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Abstract: Triboelectric separation is a promising technology to separate fine powders. To enable
triboelectric separation for its application in industry, the impact of the process and product
parameters must be examined. In this study, with regards to different wall materials in the
charging step (PTFE, POM, PE, PVC, and PMMA), the influence of the powder composition of
a binary starch-protein mixture with a protein content of 15 wt. %, 30 wt. % and 45 wt. % was studied.
By increasing the protein content in the feed, the separation selectivity increased. No dependency of
the empirical triboelectric series was determined for all powder compositions. The variation in the
protein content of the initial powder and turbulent flow profiles results in a variation in the contact
number of particles calculated. An increase in the contact number of particles leads to an increase
in the protein content separated on the cathode, whereas the protein content on the anode is only
slightly affected. These findings underpin the assumption that particle-particle interaction plays a
decisive role in triboelectric charging of fine powders.

Keywords: triboelectric charging; triboelectric separation; particle-particle interaction; powder
composition; contact number

1. Introduction

Triboelectric charging occurs when two surfaces come in contact and are then separated [1].
This phenomenon is called contact, surface or triboelectric charging [2,3]. While triboelectric charging
is the most common expression, the subword “tribo” can be misleading as no friction is necessary to
obtain charged surfaces [4]. Nevertheless, when the simplest triboelectric experiment with a balloon
rubbed on hair is performed, both surfaces get charged. However, in this example, rubbing increases
the number of contacts between balloon and hair and, thus, ensures sufficient contact between surfaces.
This insight can be transferred to the triboelectric charging of dry powders. By dispersing powder in a
gas stream high numbers of particle-particle and particle-wall collisions happen. This high interaction
rate of dispersed and moved particles can be the manipulated variable for triboelectric separation of
powders, since the mechanism of triboelectric charging is still unknown [5].

Triboelectric charging occurs in almost every system involving moving particles: in pneumatic
conveying [6,7], fluidized beds [8], dry powder mixing [9], dust storms [10,11], or even during
the formation of planets in the orbit [12] In most cases, the triboelectric charging of powders is
undesirable. However, this effect can be employed as a novel separation tool for fine and dry
powders [13-18]. The net amount of charge at the surface of one particle acts as a separation
feature. Factors influencing triboelectric charging and separation are the chemical composition
of the particles [19,20], functional groups determining surface chemistry [21], particle properties
such as size, shape, and surface roughness [22-27], and electrical properties of particles as well
as surrounding walls [28,29]. Furthermore, environmental conditions influence charge transfer.
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Humidity [30], external electrical fields [31], and the magnitude of the contact momentum [32,33]
are vital in preventing or enabling triboelectric charging. To date, the actual charging mechanisms
are only partly understood [5]. Based on this background, the characterisation of influencing factors
is necessary and provides an opportunity to gain further knowledge about triboelectric charging.
Hence, different influencing factors must be examined for using triboelectric separation for fine
powders based on their different charging properties. Hitherto, only a few studies addressed the effect
of powder composition on triboelectric charging. For pharmaceutical powder mixtures, an increase
in drug polymer showed a decrease in the charge to mass ratio [34]. A variation of the mixing ratio
of lactose and glucose results in a twice change of sign and a charge to mass ratio of the powder.
These experiments were performed for sliding particles [35].

To investigate the influence of particle-particle and particle-wall interactions on triboelectric
separation, the impact of both collision types must be studied. The influence of the wall material
plays a subordinated role, which was demonstrated in [36]. Particle-particle interactions might be
the dominant mechanism to generate triboelectric charge in pneumatic conveyed binary particulate
systems. In a binary mixture, primarily charging between different materials occurs. A single contact
between two particle surfaces suffices to generate charge [29,37] or to dissipate charge [38].

Since the charging mechanism is still unknown [5] and particle-wall interaction has a subordinate
role on triboelectric charging [36], it is assumed that particle-particle interactions are the main drivers
of triboelectric separation. Therefore, a variation of powder composition and flow profiles are used to
identify the influence of particle-particle contact numbers on triboelectric separation of fine organic
powders. In this study it is hypothesised that higher particle-particle contact numbers induced by
a variation of the initial powder composition and flow profiles in a turbulent flow regime improve
triboelectric separation selectivity fine organic binary powder mixtures.

2. Materials and Methods

2.1. Materials

Whey protein isolate and barley starch are used as model particles and were purchased form
Davisco Foods International, USA, and Altia, Finland, respectively. Whey protein isolate has a
protein content of 97.6 wt. %. Barley starch has a protein content below 0.5 wt. % and starch content of
97.0 wt. %. Barley starch was classified using a wheel classifier ATP 50, Hosokawa Alpine, Germany at
a deflection wheel speed of 10,000 rpm, a mass flow of 4.3 kg h~1, and an air flow rate of 58 ke h-L
Whey protein was ground with the same conditions as shown in [36].

2.2. Methods

2.2.1. Experimental Setup

The simple experimental setup demonstrated by Landauer et al. [36,39] was used, which consists
of an exchangeable charging section and a rectangular separation chamber. A scheme of the setup
is shown in Figure 1. In the charging section, a Venturi nozzle facilitates the dispersion of powders
added to the gas flow. 2.5 g of powder are added manually to the gas flow during 300 + 10s. Since the
constant feed time a continuous mass flow can be assumed. The charging tube dimensions are 10 mm in
diameter and 230 mm in length. The setup enables the use of different charging sections. Five different
insulators (Polytetrafluoroethylene PTFE, Polyvinylchloride PVC, Polymethylmethacrylate PMMA,
Polyoxymethylene POM, and Polyethylene PE) were used as wall materials of the charging tube.
To disperse and accelerate the particles, a gas flow rate of 3m3h~! was chosen. Further experimental
setup of the charging tube involving a porous PE tube is used to facilitate air boundary-layer
control (BLC) [40]. To prevent particle-wall interactions, different volume ratios (2.5% BLC I and
5% BLC II) of the total gas flow were radially inserted in the charging tube. An electrical field
strength of 109 V/m was applied to the parallel-plate capacitor in the rectangular separation chamber
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(46 mm x 52mm x 400 mm). Binary protein-starch mixtures with protein contents of 15 wt. %, 30 wt. %,
and 45wt. % were used for the experiments. To determine the separation selectivity, the protein
content on the anode and the cathode was measured by the absorption of protein at 280 nm on each
electrode [36,39].
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Figure 1. Scheme of the used dispersing, charging and separation setup with plain wall (A) and
porous tube to adjust boundary-layer control (B). After the charging tube, particles are separated in a
homogenous electrical field and particles are precipitated on the electrodes.

Triboelectric charging may occur when surfaces get into contact and are subsequently separated.
Therefore, it is impossible to use uncharged particles to carry out experiments or to determine the
charge of the particles before the experiments in a non-invasive manner. For the used powder
containing starch and protein particles below 40 pm, the determination or even estimation of the
charge of single particles is very challenging [41] and an interconnection of both experiments without
altering the separation characteristics seems to be impossible. Thus, powder preparation and all
experiments were carried out according to the same protocol to induce reproducible charge until the
start of the experiment.

2.2.2. Particle Analysis

Particle size analysis for initial powders and the powder deposits on the electrodes were
performed using the laser diffraction system (HELOS, Sympatec, Germany) with a measuring range
of 0.25 um to 87.5 pm and the wet dispersing unit QUIXEL. Ethanol was used as dispersion medium.
The true density of each powder is evaluated using a gas pycnometer (Accupyc 1330, Micromeritics
Instrument Corp., Norcross, GA, USA). Scanning electron microscopy (SEM) images of separated
powders were recorded at an acceleration voltage of 5kV (JSM-IT100, JEOL Ltd., Tokyo, Japan).

2.2.3. Particle Interaction Parameter

According to the particle size and flow conditions, the contact number of particles in a fluid can be
estimated [42,43]. The encounter frequency ‘y of two particles with the diameters x; and x; in turbulent
flow with the turbulence eddy dissipation rate € and the viscosity of the fluid v can be estimated
according to Saffman and Turner [44], as follows:
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The contact of particles x in a binary powder mixture can occur between particles of different
material and of different sizes. The turbulence eddy dissipation rate € is taken from the results of the
CFD study carried out in [36]. Furthermore, different powder mixtures vary in the protein to starch ratio
and have a different number of particles for each species in the same size range. Thus, the encounter
frequency must be scaled by the particle number in order to obtain a contact number depending on the
particle size and the initial powder composition. The contact number I' of each powder is calculated
by the encounter frequency 7y, scaled with the particle number of each size range ¢;, ¢;, and the mean
interaction time At equivalent to the residence time of a particle in the charging tube [45]:

13 Je ” &z 3
=— /= At Z Z(xi + x]-) Ci Cj. (2)
8 Vv =33

r

The particle number of each size range ¢;, ¢; is calculated using the measured particle size
distribution and the true density of each powder. The size ranges 7,j were taken from the used
laser-diffraction system, whereby n = 31 classes are equally distributed on a logarithmic (base 10) scale.

Besides flow conditions, particle concentration, and particle size the charge of particles influences
the contact number. Due to the charge, attractive and repulsive forces can result in segregation
or agglomeration of particles, respectively, and therefore reduced contact numbers of particles.
To understand the segregation or agglomeration of particles caused by triboelectric charging, several
experimental and simulative studies were carried out [46-49]. However, in order to be able to apply the
suggested models for calculating the contact number by electrostatic forces, the particle size-dependent
charge distribution must be known, or the segregation or agglomeration within the charging section
has to be determined. So far, the particle size-dependent charge distribution was not determined
for such fine particles and seems to be challenging [41]. The determination of the segregation or
agglomeration of particles within the charging tube for particles below 40 pm and flow velocity of
10ms~! is also challenging. In addition, agglomeration of particles due to electrostatic force is only
investigated for very low gas velocities [47], and no agglomeration of particles was found in within
same experimental conditions [50]. Therefore, electrostatic interaction is excluded for the estimation
of contact number. Furthermore, a sensitivity analysis of the used equation to calculate the contact
number is shown in Figure S1 (Supplementary Materials).

The calculation of the contact numbers of particles describes the initial and absolutely necessary
step in triboelectric charging—the contact of two surfaces. However, triboelectric charging is a very
complex phenomenon [5] and further factors like different materials, humidity, etc. play a decisive
role. Since all experimental conditions are the same for each experiment, all random and unknown
factors of triboelectric charging might be constant within this study. Hence, the contact numbers of
particles are used to examine the influence of particle-particle-contacts and to cave out an influence
parameter to engineer triboelectric charging.

2.2.4. Statistics

For all experiments the mean value was calculated from the results of three independent
experiments (1 = 3). The variance of the experiments are indicated by error bars. The error bars are
calculated using Student’s t-test at a significance level of « = 0.05.

3. Results

3.1. Particle Size Distribution and SEM of Separated Powders

Figure 2 shows the particle size distribution of the raw materials, prepared powder mixtures (A),
and separated powders on the cathode and anode (B). The protein powder has a monomodal particle
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size distribution between 0.2 pym to 20 pm with a maximum value at 1 pm. The starch powder has a
bimodal distribution with local maxima at 1 pm and 20 ym and a maximum particle size of 40 pm.
Mixtures with initial protein contents of 15 wt. %, 30 wt. %, and 45 wt. % show similar particle size
distributions with maximum values at 1 pm and 7 um, because the particle size distributions of starch
and protein overlap in almost the whole width. The particle size distribution could not be closed for all
measured powders, because the used measuring range has enable both a detection of the largest and
finest particles. Thus, particle sizes below 0.25 pm were neglected, since a dry dispersion of particles
below 0.25pum seems to be very unlikely. The particle size distributions of the separated powder
show significantly different patterns on the cathode and the anode. On the anode, the particle size
distributions show an approximately identical evolution for each initial protein content featuring
almost the same peaks as starch, but with increased peak height. Therefore, the starch concentration
on the anode is concluded to be high. In contrast, the particle size distributions of powders on
the cathode bear a resemblance to the particle size distribution of the initial protein-starch mixture.
Triboelectric separation leads to an increase in peak height at 1 pym and a flattening of the peak at
larger particle sizes forming almost a monomodal distribution. Different initial protein contents lead
to different peak heights at 1 um; however, the shape of the particle size distributions above 4 pm is
similar. The peak height is identical for the initial protein content of 30 wt. % and 45 wt. %, while both
higher compared to 15 wt. %. Thus, separation efficiency depends on the initial protein content.

L ro ol Lo L L T
(A) —=— Protein (B) Cc15
140 + —e— Starch [ 140 + A 151
] PS15 | 1 C 30t
- | PS30 | o | A30[
glzo PSas5 E120 Ca5
= 1 r = 1 A 457
c c
.2100 - .2100 -
] 2
2 1 F 2 1 r
3 B
5 80 - = 80 -
E B -
S 60 L S 60 L
T T
5 - 5 - -
© ©
> B > 1 L
- 20 4 -
0 T T s 0 T T o
1 10 100 1 10 100
Particle size /um Particle size /um

Figure 2. Particle size distributions of native powders, powder mixtures (A) and powders collected
after separation (B) on cathode C (closed symbol) and anode A (open symbol). PVC was used as
wall material in the charging tube. Despite varying protein content, initial powder mixtures have no
different particle size distributions. On the cathode, an initially higher protein content results in finer
powder. No such difference is visible on the anode.

Figure 3 shows SEM images of separated powders collected on the cathode (A) and anode (B)
with an initial protein content of 30 wt. %. Small and rugged protein particles are clearly visible on the
cathode. Protein particles tend to agglomerate among themselves forming larger structures. Only very
few starch particles, identifiable by their round morphology and smooth surface, are detected on the
cathode. On the contrary, starch particles of several sizes are found in very high incidence on the anode
and very small protein particles are adsorbed on the surface of the starch particles. Thus, a complete
separation of the powder mixture in starch and protein could not be achieved.
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Figure 3. SEM images of separated powders on the cathode (A) and anode (B) with PVC as charging
tube material. On the cathode, small and rugged protein particles (circle left) represent the main
fraction. Smooth starch particles (circle right) predominate the population on the anode, while small
protein particles adhere on the surface of large starch particles (arrow).

3.2. Influence on Separation Selectivity

Figure 4 shows the protein content indicating the separation selectivity on the cathode and anode
after triboelectric separation. The protein content of the powder mixture was incrementally increased
from 15 wt. % to 30 wt. % and 45 wt. %. Different wall materials were used to determine the combined
influence of the particle-wall interaction and powder composition. For all employed wall materials,
the increase in the initial protein content from 15 wt. % to 30 wt. % causes a significant increase in the
protein content on the cathode, while the protein content on the anode remains unaffected. Such low
protein contents on the anode indicate a very high starch content of up to 100 wt. %. Further increase in
the initial protein content to 45 wt. % does not lead to an increase in the protein content on the cathode
in combination with any of the tested contact materials. Thus, an increase in selectivity is observed
only for PE and PVC. The tube materials POM and PMMA show no increase in selectivity above 30%
protein content. In contrast, the protein content on the anode increases slightly when the initial protein
content increases from 30 wt. % to 45wt. % for all materials except PE. In summary, different wall
materials have an impact on the selectivity at different initial protein contents; however, this impact
cannot be explained on the basis of the empirical triboelectric series.

To test the influence of particle-wall interactions on triboelectric charging, wall contact was
prevented by a boundary-layer control setup. A porous tube was applied with two different gas flow
rates perpendicular to the particle stream [36]. The protein content on the cathode increases with the
incremental increase in the initial protein content from 15 wt. % to 45 wt. %. The significant difference
between 15wt. % and 45 wt. % is in contrast to the plain wall setup. At the initial protein content
of 15wt. %, however, no significant differences between all BLC conditions are visible at the initial
protein content of 15wt. %. BLC I and BLC II show a small difference at 30 wt. %. At the highest
initial protein content, no difference between BLC I, II and most of the plain wall setups was detected.
On the anode, the protein content of BLC I and II increases as the initial protein content increases.
Furthermore, only slight differences between the experimental setups were observed at 30 wt. %.
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Figure 4. Protein content on the cathode and anode of powders with an initial protein content of
15 wt. %, 30 wt. % and 45 wt. %. Bars indicate different contact materials along with the triboelectric
series and setup without wall interaction (BLC I & II). An increase in initial protein content leads to a
significant increase in protein content on the cathode and anode. Different contact materials do not
affect the protein content on each electrode. Results for 15 wt. % were taken from a previous study [36].

3.3. Particle Interaction

3.3.1. Contact Number Distribution Depending on Particle Size

Figure 5 shows the contact number distribution of protein (A) and starch (B) particles. The used
values to calculate the contact numbers are summarised in Table 1. Protein particles show a high
contact number for small particles. The contact number decreases as the particle size increases.
The protein-protein contact number is always higher than the protein-starch contact number.
An increase in protein content leads to an increase in the contact number for protein-protein and
protein-starch. Starch particles show a high contact number for particles between 7 pm to 40 pm.
The contact number between starch-protein increases by decreasing starch content in the initial
powder mixture. These findings result from the increase in protein particle number because protein
particles are a slightly finer than starch particles. The contact number between starch particles is
almost the same for all investigated powder mixtures and always lower than the contact number
between protein-starch. By comparing starch-starch and protein-protein contacts, the contact number
of protein-protein interaction is always higher than that of starch-starch interaction. In summary,
the variation in initial powder composition leads to different contact between the dispersed powders
and thus might provide the first indication to the different separation selectivity (cf. Figure 4).

Table 1. Parameters used to calculate contact numbers of particles.

Mean of Plain Wall BLCI1 BLCII
€ /m2s3 3.53 x 10* 3.11x 10* 255 x 104
v /m2s~! 1.33 x 102
PProtein /kg m~3 1330

Pstarch /kgm ™3 1520
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Figure 5. Contact number distribution of protein (A) and starch (B) particles. Closed symbols indicate
the interaction with different materials, whereas open symbols show interaction with the same material.
Protein shows a higher contact number for small particles. A higher initial protein content leads to
higher contact numbers.

3.3.2. Separation Selectivity and Contact Numbers

A variation in the flow conditions leads to a change in the turbulence eddy dissipation rate,
which plays a vital role in the contact number (Equation (1)). The experiments carried out with a
plain wall, BLC I, and II have slightly different flow profiles. Thus, both a variation in the flow
properties and that in the initial powder composition (cf. Figure 5) result in different contact numbers.
As triboelectric or contact charging occurs, only a single contact suffices to attain a charged surface
of a particle [29,37]. A collision of contrary charged particles of course results in charge annihilation.
Based on this understanding, Figure 6 shows the protein content on the anode and cathode with
respect to the contact number. The protein content on the cathode (closed symbols) shows a significant
increase by increasing the contact number of particles. Lower contact numbers result in protein
contents between 0.4 and 0.6, whereas higher contact numbers have protein contents of approximately
0.8. An increase in the protein content on the anode (open symbols) is also caused by an increase in
the contact number. However, the increase in the protein content on the anode is considerably less
compared to that on the cathode. For low contact numbers that have no protein can be detected on
the anode, whereas for higher contact numbers, the maximum protein content reaches a value of
0.1. In summary, contact number affects the protein content on the anode and the cathode, while the
protein content on the cathode is strongly affected and that on the anode is slightly affected.
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Figure 6. Protein content of separated powders on the cathode (closed symbols) and on the anode (open
symbols). To improve clarity, the average protein content is plotted for all plain wall measurements.
An increase in contact number results in a significant increase in protein content on the cathode.
The protein content on the anode increases slightly with the increase in contact number.
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4. Discussion

Triboelectric separation is a suitable technique used to separate powders containing different
ratios of protein and starch [36,39,51-54]. The separation feature is not the particle size, as the particle
size distributions of protein and starch overlap almost in the whole. Furthermore, there is no apparent
dependency on the particle size during and after separation [50]. Powders containing different
initial protein contents have similar particle size distributions before separation. After separation,
the particle size distribution of the powders collected on the anode commonly shows the same
evolution independent of the initial protein content. This underpins the independence of triboelectric
separation from the particle size in a size range of 0.1 um to 40 pm and puts the focus on the chemical
composition [21] as well as further particle properties such as morphology and roughness as separation
feature [25,27]. These results are in contrast with findings of the bipolar charging of single component
powders claiming that small particles are always charged negatively [22,55-57].Furthermore, there are
different charge distributions for positively and negatively charged particles [41]. The particle size
distributions of powders collected on the cathode after separation feature higher peaks at 1 pm for
initial protein contents of 30 wt. % and 45 wt. % compared to 15 wt. % (Figure 2). This increase can be
associated with the increase in the protein content for higher initial protein concentrations. In contrast,
the particle size distributions remain similar, implying an increase in the protein content on the anode
with the stepwise increase in the initial protein content (Figure 4). However, comparing the particle
size distribution of the pristine starch powder and the powder collected on the anode, a clear increase
in the peak value of both peaks is visible, which might correspond to agglomerated particles on the
electrodes, because no agglomeration was found for dispersed particles [50].

The separation selectivity shows a dependence on the initial protein content (Figure 4). For all
plain wall setups and BLC setups, the protein content on the cathode increases with an increase in the
initial protein content. Furthermore, all plain wall setups show no dependence on the triboelectric
series of the wall materials. These findings correspond to the previous study [36]. As triboelectric
charging can only occur if particles get into contact and are subsequently separated, the interactions of
particles in the charging tube play a decisive role. Therefore, according to Saffman and Turner [44],
an interaction parameter I' of particles in a turbulent flow is calculated. In a binary powder mixture,
a particle can collide with a particle of the same origin or with a particle of the other origin assuming
that the particle-wall interaction plays a subordinated role. In addition to the origin of particles,
the particle size affects the contact number of particles (Equation (2), Figure 5). Starch particles
collide more frequently with protein particles, whereas protein particles collide more frequently
among themselves. These findings indicate the influence of the pristine particle sizes as well as
the initial protein content on triboelectric charging. Next to particle size and mixture composition,
the flow properties in the charging tube also have an impact on the contact number. As Figure 6
shows, the contact number affects triboelectric separation properties which are in direct relation with
triboelectric charging. The increase in the protein content on the cathode is accompanied by an almost
linear increase along the particle-particle contact number. Since higher contact numbers of particles
result in higher protein contents on the cathode, the protein content on the anode might decrease;
however, on the anode the protein content is slightly increasing with increasing contact number.
These findings might correlate with the increased interaction beneath protein particles (Figure 5).
The increase of protein content on the anode due to higher contact numbers is huge compared with
the increase of protein content on the anode. Therefore it is concluded, the increase in contact numbers
of particles results in superior separation selectivity of fine organic powders. Thus, particle-particle
interaction in the charging step of triboelectric separation is the decisive interaction parameter and
can be used to enlarge or adjust triboelectric separation properties. Hence, the hypothesis that
higher particle-particle contact numbers induced by a variation of the initial powder composition
and turbulent flow profiles improves triboelectric separation selectivity is confirmed; however the
calculation of the contact numbers of particles showed that powder composition mainly influence
contact numbers and, thus, separation selectivity.
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5. Conclusions

This study examines the influence of protein content in a binary powder mixture and flow
properties on separation selectivity of triboelectric charging. The particle size distributions of initial
and separated powder on the cathode showed an increase of fine particles with increasing initial
protein content; however, the particle size distributions on the anode were unaffected by the initial
protein content. These findings match with the separation selectivity. Thus, higher proportions of
protein in the initial powder result in an increase of the protein content on both cathode and anode.
Different wall materials along the empirical triboelectric series show no influence on the separation
selectivity. A variation in the powder mixture and flow profile induce different contact numbers.
An increase in the contact number results in an increase in the protein content. To put all in a nutshell,
triboelectric charging and, thus, the separation selectivity of a binary powder mixture in turbulent flow
can be influenced by the contact number of the particles. To adjust the contact number of particles,
both particle size and turbulence eddy dissipation can be used. Thus, the contact number is a good
parameter to improve triboelectric separation selectivity.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2227-9717/7/10/716/
s1. Figure S1: Sensitivity analysis of Equation (2) to estimate the influence of turbulence eddy dissipation rate and
protein content in the initial powder (from 0.99 to 0.01) on the contact number. Contact numbers and turbulent
eddy dissipation rates used in this study are highlighted.
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