding time leads to an increase in their frequency in the powder. This phase, which could be described as a growth phase, could be explained by the presence of a large proportion of the coarse population (population 1) at the start of the grinding, which feeds the production of the coarse particles. At the same time, two other phenomena occur:




	(i)

	
The fragmentation of the population 1 particles generates the release of smaller fragments (or cellular components).




	(ii)

	
The particles of the population already generated within population 2 are also reduced in some cases.









Both mechanisms increase the frequency of populations 3 and 4.



Phase 2: From 90 s, the increase in grinding time leads to a decrease in its frequency in the powder. This phase, associated with its decay, highlights the fragmentation of population 2 as the dominant mechanism feeding the frequency of populations 3 and 4. These populations, as defined in our study, could therefore be described as a “transfer” populations. However, the release of components or the parallel fragmentation of the already generated population 2 remains a minor phenomenon from the point of view of volume yield, hence this growth phase. At the end of the grinding process, this population remains at around 20% in relative terms.



From the early stages of grinding and throughout the process, the volume proportions of fine particles (populations 3 and 4) follow an increasing trend (i.e., power law). The rapid and simultaneous formation of these fine particles, especially population 3 associated with free starch granules, suggests that the starch granules adhere poorly to the intracellular matrix.



In contrast to the coarsest particle populations (populations 1 and 2), whose median size varies with grinding time or conditions, populations 3 and 4 have a relatively stable median size regardless of grinding conditions or duration (indicated in Figure 2 by the granulometric stability of the peaks in the corresponding particle size range).



This difference suggests that subcellular components are not subject to classical fragmentation mechanisms when released within powders, as indicated by the relative stability of the median diameter of populations 3 and 4 across all tests.



With regard to populations 3 and 4, it should be noted that the frequency expression is described in terms of volume, which reduces the effect for populations with fine granulometry compared to their expression in numbers. In addition, these populations (possibly including population 4 to a greater extent) could adopt association mechanisms (agglomeration and/or surface adhesion to other particles), which could lead to a bias in their expression. The observed slopes certainly underestimate the physical reality of the phenomena.




3.4. Effect of Grinding Conditions on the Particle Size Distribution Curves of the Mill


The volume proportion of the four populations in the powders varies according to the type of mechanical stress during grinding (roller mill and ball mill) and to the setting parameters (Figure 6). The results show significant differences between the two mills used. The very large particles (population 1) are only present only under certain grinding conditions associated with moderate pregrinding intensities. In all tests with the roller mill (Figure 6a), the coarse particles (population 2) are the major fraction (volume fraction > 50%). This is at the expense of the fine (population 3) and very fine (population 4) particles. In all of the ball mill tests (Figure 6b), the proportions of population 3 particles are more balanced, with significant diversity depending on the mill settings. Populations 2 and 3 are the most common, with a lower proportion of population 4 particles. The proposed experimental design, using two different types of mills, has produced powders with significant differences between the volume proportions of the four populations.



Ball milling also appears to produce a higher proportion of fine particles (populations 3 and 4) than roller milling (Figure 6).



With regard to the characterization results obtained in terms of cell structure dimensions of pea cotyledons, it can be assumed that under our grinding conditions, the following are true:




	-

	
Compression/shear grinding (combined with roller milling) is more likely to have preserved the cellular integrity of the cotyledons due to its coarser particle size (i.e., producing powders with particles predominantly associated with population 2 (Figure 6), grouping together particles of sizes larger than the cell size).




	-

	
Impact grinding (combined with ball milling) produced a higher proportion of cell fragments (Figure 6) associated with open cells and the release of subcellular components (i.e., a high proportion of particles < 55 µm (population 3) within the powders produced).










3.5. Mechanisms Involved in the Grinding of Pea Cotyledons


Analysis of the effect of grinding conditions on the particle size distribution of the powders allowed a phenomenological model to be proposed that combines several mechanisms that can occur simultaneously and/or sequentially.



(1) Cotyledon fracture (crack initiation and propagation): Cotyledon fracture is the first step in the comminution of the cotyledon matrix. Pea cotyledon fracture results in the simultaneous formation of several particle populations, with a very high proportion of very large particles (population 1) and a lower proportion of coarse (population 2), fine (population 3), and very fine (population 4) particles (Figure 5). Under the mechanical stresses induced by the mill, cracks form and propagate in the cotyledon, initiating fragmentation. The fracture planes generated in the cotyledon depend on the intrinsic mechanical properties of the structure and the presence of structural discontinuities. Under intense grinding conditions (or long grinding times), the very large particles (population 1) are not present in the powders produced as they are converted to coarse particles (population 2) by fragmentation mechanisms. The formation of population 1 and 2 particles creates surfaces that expose cellular structures and their contents [32].



(2) Particle fragmentation (size reduction and surface generation): Fragmentation mechanisms are associated with the formation of a fracture plane within the core of the very large particles, resulting in the formation of coarse particles (population 2). The median diameter of the coarse particles (100–300 µm) is larger than the mean cell size (84 µm) in the pea cotyledon. Two different fracture behaviors can be distinguished. (i) Fracture propagation along weak lines of the matrix tissue, following the organization of the cell walls, produces particles with intact cells. (ii) Fracture propagation through the cell matrix without following the organization of the cell walls produces particles with open cells at the surface exposing their contents. The grinding process combines these two fragmentation mechanisms [21]. The fragmentation mechanisms induce a significant decrease in the particle diameter of the coarse particles (population 2), as described by the shift in the peak of the volume proportion (Figure 2). The position of the fracture planes in the cotyledon structure determines the elements that can be exposed (or not) on the surface of the generated particles, which can be either cell walls (closed cells) or cell contents (open cells).



The size reduction mechanism can be monitored by examining the median diameter (d50) of population 2 across all grinding trials. The peak shifts observed in Figure 2 reflect a decreasing trend in the median diameter of the particles in population 2, suggesting that the grinding time has an effect on the median particle diameter of population 2. The median diameter results for this population across all trials highlight the classic fragmentation mechanism associated with a progressive reduction in median particle size. Each grinding trial is associated with a “state” of fragmentation mechanism progression that results in a median particle size specific to the grinding time of that population. Monitoring the median size of coarse populations could be an indicator of the progression of the fragmentation mechanism.



The relationship between the volume proportion and mean diameter of population 2 particles depends on the type of mill and grinding conditions (Figure 7).



The fragmentation of population 1 feeds the presence of population 2 and monitors the behaviors of the two populations.



On the one hand, for impact grinding (highlighted zone in Figure 7), we can observe that the decrease in the diameter of population 2 particles correlates with the decrease in their proportion. The increase in grinding intensity favors the degradation of population 1 particles, resulting in a rapid reduction in their proportion in the powder. In this case a major fragmentation process occurs for population 2, in the absence of population 1, which contributes to this phenomenon.



On the other hand, outside of this zone, and for certain ball and roller milling, the reduction in the diameter of population 2 particles does not correlate with their proportion. This lack of correlation highlights the existence of a concomitant mechanism whereby both population 1 and population 2 are fragmented.



(3) Cell wall delamination: Analysis of the microscopic images of the powders allows the identification of isolated large cell wall fragments (Figure 3c and Figure 8a,b) which could be associated with a possible cell wall delamination mechanism. The cotyledon cells located on the surface of the generated particles exposed their cell wall, which could be separated when subjected to mechanical stress. This possible delamination mechanism suggests weak cohesion between cell walls and cell contents. Isolated large fragments of cell walls were observed in all powders, irrespective of the type of mechanical stress.



(4) Release of subcellular components: The increase in exposed specific surface area of coarse particles of population 2 results in the greater exposure of cellular structures on the particle surface. The presence of open cells on the particle surface exposes the cell contents, particularly the starch granules. The decrease in the median diameter of population 2 particles correlates with the increase in the proportion of the fine particles (population 3) (Figure 9). The exposure of starch granules on the generated surface allows the expression of a release mechanism for loosely attached starch granules. In the pea cotyledon, starch granules are weakly attached to the protein matrix [29,32] and can be easily released under the mechanical stress of the grinder. For an equivalent value of the median diameter (d50) of population 2, the release of starch granules depends on the type of mill (Figure 9). The ball mill, which is mainly based on impact stresses, is more effective at releasing starch granules than the roller mill, which is based on compression and shear stresses. This difference may be explained by greater intercellular fragmentation during impact grinding, which facilitates the release of subcellular components. It can be assumed that roller milling favors fragmentation of the cell surface, thus limiting the exposure of intracellular contents and the release mechanism of subcellular components. SEM observations of the fine particle powder showed free starch granules whose elongated shape was preserved, suggesting that the granules were not fragmented during grinding (Figure 3c). It is also possible that a small proportion of population 3 consists of “small” fragments of cell structures resulting from the fragmentation mechanism (i.e., small particles from population 2).



(5) Particle erosion: During the grinding process, regardless of the type of mill, there is a great deal of friction, resulting in abrasive stresses and erosion mechanisms. These mechanisms cause the formation of a fracture plane at the periphery of all the particles. These mechanisms do not significantly change the particle diameter but produce a large number of very fine particles (population 4). The very fine particles are composed of small fragments of the structured cell parts (walls, protein matrix, etc.) of the cotyledon. Depending on its proportion in the native pea cotyledon and its ability to resist abrasion, each component of the cotyledon cell represents a greater or lesser proportion of the debris within the population 4 [21]. Under our grinding conditions, the abrasion mechanism of the surface of the fine particles (population 3) is described by the correlation between the slight reduction in the median diameter of population 3 and the increase in the starch damage rate (Figure 10) or the increase in the proportion of very fine particles (Figure 11). These mechanisms occur quasi-simultaneously with the fragmentation mechanism of population 2, as a result of the release mechanism by disentangling matrix protein bodies upon exposure [9,23].




3.6. Effect of Grinding on Powder Characteristics


3.6.1. Effect on Exposed Surface Area and Flowability


As expected, a power law describes the relationship between the median particle diameter and particle surface area. The changes in the specific area of coarse particles (population 2) as a function of the proportion of populations 3 and 4 (Figure 12) show that the surface area of the coarse particles produced is related to the exposure of constituents involved in both starch granule release and cellular constituent erosion.



The increase in specific surface area within powders can have an impact on their functionality, particularly in terms of flowability as assessed by the Hausner ratio. The proportion of fine (population 3) and very fine particles (population 4) is positively correlated with the Hausner ratio (Figure 13). As the number of fine and very fine particles increases, the contact area between the particles increases, resulting in greater cohesion forces between the particles and lower flowability. The powders produced by the experimental design roller mill produced a lower proportion of fine particles (populations 3 and 4) compared to the powders produced by the ball mill, which are composed of a high proportion of fine particles (Figure 6). The presence of populations 3 and 4 in the powders is mainly related to the release mechanism of subcellular components. The results suggest that this mechanism is a limiting factor in the fluidity of pea powders.



Some of the very fine particles can also adhere to the surface of the larger particles (Figure 14), leading to a higher surface roughness, which causes higher friction and limits the flow behavior. Frictional forces depend on both the chemical nature of the particles and their surface properties. When comparing flow index values, ball-milled powders have a poor flow index due to a higher proportion of population 3 and 4 particles.




3.6.2. Effect on Powder Colors


As expected and already reported in the literature, the increase in lightness (L*) and the decrease in the red (a*) and yellow (b*) indices of powders correlate with the decrease in particle size [14,33,34,35]. The evolution of lightness as a function of the median diameter of pea powders is specific to the type of mill (Figure 15). The finer the particles, the greater the surface area developed, resulting in more light being reflected and thus an increase in lightness L*. This difference is more pronounced for larger particle sizes than for smaller ones.



However, in order to study the additional effect of the fine particle populations (P3 and P4) generated by the grinding configurations, we propose to plot the proportion of population 3 and 4 particles as a function of lightness, which is superimposed irrespective of the type of mill (Figure 16). The curves are exponential and converge to a finite value above 60% of particles with a diameter below 55 µm. Powder lightness is influenced by the cumulative proportion of population 3 and 4 particles within the powders, which is dependent on the type of stress. Further investigation is needed in order to link the physical characteristics of powders like colors to the physicochemical and biochemical properties of each population.






4. Conclusions


Multimodal analysis of particle populations allows us to better describe the mechanisms associated with the fragmentation of yellow pea cotyledon matrices during grinding. These mechanisms evolve differently depending on the grinding conditions. They can be monitored by analyzing the particle size distribution curves through the proportion and intensity of different peaks. The characterization of isolated populations and their impact on the properties of the whole powder would allow us to study the process–structure–function relationship of powders. The aim is to pilot the generation of functional powders using a reverse engineering approach. Prospective studies will seek to consolidate the proposed hypotheses on mechanisms through a more detailed analysis of the state of the constituents and the quality of the powders generated as a function of the grinding conditions.
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Figure 1. Scanning electron micrographs of pea cotyledon structure. (a) Cotyledon matrix structure; (b) cotyledon cell structure. 
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Figure 2. Particle size distributions of pea powders at different grinding times in the ball mill. 






Figure 2. Particle size distributions of pea powders at different grinding times in the ball mill.



[image: Applsci 14 03740 g002]







[image: Applsci 14 03740 g003] 





Figure 3. Scanning electron micrographs of particle populations of pea powder cotyledon structure; (a) particle population 1; (b) particle population 2; (c) particle population 3; and (d) particle population 4. 
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Figure 4. Scanning electron micrographs of particle populations of two pea powders produced by a roller mill (a) and a ball mill (b), where population 2 = P2; population 3 = P3; and population 4 = P4. 
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Figure 5. Population volume proportions of pea powders at different grinding times in the ball mill. 
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Figure 6. Proportion (%) of the four different particle populations of different pea powders ground (a) with a roller mill and (b) a ball mill (P1 = population 1; P2 = population 2; P3 = population 3; P4 = population 4) under different grinding conditions. Values with different letters in the same particle population fraction are significantly different (p < 0.05). Please refer to Table 2 and Table 3 for details of grinding conditions e1 to e8 for roller mill and ball mill essays, respectively. 
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Figure 7. Fragmentation mechanism represented by the change in volume proportion change of population 2 as a function of its d50 change under different grinding conditions. 
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Figure 8. Scanning electron micrographs of two pea powders from ball milling kinetics; (a) pea powder ground with the ball mill during 1 min; (b) pea powder ground with the ball mill during 3 min. 
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Figure 9. Subcellular component release mechanism represented by the d50 change of population 2 as a function of the volume proportion change of population 3 under different grinding conditions. 
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Figure 10. Effect of the median diameter (d50) of population 3 particles on the damaged starch content of the powders. 
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Figure 11. Effect of the median diameter (d50) of population 3 particles on the proportion of population 4 particles. 
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Figure 12. Effect of the cumulative proportion (%) of population 3 and 4 particles on the specific surface area (m2.g−1) of pea powders. 
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Figure 13. Effect of the cumulative proportion of population 3 and 4 particles on the flowability of powders. 
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Figure 14. Scanning electron micrographs of a pea powder from ball milling tests. 
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Figure 15. Influence of the mean diameter (d50) of pea powders on their lightness. 
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Figure 16. Effect of the cumulative particle proportion of populations 3 and 4 on the lightness of pea powders. 
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Table 1. Experimental domain explored to study the influence of the roller mill and of the ball mill setting parameters on the characteristics of the yellow pea powders produced.
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	Mill Setting Parameters
	Natural Lower Values

(coded = −1)
	Natural Higher Values

(coded = +1)





	Roller mill
	
	



	Cylinder type: plain (P) or splined (S)
	S-S-S-S
	S-P-P-P



	Cylinder gap reduction rate (mm)
	0.9–0.6–0.4–0.05
	0.9–0.2–0.05–0.05



	Rapid cylinder rotation speed (rpm)
	400
	800



	Speed differential
	1.33
	2.5



	Ball Mill
	
	



	Grinding time (min)
	1
	4



	Ball diameter (mm)
	20
	25



	Grinding frequency (Hz)
	20
	30



	Product mass per jar (g)
	5
	10










 





Table 2. Roller mill experimental design.
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	Essays
	Factor 1 (F1)
	Factor 2 (F2)
	Factor 3 (F3)
	Factor 4 (F4)





	e1
	S-P-P-P
	0.9–0.6–0.4–0.05
	400
	1.33



	e2
	S-S-S-S
	0.9–0.2–0.05–0.05
	400
	1.33



	e3
	S-S-S-S
	0.9–0.6–0.4–0.05
	800
	1.33



	e4
	S-P-P-P
	0.9–0.2–0.05–0.05
	800
	1.33



	e5
	S-S-S-S
	0.9–0.6–0.4–0.05
	400
	2.5



	e6
	S-P-P-P
	0.9–0.2–0.05–0.05
	400
	2.5



	e7
	S-P-P-P
	0.9–0.6–0.4–0.05
	800
	2.5



	e8
	S-S-S-S
	0.9–0.2–0.05–0.05
	800
	2.5







F1 = cylinder type; F2 = cylinder gap reduction rate (mm); F3 = rapid cylinder rotation speed (rpm); F4 = speed differential.













 





Table 3. Ball mill experimental design.
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	Essays
	Factor 1 (F1)
	Factor 2 (F2)
	Factor 3 (F3)
	Factor 4 (F4)





	e1
	4
	20
	20
	5



	e2
	1
	25
	20
	5



	e3
	1
	20
	30
	5



	e4
	4
	25
	30
	5



	e5
	1
	20
	20
	10



	e6
	4
	25
	20
	10



	e7
	4
	20
	30
	10



	e8
	1
	25
	30
	10







F1 = grinding time (min); F2 = ball diameter (mm); F3 = grinding frequency (Hz); F4 = product mass per jar (g).
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