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Abstract
Triboelectric separation is a technique to separate dry powders according to their ability to

generate charge. Charge generation takes place due to contact and subsequent separation of

two surfaces. For instance, this surface-physical effect occurs when children rub a balloon

on their hair. To date, an universal and agreed-upon physical description of the triboelectric

effect for insulating materials is still missing. Since triboelectric charging is a surface effect,

surface properties might play a decisive role for the generated electric potential differences.

Hitherto, triboelectric separation is used to separate plastics, salts, and organic raw materials

containing starch and protein. Only few studies have shown that triboelectric separation is a

suitable technique to separate powders containing of particles with different chemical compo-

sitions. These studies mostly address the properties of the separation step of triboelectrically

charged particles and try to predict the charge generation of particles due to the empirical tri-

boelectric series; however, to understand, to apply, and to improve the separation of powders

using triboelectric charging, the separation of charged particles in an electrical field should not

be the focus, but the charge generation due to the interaction of surfaces must be examined.

In this thesis, powder mixtures of whey protein and barley starch with particle sizes below

50 µm are used in order to investigate the influence of particle-particle and particle-wall inter-

action on triboelectric separation; however, separation selectivity is used as an indicator for

the formation of charge. Furthermore, the generated charge by triboelectric charging of sin-

gle particles was quantified using a specially constructed setup. Thus, all studies carried out

accompanying with this thesis are focused on the control parameters of triboelectric charging,

since separation of particles in an electrical field is state of the art. Hence, derived from the

fundamental description of the triboelectric effect, contact numbers of particles are found to

be decisive.

For the first time, triboelectric separation was used to separate fine organic powders with simi-

lar size and true density. A variation of the tube material along with the empirical triboelectric

series showed no differences in the separation performance. In further experiments, particle-

wall interactions were inhibited using a boundary-layer control setup and a similar separation

performance was shown. Furthermore, particle-particle contact numbers varied due to the

flow profile and the particle size distribution of the used powder. An increase in contact num-

ber leads to a linear increase of the separation selectivity. Thus, particle-particle interactions

are significant for charge generation and subsequent separation. In summary, both contact

number and surface properties influence triboelectric charging, whereby the contact number

can easily be influenced by flow properties, particle size, and surface properties.
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Zusammenfassung
Der triboelektrische Effekt kann zur Trennung von Pulvern verwendet werden. Das Trenn-

merkmal ist die Aufladung der Partikeln. Die Ladung entsteht durch Kontakt und nachfol-

gende Trennung von Oberflächen. Dieser oberflächenphysikalische Effekt tritt auf, wenn ein

Kind einen Luftballon an den Haaren reibt – dadurch werden Haare und Luftballon elek-

trisch geladen. Der genaue physikalische Zusammenhang ist für Isolatoren bisher noch nicht

bekannt. Da es sich um einen Oberflächeneffekt handelt, spielen Oberflächeneingenschaften

eine entscheidende Rolle.

Die triboelektrische Trennung kann für die Trennung von Kunststoffen, Salzen und orga-

nischen Rohstoffen bestehend aus Stärke und Protein verwendet werden und wird nur von

einigen Studien als geeignete Technik zur Aufbereitung von Pulvern mit Partikeln verschie-

dener chemischer Zusammensetzung beschrieben. Im Fokus steht dabei hauptsächlich das

Verhalten von triboelektrisch geladenen Partikeln in der Trennkammer, wobei das Aufladen

der Partikeln über die empirische triboelektrische Reihe abgeschätzt wird. Jedoch ist es not-

wendig den Aufladevorgang betreffende Parameter zu untersuchen, um die triboelektrische

Trennung von Pulvern besser verstehen, anwenden und verbessern zu können. Deshalb sollen

in dieser Arbeit Pulvermischungen aus Molkenprotein und Gerstenstärke mit einer Partikel-

größe kleiner 50 µm verwendet werden, um den Einfluss von Partikel-Partikel- und Partikel-

Wand-Interaktionen auf die triboelektrische Trennung zu untersuchen. Dabei wird die Se-

lektivität der Trennung als Indikator für die Ladungsbildung verwendet. Zusätzlich werden

auch Ladungsverteilungen von einzelnen Partikeln in einem eigens aufgebauten Versuchs-

stand gemessen. Alle für diese Arbeit durchgeführten Studien untersuchen Regelgrößen des

triboelektrischen Effekts, da die Trennung im elektrischem Feld Stand des Wissens ist. Daher

ist ausgehend von der prinzipiellen Beschreibung des triboelektrischen Effekts die Kontakt-

häufigkeit der Partikeln als Haupteinflussgröße zu untersuchen.

Zum ersten Mal war es möglich feine organische Pulver durch den triboelektrischen Effekt

zu trennen. Eine Variation des Materials der Ladungsstrecke anhand der empirischen triboe-

lektrischen Reihe führte zu keiner Veränderung der Trennergebnisse. Mit einem zusätzlichen

Aufbau konnte die Partikel-Wand-Interaktion durch Grenzschichtausblasen verhindert wer-

den, wobei ähnliche Trennergebnisse erreicht wurden. Weiter wurden die Partikel-Partikel-

Interaktionen durch eine Variation von Strömungsprofil und Partikelgröße der Pulver ver-

ändert. Eine Zunahme der Kontakthäufigkeit geht mit einer Zunahme der Trennselektivität

einher. Ein wesentlicher Parameter für die Ladungsbildung und die darauffolgende Trennung

ist demnach die Partikel-Partikel-Interaktion. Zusammenfassend konnte gezeigt werden, dass

sowohl Kontakthäufigkeit als auch Oberflächeineigenschaften der Partikeln Einfluss auf die

triboelektrische Trennung haben, wobei sich die Kontakthäufigkeit durch Strömungsbedin-

gungen und Partikelgröße einstellen lässt.
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1. Introduction

1.1. State-of-the-art dry separation techniques

1.1.1. Air classification

Since the chaff of the grains were removed by air classification in order to improve flour qual-

ity, separation is one of the oldest classes of unit operations. The threshed cereals are thrown

up into the air and differences in particle weight result in different sedimentation velocities,

and thus are classified. If the particles are just thrown up and no futher force is acting, the

particles will sediment at the same location. Thus, a perpendicular force acting on the parti-

cles like wind is necessary. This enables a difference in displacement of particles according

to their sedimentation velocity (related to particle mass). This very old and very simple exam-

ple forms the basis of all air classification techniques used in process engineering until now;

however, modern air classification systems have well defined flow conditions, use different

kinds of vortexes, enable cut sizes up to a few microns, and mass flow rates of several tons an

hour (Furchner and Zampini, 2010).

In this simple example, the terms of mass, size, and sedimentation velocity are mixed up. In

order to clarify the physics and to classify air classification in the context of further particle

separation techniques, a detailed consideration must be done. As shown, at least two per-

pendicular forces are necessary to separate particles. Predominantly, one force is linked to

properties of the particles, whereas the other is independent of the particles. As in the sim-

ple air classification example, in almost every air classification setup the flow profile/velocity

(wind) is independent (meaning that the particles do not influence the flow profile/velocity) of

the drag force of the particles. The drag force ~FD consists of the mass force ~FM, the buoyancy

force ~FB, and the resistance force ~FR. The mass force ~FM for a single particle with the mass

mp can be calculated by:

~FM = mp ·~a, (1.1)

whereby the acceleration~a can be the gravity~g or the centrifugal acceleration r~ω2. Under the

assumption of monodisperse particles, the mass of the particles is expressed by mp = ρsVp.

The buoyancy force ~FB causes a static buoyancy,

~FB =−Vp ·ρ f ·~a, (1.2)
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which contains the same acceleration ~a as the mass force. Due to the interaction between

particle and fluid, a resistance force is calculated by:

~FR = cw(Rep) ·Ap ·
ρ f

2
· ~vrel

2, (1.3)

with the relative velocity vrel of the particle, the inflow cross-section A, and the drag coef-

ficient cw as a function of the particle Reynolds number Rep =
vrel·dp ·ρ f

η
. In most cases, the

drag coefficient is calculated for spherical particles with actual flow conditions (Rep) (Allen,

1997).

The motion of particles in a fluid can be calculated as the balance of forces (Equations (1.1),

(1.2), (1.3)):

~FM− ~FB = ~FR, (1.4)

Vp · (ρs−ρ f ) ·~a =
ρ f

2
~vrel

2 · π
4

d2
p · cw(Rep), (1.5)

and thus outline the influencing factors particle motion and air classification. These relevant

parameters can be assigned to the particles or the fluid. Particle characteristics are volume,

true density, mass, and shape, whereas the fluid parameters are density, viscosity, flow con-

ditions (indicated by the Reynolds number), and acceleration. The separation features of air

classification are particle size and true density. Tomas (2004) showed the separation parame-

ters for turbulent flow conditions. Derived from the motion of particles, the separation feature

of air classification is the density and the volume of each particle. The particle shape is ex-

cluded and spherical particles are presumed, because particle shape is difficult to integrate in

the used models. As shown in equation (1.5), to separate fine and low-density powders, the

acceleration due to the use of different vortexes and/or the flow profile has to be optimised.

Consequently, several types of air classifiers were developed and cut sizes of ∼1 µm (Galk

et al., 1999) are available with different flow profiles and vortexes (Rumpf and Leschonski,

1967; Shapiro and Galperin, 2005).

Besides the optimisation of the flow profile, the use of air classification as a tool to separate

organic/biological materials like starch and protein in flours is limited, because organic/bio-

logical powders have almost the same density. Further, the method of selective comminution

is no promising strategy, because after grinding the powder both starch and protein are in the

same size range (Vose, 1978). Thus, a selective separation of starch and protein is restricted.

1.1.2. Sieving

Besides air classification, sieving is a common technique to separate dry powders. A sieve

usually consists of a mesh with defined open spaces. These defined open spaces are usually

quadratic and specify the size of particles which can pass the sieve. To separate fine pow-

ders finer meshes are necessary; however, below certain sizes problems in manufacturing of

meshes, passing probability, and particle interaction arise. Especially fine powders tend to

agglomerate and the formed agglomerates are not dispersed by the motion of the sieve. The

separation feature of sieving is the particle size. In some cases, particle shape can be also the
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separation feature when sieves have open spaces with defined shapes (Schmidt, 2010). For

the separation of fine organic/biological powders sieving has a limited suitability (Liu et al.,

2009).

1.1.3. Problems with classical separation techniques

Hitherto, classical separation techniques like air classification or sieving showed no satisfac-

tory separation of organic materials like protein and starch. In fact, air classification has a

very small cut size and can separate powders accurately according to their size. Sieving is

limited due to agglomeration of particles and the low passing probability. The separation

features referred to particle properties of air classification and sieving are the volume (size),

true density, and shape of the particles. The size and shape of the particles can be adjusted by

comminution; however, both starch and protein will likewise become finer and the separation

issue is not solved but moved to a finer scale. To separate particles of different chemical com-

position, it is desired to use a separation feature which is linked with the surface properties of

particles. The surface properties are closely correlated to the chemical composition.

1.2. Triboelectric charging

1.2.1. The triboelectric effect

When two uncharged surfaces are brought into contact and subsequently separated, charge re-

mains on both surfaces. This experiment describes the triboelectric effect. This well-known

effect occurs everywhere in nature (Lacks and Mohan Sankaran, 2011). When children play

with a balloon and rub it on their hair, they rejoice the generated electrical charge. The dis-

covery of the triboelectric effect was made by ancient Greek philosophers and often Thales

of Miletus is credited with the discovery (Iversen and Lacks, 2012; O’Grady, 2002). They

rubbed amber1 with fur and generated electricity (Park, 1898). A more intense rubbing of sur-

faces results in a higher amount of generated charge. This observation and also the subword

tribo are misleading, because both might indicate that friction is necessary to obtain charged

surfaces. The rubbing of a balloon only increases the contact/separation probability between

balloon and hair and causes a higher net charge; nevertheless, a single contact suffices to gen-

erate charge. To prevent this misunderstanding, triboelectric or tribo-charging is also called

contact or surface charging (Matsusaka et al., 2010; Matsusaka and Masuda, 2003). However,

a detailed physical description, which considers all factors influencing triboelectric charging,

is still missing for this very early discovered, well known, and common effect.

1.2.2. The physics behind the triboelectric effect

As triboelectric charging depends on surface properties, chemical composition, and physical

structure of the surfaces plays a major role in the charging step. The usual classification

1The word electricia was first used by William Gilbert in De Magnete. It is derived from the Latin word ēlectrum
and came from the greek word for amber ὴλεκτρoν .
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of the triboelectric effect is based on the conductivity of the materials. The reason for it

might be historical, because for conductors and semiconductors a physical description has

been established. Thus, for arranging different phenomena, conductor-conductor, insulator-

insulator, and hybrid contacts are usually distinguished (Lacks and Mohan Sankaran, 2011).

In a conductor and semiconductors, the conductivity can be explained by the Fermi gas

(Fermi, 1926). The Fermi gas describes the electrons in a solid (crystal) without any interac-

tion between the electrons and the ions of the crystal lattice. Thus, the electrons behave like

an ideal gas in classical physics. In reality, the electrons in metals are not able to move with-

out any interaction. They move in the periodic potential of the metal ions which are located at

the crystal lattice. Thus, the interaction between electrons and ions play a major role for the

mobility of the electrons. The order of ions in the crystal is periodic, and thus the potential

(energy) of the electrons is also periodic. Bloch (1929) showed based on the Einstein solid

that the probability of electrons in a solid is periodic and there are areas where no electrons

are found (band gap). These so called Bloch waves just matter for electrons which are located

in bands further from the nucleus. Electrons in bands near the nucleus must comply the Pauli

Exclusion Principle and are bound very strongly to the nucleus, and thus their mobility is

limited. The allocation of the electrons to the bands depends on the Fermi energy E f (depen-

dent on the material). If voltage is applied to a solid, electrons in a full band can not absorb

energy, because no free spaces are available in allowed areas (band). To reach the next band,

the band gap energy ∆Eg� kBT , whereby kB is the Boltzmann constant and T the absolute

temperature, has to be overcome, which is higher than the feasible voltage. The solids with

the Fermi energy within the band gap are called insulators (Figure 1.1). For all conductive

materials, the Fermi energy is within the conductive or valence band. Thus, applied voltage

can increase the energy of electrons and these electrons can move along the electrical field.

Insulator Conductor Conductor

∆Eg� kBT
E f

Conduction
band

Valence
band

E

E f
∆Eg

Figure 1.1.: Simplified scheme of the band model of conductors and insulators. If the Fermi
energy E f is within the band gap, energy supplied by an applied voltage is in-
sufficient to overcome the energy of the prohibited zone ∆Eg. In conductors, the
Fermi energy is within a band, and thus the electrons can reach easily the next
band and can move along the applied electrical field.
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Conductor-conductor contact

Triboelectric charging upon conductor-conductor contact can be explained according to the

band model. In a metal with infinite extension, electrons are only replaced by applying volt-

age, because all electrons in the condition band are attracted homogeneously by the ions. The

surfaces of real solids result in areas where ions are in a half space. Thus, the electrons near

the surface are bound weaker to the ions than those within the metal. The thermodynamic

work (energy) that is needed to remove an electron from a solid into vacuum is called work

function W and is defined as the difference between the energy of the electron nearby the

surface −eφ and the Fermi energy E f :

W =−eφ −E f , (1.6)

with the charge of an electron −e and the electrostatic potential in the vacuum nearby the

surface φ . The difference of the work function of different metals is shown in Figure 1.2.

Thus, the dependency of the crystal structure is clearly visible due to the influence of differ-

ent surfaces according to the orientation in crystal lattice.

When two conductors come into contact, the difference in the surface potential/work func-

3 4 5 6

Polycr.

100

110

111

Ag Al Au Cu Fe Li
Ni Pt Sn V W Zn

P
la

ne

Work function W /eV

Figure 1.2.: Work functions of different metals on different crystal plains and in the polycrys-
talline state (Hölzl and Schulte, 1979).

tion leads to charged solids after contact and subsequent separation (Figure 1.3). Before the

contact, metal A and B have different Fermi levels (Figure 1.3A) and different specific surface

potentials φA and φB. Due to the contact, the Fermi levels are equalised and a surface potential

difference ∆φ is generated (Figure 1.3B). The surface potential difference is equivalent to the

charge that remains on both solids after a separation of the two metals. In our case, metal A is

charged negatively and B is charged positively, because φA > φB, and the charge is equivalent

to the surface potential difference ∆φ = |φA− φB|. (Harper, 1951; Matsusaka and Masuda,

2003)

First experiments with different metal powders to generate electric charge were carried out

by Vollrath (1932). Iron and antimony powders were dispersed in air and blown through a
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E f

Metal A Metal B

φA
φB

∆φ

Metal A Metal B

(A) (B)

E

E f A

E f B

Figure 1.3.: (A) Energy distribution of metal A and B with different Fermi levels E f A, E f B
and the surface potentials φA, φB without contact. (B) Energy distribution of two
metals during and after contact. Due to the contact, Fermi levels are equalised
and electrons flow from the higher to the lower surface potential, which leads to
a negative charge on metal A and a positive charge on metal B after separation.

copper tube and the resulting voltage of 260 kV was measured. This work founded the cur-

rently highly investigated field of triboelectric nanogenerators (Wang et al., 2015b; Wu et al.,

2019). Further experiments demonstrated that for conductors the contact potential difference

∆φ describes triboelectric charging of particulate materials (Gupta et al., 1993; Harper, 1951).

In summary, the contact or triboelectric charge between conductive materials is driven by the

difference in potential difference between the different materials. For all cases, a calculation

of the expected charge with a slight difference to the measured charge is possible.

Conductor-insulator contact

In insulators electrons require a high amount of energy to reach the conductive band, which is

always above the Fermi level as shown in Figure 1.1. As the required energy,

∆Eg� kBT = 0.025eV (at 293.15 K), in most cases the temperature required to reduce the

band gap is higher than the disintegration temperature. However, a linear relationship between

charge density on polymer insulators and metal work functions support an electron transfer

mechanism (Davies, 1969; Gallo and Lama, 1976; Harper, 1967). Gallo and Lama (1976)

also assumed a size dependency of triboelectric charging, because this might lead to charges

in thunderstorms (Mareev and Dementyeva, 2017). These findings assume an apparent or

effective work function for insulators φI and conductors φC through contact:

∆qe f f = c0
−(φI−φC)

e
, (1.7)

where c0 is the contact capacitance between materials (Davies, 1969). Some effective work

functions and dielectric constants are published for insulators (Gallo and Lama, 1976). This

model is based on the idea of an available free electron in an insulator, which is in contrary
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to the thermodynamic states of the electrons in an insulator. The theory of band model as-

sumes a homogenous energy distribution over the whole materials and neglects the surfaces

of solids. To allow an electron transfer between conductor and insulator, the energy level of

the donator or acceptor states of the insulator has to be lower closer to the surfaces. Therefore,

Lowell and Rose-Innes (1980) assumed an exponential decrease of the energy levels towards

the surface, the so called surface state. These lower energy levels might allow insulators to

be charged during a conductor-insulator contact (Anderson, 1994; Bailey, 2001).

The description of an insulator as shown in Figure 1.1 is idealised. In actual insulators, de-

fects or trap states in the band gaps are present and can be occupied by non-equilibrated

electrons. The non-equilibrated electrons are not in their lowest energy state (Lowell and Tr-

uscott, 1986a). For the conductor-insulator contact, the behaviour of the conductor is known,

but the charging mechanism of insulators remains ambiguous.

Insulator-insulator contact

Electron transfer. As already outlined, for the conductor-insulator, contact electrons can

be transferred in spite of the large band gap, because lower energy levels due to surface states

(Lowell and Rose-Innes, 1980) and trap states (Lowell and Truscott, 1986a) are possible.

Furthermore, the electron transfer model is supported by experiments carried out with the

redox couple [Fe(CN)6]3 – and [Fe(CN)6]4 – . This reaction allows a selectivity between elec-

trons and ions, because it can only take place with electrons (Liu and Bard, 2008). It is also

possible to coat a PMMA (Poly(methyl methacrylate)) surface with Cu by immersing the tri-

bocharged PMMA in a solution containing CuSO4 and small amounts of Cu2+ (Liu and Bard,

2009). A further study carried out by Piperno et al. (2011) showed complementary results

to those reported by Liu and Bard (2008, 2009), but offer an alternative interpretation based

on material transfer. The static charge might be induced by uncompensated ions (Apodaca

et al., 2010; McCarty and Whitesides, 2008; Salaneck, 1976) on the surfaces (Piperno et al.,

2011). A further study describes the formation of mechanoradicals, which are created due to

the polymer-polymer contact and can drive chemical reactions (Baytekin et al., 2012a). To

describe or correlate triboelectric charging of insulating materials with bulk electronic prop-

erties, like the dielectric constant, or atomic properties, such as the work function, ionisation

energy, or electron affinity, these approaches are insufficient (Wiles et al., 2003).

In addition to redox reactions, a correlation between the Lewis acid-base concept and tribo-

electric charging was observed and interpreted as evidence for electron transfer. Surfaces with

a Lewis acidity tend to become negatively charged, whereas surfaces with a Lewis basicity

tend to become positively charged (Clint and Dunstan, 2001). The approach of acid-base in-

teraction in general (including Brønsted and Lewis acid-base theory) was used to describe sur-

face adhesion (Fowkes, 1987, 1990). Based on these theories charging was described (Horn

and Smith, 1992; Horn et al., 1993). The concept of Lewis acid-base interaction, which is

used to elucidate triboelectric charging is unusual, because in a chemical way an electron pair

from a Lewis base is shared with a Lewis acid; no electrons are transferred from the electron

donor to the electron acceptor as in redox-reactions (McCarty and Whitesides, 2008).
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Ion transfer. For insulating materials with mobile ions present, like polymers with salt

ions on the surface or ionomers, charge transfer due to ions is comprehended. On the surface

of these materials, there are strongly bound ions of one charge polarity and loosely bond

ions of a contrary polarity. Through the contact with another surface, the loosely bound ions

can be transferred to the other surface. Thus, both surfaces remain charged after contact

(Fenzel-Alexander et al., 1994; Mizes et al., 1998). These results showed that ion transfer is

an essential and general mechanism in charge transfer, not only for materials with inherently

loosely-bound ions (McCarty and Whitesides, 2008). If no mobile ions are present inherently,

the water layer which is present on every surface contains hydroxide ions. During the contact,

a redistribution of the hydroxide ions takes place and after separation charge remains on

both surfaces. In experiments, the charge of a surface was changed by changing the relative

humidity, probably due to the exchange of ions between the water layer and the atmosphere

(Ducati et al., 2010).

Material transfer. The contact of two solids is usually violent on a nanoscale. Thus, small

amounts of material (on the nanometre scale) can splinter off of each surface and subsequently

adhere on original surface or on the opposite surface. Since these interactions are on atomic

scale, contact momentum cannot affect the splintering. Also, small particles adhering on the

surface can change the surfaces due to the contact. These small particles are likely to carry

charge, because bonds must be broken in order to splinter material (Salaneck, 1976) and rad-

icals are formed (Baytekin et al., 2012a). On a polymer film of PS (Polystyrene), material

transfer from PTFE (Polytetrafluoroethylene) balls was determined using X-ray photoelectron

spectroscopy and confocal Raman spectroscopy. The matching surface potentials and sur-

face topographies were detected using Kelvin force microscopy and atomic force microscopy

(AFM), respectively.

Correlation of material characteristics like Young’s Modulus and surface potentials rise a hint

to a link between triboelectric charging properties and material characteristics (Baytekin et al.,

2012b). The charge on surfaces induced by material transfer can be also strengthened due to

the formation of ions on the surfaces (Piperno et al., 2011). Baytekin et al. (2011b) showed

that due to the contact of different polymer films the charge is distributed on both surfaces in

a mosaic structure and sections with opposite charge are stable side by side (Albrecht et al.,

2009).

Mechanoions. Fission of chemical bonds induced by mechanical stress is called mechano-

chemistry, and thus ions are formed due to mechanical stress are named mechanoions. The

contact of two surfaces can lead to newly formed interactions between molecules. Subse-

quent separation results in stress for newly formed surface interactions and fission of bonds.

These bonds can be the newly formed or pre-existing ones which can lead to the formation of

radicals on both surfaces or a cation and an anion for a homogenous or heterogeneous fission,

respectively (Sakaguchi et al., 2014, 1990). The formation of mechanoions contains charge

formation and material transfer (Baytekin et al., 2012a).
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Summary. The physics of triboelectric charging is only partly understood. For conducting

materials, contact charging is described by a physical model which contains the concept of

Fermi (1926) gas and the band model derived from it which corresponds to experimental

findings. Charging of insulating materials is more complex and no universal and agreed-

upon description was found. Different charge transfer mechanisms are discussed and recent

studies point out the significance of material transfer (including fission of chemical bonds)

and ions. The transfer of electrons is discussed controversial. "Perhaps we are now learning

why the field of electrostatic charging has not followed a trajectory similar to those of the

other scientific fields, which were founded in ancient Greece" (Lacks, 2012).

1.2.3. Prediction of charge

For insulating materials, no general charging mechanism is known yet; however, several stud-

ies were carried out to predict the polarity and amount of generated charge.

Empirical triboelectric series. In the empirical triboelectric series, materials are ordered

due to their charge after triboelectric charging. Nernst (1896) presented the triboelectric se-

ries for conductors; it follows the work function of the materials as shown in Figure 1.2. As

the charging mechanism of insulators is still unknown, no series of materials can be calcu-

lated. However, lots of triboelectric charging experiments for insulators were carried out and

the polarity as well as the amount of charge of materials in the charging setup were recorded.

Coehn (1898) showed the first triboelectric series for insulating materials containing solids

and fluids. Shaw (1917) coined the term triboelectric series and ordered metals and insula-

tors empirically. The concept was adapted and the number of materials extended by further

studies (Clint and Dunstan, 2001; Henniker, 1962; Hersh and Montgomery, 1955; Park et al.,

2008b) as also reviewed by Gooding and Kaufman (2011). An example of a triboelectric

series of polymer materials is shown in Figure 1.4.

A correlation of position in the triboelectric series and the functional groups showed that

nitrogen containing polymers developed most positive charge. In PA (Polyhexamethylene

adipamide), the repeating units are linked with an amide bond, whereas PI (Polyimide) ap-

pears uncharged. Halogenated polymers such as PTFE (Polytetrafluoroethylene) and PVC

(Polyvinyl chloride) exhibit the highest negative charge. Thus, PTFE is designated to be

the negative end of the triboelectric series. Polymers containing hydrocarbons show al-

most no charge (PET(Polyethylene terephthalate), PP (Polypropylene), PS (Polystyrene), PC

(Polycarbonate), PMMA (Polymethylmethacrylate), and PVAc (Polyvinyl acetate)) (Diaz and

Felix-Navarro, 2004) (Figure 1.4). However, Diaz and Felix-Navarro (2004) already point out

that the ordering of materials with a low positive or without charge is questionable. The ef-

forts to link the empirical triboelectric series, which is based on experimental observations,

to different material properties was of limited success (Lacks, 2012).

Cyclic triboelectric series. Since charging conditions, material composition, and pre-

treatment plays a decisive role, different experiments result in different orders of the tribo-
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Figure 1.4.: Triboelectric series of the insulating polymer materials PTFE (Polytetrafluo-
roethylene), PVC (Polyvinyl chloride), PET (Polyethylene terephthalate), PI
(Polyimide), PP (Polypropylene), PS (Polystyrene), PC (Polycarbonate), PMMA
(Polymethylmethacrylate), PVAc (Polyvinyl acetate), PVOH (Polyvinyl alcohol),
and PA (Polyhexamethylene adipamide). Materials form a group round zero ex-
hibit only very few charge (Diaz and Felix-Navarro, 2004).

electric series. Some experimental results are unambiguously incompatible with the concept

of the triboelectric series. For example, the series of zinc, silk, paper, cotton, and glass is

known as the cyclic triboelectric series. The shown order is in series with increasing negative

charge; however, the order cotton, glass, zinc, silk, and paper is also valid, and thus these

materials can be ordered circular (Gooding and Kaufman, 2011; Harper, 1967; McCarty and

Whitesides, 2008).

Triboelectric charging of identical materials. When two chemically-identical surfaces

are brought into contact and are subsequently separated, intuitively no charge should be gen-

erated; however, several studies determined charge on both surfaces (Apodaca et al., 2010;

Lowell and Truscott, 1986a; Pähtz et al., 2010; Sow et al., 2012; Waitukaitis et al., 2014; Xie

et al., 2014, 2013). On flat surfaces, the charge generation follows a random, microscopic

level fluctuation (Apodaca et al., 2010), but it is affected by deformation of materials (Xie

et al., 2014). For particulate systems, the particle size might play a major role. It is found

that larger particles are prevalently charged positively and smaller ones are charged negatively

(Sow et al., 2012; Waitukaitis et al., 2014). It is likely that the contacting surface area is cru-

cial for charge transfer (Xie et al., 2013) and the amount of charge q is proportional to the

square root of the contacting area A, i.e., q ∝
√

A (Apodaca et al., 2010).

Summary. Under the objective that for conductors the contact charge can be predicted by

the work function, this concept was transferred to insulating materials. Empirical experiments

without standardised conditions and standardised materials showed no clear tendency towards

one specific series. Furthermore, only contacts of binary material combinations have been

determined and no cross-correlations were used to create triboelectric series. Over time,

more precise measurements and an enhanced understanding of charging mechanisms have

led to contradictions in the triboelectric series and it is questioned whether triboelectric series

exists, not least because triboelectric charging of identical materials. Thus, the triboelectric

series could be an indication but not an evidence for predicting triboelectric charging.
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1.2.4. External influences

Humidity As already expected by dealing with ions as charge carrier, humidity of the

surrounding medium has a considerable influence on triboelectric charging due to the water

adsorbed on the surface of solids. Moreover, humidity affects the electrical conductivity

of surfaces. Lots of studies dealing with the influence of relative humidity on triboelectric

charging and showed a decline in charge by increasing relative humidity (Albrecht et al.,

2009; Ducati et al., 2010; Gouveia and Galembeck, 2009; Hemery et al., 2009; Kolehmainen

et al., 2017; Mohanta et al., 2016; Pence et al., 1994; Schella et al., 2017; Schönert et al.,

1996; Trigwell et al., 2003a). Since water is ubiquitous in technical conditions, water forms a

thin layer of 1-2 nm on every surface. Therefore, Baytekin et al. (2011a) raised the question

"Is Water Necessary for Contact Electrification?" Different polymer surfaces were brought

into contact and separated subsequently under absence of water using a sophisticated setup

in a glove box submerged in paraffin oil. After contact, the charge was determined using a

Faraday cup and compared with experiments under presence of atmospheric water. Results

showed that water is not necessary for triboelectric charging. But, contrary to the assumption

that water/humidity reduces electrical conductivity, water helps to stabilise the surface charge

during and after formation. As water is not required but enhances triboelectric charging, the

role of water in the empirical triboelectric series arises. The charge of water in contact with

different materials when flowing through tubes was examined. Water is charged positively due

to material contact and negatively when flowing through air. Thus, water should be located at

the positive end of the triboelectric series (Burgo et al., 2016; Coehn, 1898).

As remarkably described in the review of McCarty and Whitesides (2008), water might be

essential for the charge transfer by ion transfer. Pence et al. (1994) showed for toner particles

that charge depends on relative humidity. At 0 % relative humidity almost no charge was

measured. An increase of relative humidity higher than 40 % results in rapid decrease of

charge determined on particles made of toner and polymers (Kolehmainen et al., 2017; Schella

et al., 2017). The amount of charge formed by particle-particle interaction increases with

increasing humidity. Same findings were made by determining the charge of particles induced

by changing the humidity, and thus absorbing and desorbing water (Gouveia and Galembeck,

2009).

The role of humidity in triboelectric charging not only has a preventing ability as water af-

fects the electrical conductivity but also promotes and stabilises charging. Since the charging

mechanism(s) still remain(s) vague, the role of humidity for triboelectric charging and within

the proposed mechanisms could not be comprehended; however, there might be an optimal

humidity level for triboelectric charging with regard to used materials. But, to prevent tribo-

electric charging in industrial applications, humidity might play a subordinate role, because

most applications are in the unpersuasive range of humidity.

Contact mode. The contact of surfaces can take place in different modes like rolling, slid-

ing, or static contact. Besides the relative velocity of two surfaces, the normal forces of

the contact can differ and lead to higher contact areas according to the Hertzian theory of
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the non-adhesive elastic contact (Hertz, 1881). Considering the different suggested charging

mechanisms (cf. 1.2.2) the contact mode is ignored. However, various different studies de-

termined an influence of the contact mode (Akande and Lowell, 1987; Atroune et al., 2015;

Ema et al., 2003; Ireland, 2010, 2019; Matsusaka et al., 2007; Matsusyama and Yamamoto,

2006; Matsuyama et al., 2003; Matsuyama and Yamamoto, 1994, 1995; Sow et al., 2012;

Watanabe et al., 2007; Yao et al., 2016). Sliding of particles results in higher particle charge

than a single contact (Atroune et al., 2015). A higher contact momentum of particles also

generates higher amounts of charge (Watanabe et al., 2007). To investigate the influence of

contact mode, single particle collisions are popular. The contact angle (angle between particle

trajectory and the colliding plate) evokes different amounts of charge. An increase in plate

angle results in higher amounts of charge; angels larger ≈60° result in a decrease of charge

(Ema et al., 2003), whereas Ireland (2019) found a maximum of 50°. The decrease of charge

with higher angles results from the transition of slip to roll over the plate (Ema et al., 2003).

For sliding particles, charge is increasing with normal force and length of the slide. The

available contact area might be increased and the contact between particle and plate should

be more tightly (Yao et al., 2016). The increase of charge due to higher contact momentum is

attributed to an increase in contact area (Matsuyama et al., 2003; Matsuyama and Yamamoto,

1994, 1995). The relevance of increasing contact area is shown by a contact of a hard sphere

with a very elastic surface (Sow et al., 2012). This might only be a reason if the particles have

no atomic flat surface and a relative velocity is applied (Baytekin et al., 2011b).

For slipping/bouncing particles an increase in contact time and residence time results in an

increase in charge to mass ratio. Also, a higher sliding and bouncing fraction leads to higher

amounts of charge (Ireland, 2010). These patterns are not describable with a simple capacitor

model as proposed by Matsusyama and Yamamoto (2006). The differences of these studies

are that Matsusyama and Yamamoto (2006) used conducting particles and plates, whereas

Ireland (2010) used a conducting plate and insulating particles.

The contact mode in itself might be merged to a higher probability of surface area interac-

tion. This higher accessible contact area results in an increase in charge generation probability

(Lowell and Truscott, 1986a,b); however, if charged particles collide, a decrease of the gen-

erated charge can also occur in the same interaction rate. Thus, for every interaction case

there might be an equilibrium. This equilibrium could be calculated due to charging and

discharging frequency distributions (Haeberle et al., 2018).

Particle size. When particles are charged, bipolar charging occurs (Zhao et al., 2003).

Thus, in a powder negatively and positively charged particles are present. Several studies

showed that particle size influences the polarity of charge. Larger particles are charged pre-

dominantly positive, while smaller particles charge negatively (Forward et al., 2009; Kok and

Lacks, 2009; Lacks et al., 2008; Lacks and Levandovsky, 2007; Zhao et al., 2002, 2003); how-

ever, also opposite findings were made – larger particles are charged negatively and smaller

particles are charged positively (Mehrani et al., 2005; Sowinski et al., 2010). In order to

understand why bipolar charging occurs depending on particle size, Lacks and co-workers
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carried out a simulative approach and experimental investigations. The simulative approach

deals with the combination of fundamental physics of triboelectric charging and the altered

collision rate of charged particles according to their charge (Lacks et al., 2008; Lacks and

Levandovsky, 2007). In the experimental setup, a bed of particles is partly fluidised like a

fountain through a thin gas stream. Therefore, charging by particle-wall interaction is ex-

cluded. Bipolar charging was measured for monodisperse, spherical particles, indicating that

charge generation of the material is feasible, and for bimodal, spherical particles (Forward

et al., 2009). The same setup is used to investigate different materials and same findings were

made: small particles are charged negatively, whereas large particles are charged positively

(Forward et al., 2009; Kok and Lacks, 2009).

Triboelectric charging of particulate systems is very complex. Under the opinion that

charging mechanisms remain unknown, empirical findings of particle size and polarity of

charge are hazy. All experiments ignore particle morphology and thereby different surface

properties (especially for the differences between small and large particles). The surface

properties might influence charging the most, since triboelectric charging is a surface-physics

phenomenon.

1.2.5. Role of triboelectric charging in process engineering

Hitherto, it was focused on the explanation of triboelectric charging. Process engineering

deals with the utilisation or prevention of physical properties in order to transform raw mate-

rials to products.

Triboelectric charging occurs everywhere; in particular, when particles are involved. Tribo-

electric charging is observed in dust storms (Mareev and Dementyeva, 2017), volcanic clouds

(Anderson et al., 1965; Tanaka et al., 2002), and even in space applications on Mars (Forward

et al., 2009) and Moon (Jackson et al., 2015). Particulate system have obviously many factors

that promote triboelectric charging. Particles have a large specific surface area, and when

they are set in motion, the interaction rate between them is very high. Thus, high amounts of

charged particles are generated.

In process engineering, triboelectric charging is considered to be bane instead of boon, and

mostly the prevention of triboelectric charging is focused on. Triboelectric charged particles

and charged plant components can cumulate high amounts of voltage. These high amounts

of voltage can lead to spontaneous discharges and the formed flashes can lead to dust explo-

sions within the plant (Glor, 2003). Besides these dangerous properties, triboelectric charging

influences further particle characteristics. These can be summarised to electrostatic agglom-

eration (Lee et al., 2015) and the decline in granular flow properties (Boland and Geldart,

1972; Hendrickson, 2006).

Triboelectric charging occurs mainly in plants comprising fluidised beds, pneumatic convey-

ing systems, or dry powder mixing; so mainly where particles are moved. Fluidised beds

are mainly used for drying, coating, and reaction applications. In all cases, applications of

fluidised beds are operated with particles distributed in size. Geldart (1973) correlated the flu-

idisation behaviour according to the particle size. Due to the particle size distribution packing
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density and van der Waals forces between the particles are implied. But due to moving parti-

cles, charge is generated. Therefore, electrostatic interaction is added to the influence forces

on single particles, which affects the fluidisation properties of powder (Boland and Geldart,

1972). Triboelectric charging in fluidised beds depends predominantly on particle size, bub-

ble size and superficial gas velocity (Chen et al., 2003). In a fluidised bed (under bubbling

conditions), negative and positive zones are detected. The charge distribution can be affected

by altering the gas inlet conditions (Tiyapiboonchaiya et al., 2012). Charge generation in

a fluidised bed is not affected by adding larger particles of the same chemical composition;

whereas the addition of smaller particles showed both an increase or a decrease of charge

generation according to the amount of particles added (Wu and Bi, 2011; Yu et al., 2010). Of

course, in fluidised beds the charge of particles and hydrodynamic bed properties influences

each other. Size and frequency of bubbles in the fluidised bed are decreasing and the buble

rising zone is decreasing due to an increase in generated charge. The reason for this might be

electrostatic agglomeration (Dong et al., 2015a,b).

In contrast to fluidised beds, recent research of pneumatic conveying with the focus on tri-

boelectric charging deals with prediction of charge due to the conveying process. There-

fore, most studies are predictive ones (Bunchatheeravate et al., 2013; Cangialosi et al., 2006;

Grosshans and Papalexandris, 2016; Korevaar et al., 2014). The charge of particles can play a

significant role in the spatial distribution of particles. If the particle charge is sufficiently low,

the interaction of particles is not altered by the electrostatic forces (Korevaar et al., 2014).

An increase in conveying air velocity results in an increase in the charge of the powder. The

higher charge might be generated due to a more frequent particle-wall interaction and a higher

turbulent dispersion (Grosshans and Papalexandris, 2016). However, higher air velocities lead

to smaller charge magnitudes, because the residence time for particles in the tube is shorter

(Cangialosi et al., 2006).

Mixing properties in dry powder mixing are mainly influenced by the cohesiveness between

particles. The cohesiveness depends on the acting forces between particles, primary van der

Waals forces and Coulomb force. The Coulomb force depends on the charge of a particle.

Particle charge is increasing due to the triboelectric effect during the mixing process, because

the motion of the particles leads to recurring contacts and subsequent separations of particle

surfaces. The generated charge during powder mixing depends on particle size, amount of

fine particles (0-40 µm), and mixing container size (Karner and Urbanetz, 2012). For binary

mixtures of charged particles, there is an optimal shear velocity which induces a maximum

segregation of the particles (Yoshimatsu et al., 2018). In contrast, an increase of Coulomb

force between particles increased the mixing degree (Lu and Hsiau, 2005). Since higher par-

ticle interactions result in a challenging design of the mixing process, triboelectric charging

disturbs dry powder mixing and is tried to be prevented during the mixing process.

In most process-engineering applications, triboelectric charging is a lack. An increase in

charged particles is accompanied with higher Coulomb forces, and thus with a decrease in

granular flowability as bipolar charging is always present in powders. In summary, motion
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of the particles leads to worse flowability due to the triboelectric effect. Thus, triboelectric

charging is tried to be prevented by discharging particles.

1.2.6. Triboelectric separation

Triboelectric separation is a technique in process engineering where triboelectrically charged

particles are separated due to their different polarity of charge in an electrical field. The actual

separation step is very simple. Charged particles are defected in a homogenous electrical field

due to their charge. Similar to the horizontal throw, the deflection trajectory depends on initial

velocity of the particle, electrical-field strength, particle mass, and particle charge. Thus, the

separation properties within an electrical field can be easily adjusted by the electrical-field

strength for a given powder. Figure 1.5 shows three common types of separators. The plate

separators consists of a capacitor with parallel plates (Figure 1.5 a) or plates with an aperture

angle (Figure 1.5 b), which causes a homogenous (Trigwell et al., 2003b) or heterogeneous

field (Shin and Lee, 2002), respectively. The charged particles are conveyed pneumatically

or due to their gravity in the electrical field. This separation setup allows the separation

of particle sizes up to a minimal size of ∼1 µm. For larger particles (>200 µm) also drum

separators (Figure 1.5 c) are used. The particles are conveyed over a rotating drum electrode

and the other electrode is placed nearby (Dizdar et al., 2018). Thus, the relations of the

separation of triboelectrically charged particles are known and can be adapted to different

requirements like particle charge, flow properties, or throughput.

a) b) c)

Figure 1.5.: Common designs of electrostatic separators: a) parallel-plate, b) angular-plate,
and c) drum separator.

Since the separation step of triboelectric separation is well understood and can be designed

for particles carrying various charge, most studies dealing with triboelectric separation ad-

dress the charging step and different technical possibilities of particle charging are discussed.

The technical possibilities can be divided in tube, gutter, rotary, and fluidised-bed setups.

In tube setups, the particles are conveyed through a tube and the particles are charged due

to particle-particle or particle-wall interaction whereby straight (Gupta et al., 1993; Hemery

et al., 2011, 2009; Sibakov et al., 2014; Wang et al., 2015a, 2014, 2016a,b) and coiled tubes

(Chen and Honaker, 2015; Chen et al., 2014; Wang et al., 2019; Xing et al., 2018) are used.

Coiled tubes are intended to raise particle-wall interaction. Horizontal vibrated gutters charge

particles predominantly due to particle-wall interaction (Atroune et al., 2015; Dizdar et al.,

2018; Dwari et al., 2015; Gupta et al., 1993). In rotary setups, the particles are pneumatically
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conveyed into cyclones and charged due to particle-particle interaction (Mohanta et al., 2016;

Park et al., 2008a; Trigwell et al., 2003b). Furthermore, fluidised beds are used to charge

particles due to particle-particle interaction (Calin et al., 2008; Messafeur et al., 2019; Shin

and Lee, 2002; Tabtabaei et al., 2016a,b, 2017; Zelmat et al., 2015). Thus, the method of

triboelectric charging of particles can be divided into particle-particle and particle-wall in-

teraction. For particle-particle interaction/collision, the flow properties of the gas phase are

most important (Smoluchowski, 1917). Saffman and Turner (1956) showed that an increase

in turbulence dissipation rate results in a higher interaction rate. These correlations are only

applicable for small particles (Wang et al., 1998). For pneumatically conveyed particles,

particle-wall interaction depends also on the flow profiles and boundary-layer theory should

not be ignored (Schlichting and Gersten, 2017; Sommerfeld, 1992). The boundary layer can

prevent particle-wall interaction especially for fine particles. Besides flow induced particle-

wall interaction, for all non flow condition induced particle-wall interactions like particles on

a vibrated gutter, Ireland (2010) described particle-wall interaction with regard to triboelectric

charging (cf. 1.2.4).

Various studies do not merely address differences in particle-particle and particle-wall in-

teraction, in order to understand factors affecting triboelectric separation, but also the ability

of triboelectric separation to separate granular materials and particles. Triboelectric sepa-

ration performance is predominately investigated by separating minerals, plastic waste, and

cereals. The processing of raw and recyclable material starts with comminution. Since com-

minution provides a homogenous powder with a narrow particle size distribution, a separation

of particles according to different materials using air classification (cf. 1.1.3) is not expedient,

because particles after comminution differ neither in size, nor in density. Hence, triboelectric

separation is used to purify coal (Soong et al., 2001). A two-stage beneficiation showed sig-

nificant reduction on sulphur and ash, whereas fine grinding improved bipolar charging and

separation (Trigwell et al., 2003b). Due to triboelectric separation of cocking washery coal,

the proportion of fly ash could be reduced (Mohanta et al., 2016). Furthermore, the mixing-

ratio of coal-silica had an influence on the separation properties (Chen and Honaker, 2015).

The separation properties of coal and sulphur were increased by surface modification with

ethanol (Wang et al., 2017). Until now, triboelectric separation is used in an industrial scale

to separate potash ores, fly-ash, and coal in an industrial scale (Dötterl et al., 2000).

The separation of PVC and PET in a fluidised bed tribocharger leads to highly concentrated

PVC powder in a single processing stage (Shin and Lee, 2002). To separate a mixture of PVC,

PET, and ABS (acrylonitrile butadiene styrene), a setup with cyclone chargers made of dif-

ferent materials was used. In the first step, PVC was separated from PET and ABS using a PP

cyclone. In the second step, the charged PET and ABS was neutralised and after that charged

using a HIPS (high-impact polystyrene) cyclone charger. PET was charged negatively and

ABS was charged positively. Furthermore, an increase in air velocity results in a higher re-

covery rate (Park et al., 2008a). Thus, triboelectric separation is a promising process for the

recycling of plastic waste. Lots of studies were carried out to propose different triboelectric
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separation setups with appropriate operating parameters, in order to transfer these setup to an

industrial scale (Wu et al., 2013).

Besides separation of minerals and recycling of plastic waste, triboelectric separation is

applied to cereals. In most cases, as also in this thesis, an enrichment of protein of commin-

uted cereals is examined. Cereals and other organic raw materials are very heterogeneous

in their natural structure depending on environmental conditions and plant source. Thus, to

produce intermediate food and feed products, different valuable substances can be enriched

using triboelectric separation. Hemery et al. (2011) carried out one of the first studies on

triboelectric separation of cereals. They found that a multi-step purification of wheat bran re-

sults in fraction with higher amounts of ferulic acid, mineral, β-glucans, vitamins, and fibres.

Furthermore, combined triboelectric separation and comminution enriched β-glucan from oat

bran (Sibakov et al., 2014) and lupine protein (Wang et al., 2016b). Both studies showed that

a decrease in particle size leads to higher separation selectivity and efficiency, because the sur-

face area is increased and the particles with different chemical composition are segregated.

Recent studies used tube (Chen et al., 2014; Pelgrom et al., 2015; Wang et al., 2015a, 2014,

2016a,b; Xing et al., 2018) and fluidised bed (Tabtabaei et al., 2016a,b, 2017) setup to charge

cereals and legumes. The separation selectivity βS,i is the quotient of the mass of material i

separated on one electrode mi,el and the mass of powder on the same electrode mel , whereas

the separation efficiency βE,i is the quotient of the mass of material i on one electrode mi,el

and the the mass of material i in the powder before separation mi,0:

βS,i =
mi,el

mel
, (1.8)

βE,i =
mi,el

mi,0
. (1.9)

In addition, separation performance is an often used term to describe both separation selec-

tivity and separation efficiency.

Wang et al. (2014) estimated the potential of triboelectric charging for food powders, the

charging conditions of wheat gluten were investigated relating to particle size distribution,

gas velocity, flow conditions, and humidity. A decrease in particle size and an increase in gas

velocity/flow conditions showed an increase in generated charge on particles. The humidity

of the gas flow improves charge generation up to 40 % relative humidity. Thus, the influenc-

ing factors for triboelectric charging of wheat gluten are present, and separation properties of

a gluten-starch mixture can be evaluated. An increase in initial protein concentration leads to

higher protein concentrations and higher yields in the positively charged fraction. However,

the separation was not as high as predicted by measuring cumulated charge of powder and

the formation of agglomerates is presumed to be the reason. An increase in gas flow rate

and electrical-field strength showed an increase in separation selectivity and efficiency as ex-

pected (Wang et al., 2015a). To enrich dietary fibre from rice bran, a two-step triboelectric

separation setup was used. Triboelectric separation showed a higher amount of smaller parti-

cles compared with sieving, but the same amount of dietary fibre (Wang et al., 2016a). Lupine

protein was enriched after pin milling to approximately∼50 wt.% in a single step separation.
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Two further separation steps raised the protein content to ∼65 wt.%, but the yield decreased

from 22 wt.% to 2 wt.%. In contrast, a recycling and repeated separation of the uncharged

powder results in an increase in protein concentration and yield (Wang et al., 2016b). Xing

et al. (2018) showed that powder preparation plays a decisive role for triboelectric separation

of organic materials. Finer particle size distributions predominantly showed higher protein

contents.

Tabtabaei et al. (2016b) used a fluidised bed to charge and subsequently separate navy bean

flour. In preliminary tests PTFE was found to be the most suitable material for the charg-

ing setup. In the protein rich fraction, 43.5 % of the total protein with a protein content of

40.3 wt.% were increased. To increase the efficiency and selectivity of the triboelectric sepa-

ration setup, a Design of experiment study including the parameters flow rate, electrical-field

strength, plate angle, and tribocharger length was carried out. The optimised operating con-

ditions show a high protein content and a high yield (Tabtabaei et al., 2016a). Flow condition

in the separation step and plate voltage influence the separation conditions in single stage

separation. A two-stage separation enables to enrich protein content to ∼38 wt.% at a total

protein yield of 60 % (Tabtabaei et al., 2017).

Triboelectric charging can be a suitable tool to separate particles due to their ability of

charge generation by contact. Recent publications on triboelectric separation show that it is

already used in processing minerals, but the scope of application to separate plastic waste

materials and organic materials for food and feed production is not yet exploited. This might

be the reason, because for complex organic materials triboelectric charging is more chal-

lenging due to the number of lots of different materials. However, empirical studies show

that triboelectric separation is an excellent method to separate particles due to their chemical

composition.

1.3. Aim of the thesis

The knowledge on triboelectric charging and separation is multifariously, but in most cases

incoherent. The best example for this is the so called empirical triboelectric series, where

different authors found different series (cf. 1.2.3). However, different results under different

experimental conditions are usual for triboelectric charging experiments. Nevertheless, tribo-

electric charging holds great potential to separate materials due to their chemical composition

and the charging process can be influenced by several external factors (cf. 1.2.4).

Gaps in mechanistic understanding identified in the literature, as well as perspectives for novel

applications of triboelectric separation leads to the main hypotheses of this thesis:

H I Triboelectric charging is a suitable tool to separate fine organic powders, and the main

influencing parameters are flow conditions in the charging tube and particle size distri-

bution.

These two parameters might be essential, because both refer to the fundamental con-

cept of triboelectric charging – the contact of two surfaces. The turbulence intensity

increases the interaction frequency and, thereof, the contact and subsequent separation
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of surfaces. The particle size distribution is related to surface area of a particle, and

thus for finer particles a higher amount of surface is available within a sample.

H II Particle-particle interaction plays a decisive role in triboelectric charging and separa-

tion.

Since triboelectric charging is a surface phenomenon, the surface area available for

particles is very high. This high surface area might lead to a high interaction proba-

bility. Furthermore, contacts between particles with different and same materials could

also facilitate charge generation. Therefore, the probability of generating charge might

increase.

H III Particle-wall interaction has no influence on triboelectric separation.

The surface area of the wall material in the charging section is small compared to the

surface area of the particles. Boundary-layer theory also shows a low interaction prob-

ability of particles close to the walls compared to the centre of the flow. Thus, a choice

of the wall material according to the empirical triboelectric series cannot improve or

impair triboelectric separation.

H IV Particle-particle interaction shows multimodal charge distributions according to their

chemical composition.

Since contact between identical materials generates charge and particle size has an

influence on polarity of charge, a charge distribution for a powder might arise. For

binary mixtures, contacts between identical and different materials as well as between

different particle sizes occur.

H V Polarity and amount of charge are independent from particle size in a binary powder

mixture.

It is assumed that the polarity of charge depends predominantly on the chemical compo-

sition of the particle surface. The interaction between two surfaces results in a different

amount of charge. Particle size might have a minor influence on the surface compo-

sition. Thus, polarity and amount of charge are independent and depend on contact

probability.

In summary, the main message of the five hypotheses puts the focus on particle-particle inter-

action with regard to triboelectric separation. To control and to optimise triboelectric charging

and subsequent separation due to particle-particle interaction and chemical composition might

be an expedient possibility from a process-engineering perspective.
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2. Results

2.1. Paper I: Triboelectric separation of a starch-protein

mixture – Impact of electric field strength and flow rate

(Landauer and Foerst, 2018)

Brief introduction

This paper examines the influence of gas flow rate in a turbulent flow regime in the charging

tube and electrical-field strength in the separation chamber on the separation efficiency and

selectivity of triboelectric separation. For the first time, triboelectric separation is used to

separate fine organic powders with a particle size below 50 µm and a mean particle size of

∼10 µm. The used model powder consists of barley starch and whey protein in a proportion

of 85 % and 15 %, respectively.

A simple bench-top triboelectric separator is developed containing a charging section and

a parallel-plate separation chamber. The charging section consists of a Venturi nozzle to

insert powder in a nitrogen gas flow and a charging tube (di = 10mm, lt = 450mm). Both

components are made of PTFE. The investigated flow rates are 2.0, 2.5, and 3.0 m3 h−1, which

corresponds to Reynolds numbers of 5408, 6759, and 8111, respectively. The rectangular

separation chamber consists of a parallel plate capacitor (lc = 400mm, dpl = 46mm, hc =

32mm). Electrical-field strengths of 22, 66, and 109 kVm−1 are applied.

Study findings

Triboelectric separation is a suitable way to separate fine organic powders. Starch and pro-

tein are separated with a high protein separation efficiency (yield) and a very high separation

selectivity. On the cathode a protein content of 80 wt.% and on the anode a starch con-

tent of 96 wt.% are determined. Contray to expectations, the increase in turbulence showed

no change in separation selectivity and efficiency for protein and starch. An increase in

electrical-field strength results in a higher selectivity and efficiency of the triboelectric separa-

tion process. Furthermore, an analysis of the particle size distribution shows different patterns

for cathode and anode; the powder separated on the cathode is finer than the initial particle

size distribution and an increase in electrical-field strength results in a decrease of the mean

particle size, which might represent the high amount of protein powder. The particle size

distribution of powder separated on the anode showed the same patten like barley starch and

stays unaffected by an increase in electrical-field strength.
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Conclusion

i Triboelectric separation is an excellent possibility to separate the fine organic powders

according to their chemical composition.

ii A variation of the turbulence intensity had no influence on separation efficiency and

selectivity assuming that a maximum charge (equilibrium cf. (Haeberle et al., 2018))

has been achieved.

iii An increase in electrical-field strength results in higher separation efficiency and selec-

tivity.
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a b s t r a c t

Triboelectric separation is a method for separating dry particulate systems due to their different electro-
static chargeability. Previous applications are limited to the separation of coarse powders. The aim of the
present study is to examine the influence of the flow conditions and the influence of the electric field
strength on the separation efficiency of starch and protein particles. Very fine organic powders are sep-
arated in a simple bench scale electrostatic separator to extend this technique to powders below 50 mm.
The influence of different gas flow rates in the turbulent flow regime on particle charging and subsequent
separation is investigated.
As an organic model substrate, a mixture of barley starch and whey protein was used. The tribocharger

consists of a PTFE charging tube and a rectangular separation chamber where an electric field is applied
between two electrodes. The particles are conveyed through the charging tube and charged by frictional
contact with the tube wall. It is shown that different gas flow rates at a turbulent flow regime in the
charging tube did not change the separation characteristics. In contrast, increasing electrical field
strength increases separation efficiency of protein particles regardless of gas flow conditions. The propor-
tion of starch at the anode is the same for all the investigated parameters.
� 2017 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.

1. Introduction

Triboelectric charging occurs when two contacted solid surfaces
are separated again [1]. It is a poorly understood phenomenon,
though ubiquitous in handling of dry particulate systems [2–5].
In powder handling, triboelectric charging can promote undesir-
able aggregation in pneumatic conveying systems [6–8]. Further-
more, it can encourage dust explosion hazards [9]. On the other
hand, the triboelectric effect can be employed for the separation
of fine powders with different triboelectric properties [10].

In order to separate powders based on their triboelectric prop-
erties, the particles must be charged first. However, electrostatic
separation is so far only applied for the separation of coarse bulk
materials with particle sizes larger than 100 mm [11,12]. In this
study, we investigated for the first time the effect of triboelectric
charging on the separation of fine organic powders with a mean
particle sizes of 10 mm. The possible combinations of different
materials to induce triboelectric charging are widespread [13,14].
Basically, electrostatic charging can be classified by the electric

conductivity of the contacted materials, namely insulator-
insulator, insulator-conductor and conductor-conductor [2,15–
18]. The precise mechanism is not yet known for insulating mate-
rials [19,20]. For insulating materials triboelectric charging
depends on surface properties. The surface properties can be
described by the roughness and the chemical composition [21–
23] as well as the morphology of the particle [24,25].

Triboelectric charging has been studied for the separation of
powders by a number of authors. Triboelectric charging is mainly
used for the separation of silica from coal [26–28], a-lactose from
pharmaceuticals [29–32], plastics from waste [33–35] and for sep-
arating ground cereals [36–44]. In particular, dry electrostatic sep-
aration of ground cereals is a qualified method to enrich functional
ingredients like protein or bran from wheat [36,37], rice [38], or
legume [41–43]. As powders of natural origin usually consist of a
mixture of numerous functional molecules, dry electrostatic sepa-
ration has the potential to enable the efficient separation of func-
tional ingredients [45,46].

Devices for the triboelectric separation of the ingredients of
ground cereals are usually based on two different material combi-
nations. Either, the powder is charged by insulator-conductor con-
tact [36,38–40,43], where the particles come in contact with an
aluminum plate before they are separated in an electric field with
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a field strength between 100 and 250 kV/m. It was reported that
the separation efficiency of a starch-gluten mixture can be con-
trolled by the applied electrical field strength [39]. In the other
works, ground cereals are triboelectrically charged by the contact
with a polytetrafluorethylene (PTFE) surface. The particles can
reach a higher charge due to the contact with PTFE compared to
other insulating materials [28]. Therefore, lower electrical field
strengths are sufficient to separate the protein-starch powder for
this material combination [41,42,44].

Barley starch consists of large and small starch granules. The
large starch granules from barley have an elliptical shape and an
average particle size of about 20 mm. The small starch granules
are spheres with a mean particle size of 5 mm. The proportion in
the number of small granules is about 90 %. Thus, barley starch
has a bimodal particle size distribution with maxima at 5 and
20 mm [47].

The aim of our work was to investigate the potential of tribo-
electric charging as a method for the separation of a very fine-
grained protein-starch mixture. Both mixture components are in
the same order of magnitude in size and density (mean particle
size of 10 mm). This powder is not separable by conventional air
classification. Therefore, novel methods for the separation of these
kinds of mixtures have to be developed [45]. The protein and
starch particles are similar in size but different in their chemical
composition and particle morphology. Therefore, the driving force
for separation is not size but triboelectric chargeability of the pow-
der components.

2. Materials and methods

2.1. Materials

Barley starch was purchased from Altia Corporation, Finland,
with a protein content below 0.5 wt% and a fat content below
0.6 wt%. The starch content was examined by a method where
starch is hydrolyzed enzymatically and the formed glucose content
is determined using 4-Aminoantipyrine in a dye reaction [48]. The
moisture content was measured by Karl Fischer titration using a
pretreatment for starch and protein powders [49]. Barley starch
was determined to a starch content of 97.0 ± 1.5 wt% in dry matter
and a moisture content of 10.9 ± 0.6 wt%. Whey protein isolate
powder was obtained from Davisco Foods International, USA, with
a protein content of 97.6 wt% in dry matter. The moisture content
was determined to 7.5 ± 0.5 wt%.

2.2. Particle preparation

To obtain protein particles in the same size range as the starch
particles, whey protein powder was dry comminuted in a lab-scale
agitator bed mill with a MoliNex eccentric disk agitator (PE 075,
Netzsch Feinmahltechnik, Selb, Germany) for 15 min at
2000 rpm. Zirconium dioxide grinding balls with a size of
1.25 mm were used. The target diameter x50,3 was 4 mm.

2.3. Particle analysis

Particle size distributions were measured using the laser
diffraction system Helos with the dry dispersing unit Rhodos and
the wet dispersing unit Quixel (Sympatec, Clausthal-Zellerfeld,
Germany). To disperse the powder in wet stage, ethanol was used
as dispersant.

Scanning electron microscopy (SEM) pictures of used powders
were made using GeminiSEM 500 (Carl Zeiss, Oberkochen, Ger-
many) at a voltage of 1 kV.

2.4. Statistics

All measurements were performed in triplicate and are pre-
sented with the 95% confidence interval of the mean using Stu-
dent’s t-test. The uncertainty of quantities depending on multiple
variables is given by the propagation of error.

2.5. Electrostatic separator

A benchscale electrostatic separator was constructed to perform
separation experiments with very fine powders (Fig. 1). The sepa-
rator consists of three parts. The Venturi nozzle (1) is used for dis-
persing the powder mixture in a nitrogen stream [50]. To disperse
the manually added powder in the gas flow, a funnel was installed
at the narrowing of the nozzle. A polytetrafluorethylene (PTFE)
tube (2) with an inner diameter of 10 mm and a length of
450 mm was used as charging segment directly behind the Venturi
nozzle. The particles are triboelectrically charged by particle-
particle and particle-wall collisions inside the tube. In the separa-
tion part (3), the applied voltage of the parallel plate capacitator is
adjustable from 1 to 5 kV, which corresponds to an electrical field
strength between 22 and 109 kV/m. The nitrogen stream conveys
the triboelectrically charged particles into the separation setup.
The charged particles are separated by the interaction with the
applied electrical field between the parallel stainless steel capaci-
tor plates.

2.6. Separation procedure

The bulk material for separation experiments consist of a mix-
ture of starch and protein powder with a weight ratio of 20:3
(starch/protein). This refers to a protein content of 15 wt% The
gas volumetric flow rate was adjusted to 2.0 m3/h, 2.5 m3/h, and
3.0 m3/h and the electrical field strength of the capacitator to
22 kV/m, 66 kV/m and 109 kV/m, respectively. To perform a sepa-
ration experiment, gas flow rate and electrical field strength were
set and approximately 2.5 g of the powder were dispersed within
5 min in the nitrogen stream.

To evaluate the selectivity of the separation experiment, both
mass fraction and protein content of the bulk material adhered
to both electrodes was analyzed. The purity of enriched protein
bi on the electrode i was calculated by (1).

bi ¼
mi;p

mi
ð1Þ

where mi,p is the mass of protein and mi is the total mass on the
electrode i. The protein separation efficiency bi,p on the electrode i
is defined as the quotient of the protein purity bi and the initial pro-
tein content bp scaled with the mass yield wi (2).

bi;P ¼ biwi

bP
¼ mi;p

mp
ð2Þ

2.7. Protein concentration

The protein content was determined by taking an aliquot of the
bulk material and dispersing it in 0.15 M NaCl, pH 7 buffer to
achieve a protein concentration between 0.2 and 1.0 mg/ml. After
an incubation time of 10 min, the probe was centrifuged at
2000 rpm for 5 min to separate the indissoluble starch particles
and the absorbance of the supernatant was determined photomet-
rically at 280 nm [51]. The protein content was then calculated
using a calibration line, which was prepared by serial dilution of
whey protein powder.
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3. Results

3.1. Particle size distribution of the used powder

Fig. 2 shows the measured cumulative distribution q3(x) of the
used protein powder, the starch powder and the protein-starch
mixture. All particle sizes are in the same order of magnitude
between 0.1 and 30 mm. The comminuted protein and starch parti-
cles are smaller than 20 mm and 30 mm, respectively. The particle
size distribution of the protein-starch mixture (15 wt% protein) is
located between starch and protein. Up to 30% of the volume of
particles has a size smaller than 10 mm and about 42% of the vol-
ume lie in the range of 10–20 mm.

Fig. 3 shows SEM images of starch, protein, and protein-starch
mixture. Starch particles have elliptical shape a very smooth sur-
face. On the other hand protein particles are have a rough surface
and no defined shape. In protein-starch mixture protein particles
adhere on the starch particle surface.

3.2. Separation characteristics

3.2.1. Gas flow rate
Triboelectric charging of particles is induced by contacting dif-

ferent materials, in this case protein and starch particles with the
PTFE tube wall. The impact of the gas flow rate on charging and
separation was studied in a first step as the flow conditions influ-

ence the particle-particle and particle-wall collision frequency.
Reynolds numbers were calculated for the chosen gas flow rates
of 2.0, 2.5 and 3.0 m3/h corresponding to 5408 ± 87, 6759 ± 96,
and 8111 ± 107, respectively. Reynolds numbers in the rectangular
separation chamber are 1720 ± 18, 2150 ± 15, and 2580 ± 15 corre-
sponding to the chosen gas flow rates. For Reynolds numbers larger
than 2400, inside the charging tube, turbulent flow was assumed
[52]. In the rectangular separation chamber, flow conditions are
in the laminar-turbulent transition regime or in the turbulent
regime. Turbulent flow or high gas velocities are necessary to dis-
perse particles in a gaseous phase [50].

Fig. 4 shows the deposited mass fraction of the powder remain-
ing on both the cathode (negative electrode) and the anode (posi-
tive electrode). After experimental procedure about 80% of the
dispersed powder was collected on the electrodes. The experimen-
tal setup was cleaned after each experiment and a thin, not weigh-
able layer of the remained powder was removed. No significant (a
= 0.05) differences were observed when increasing the gas flow
rate within the studied range of Reynolds numbers (5408–8111).
Independent from the electrical field strength, 94 ± 4% of the total
mass is charged negatively and collected on the anode.

Only a small proportion is charged positively after the particle
wall interaction. Thus, in the investigated flow regime, the mass
fractions on the electrodes are independent on gas flow rate. Lower
gas flow rates could not be investigated due to insufficient dis-
persibility of the powder in the gas stream.

3.2.2. Electrical field strength
The separation characteristics of the contact-charged particles

depend on the net charge of every particle and the applied capacity
of the parallel plate capacitator. In order to influence the separa-
tion efficiency of triboelectrically charged organic particles, differ-
ent electrical field strength were applied on the capacitator. Fig. 4
shows the impact of an incremented electrical field strength from
22 kV/m to 109 kV/m on the mass deposition. A significant
increase between 22 kV/m and 109 kV/m of the mass fraction on
the cathode was observed. Analogously, the mass fraction
decreases on the anode. The observed effect of increasing electrical
field strength is very weak.

3.3. Selectivity of separation

3.3.1. Gas flow rate
In order to investigate the influence of the gas flow rate on the

selectivity of the separation, the protein content of the powder on
both the cathode and the anode were analyzed (Fig. 5). The protein
content on the cathode was consistently higher than on the anode.
In addition, an enrichment of protein on the cathode compared to
the initial powder (15 wt%) is seen for each gas flow rate. In con-
trast, the protein concentration at the anode is a considerably
smaller than the initial protein concentration. Thus, protein parti-
cles are preferably positively charged by the contact with the PTFE

12
3

4

10 cm

Fig. 1. Bench scale electrostatic separator schematic representation (top) and photo (bottom) with Venturi nozzle and funnel (1), charging tube (2), and rectangular
separation chamber (3). The arrow indicates the direction of flow (4).
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insulator. No significant changes in protein content on both elec-
trodes could be shown by increasing the gas flow rate within the
turbulent flow regime. It is, therefore, concluded that an influence
of different turbulent gas flow rates on electrostatic protein sepa-
ration for small particles is negligible.

3.3.2. Electrical field strength
Fig. 5 also includes the protein content at the electrodes for dif-

ferent electrical field strengths. The protein content on the cathode
increases with an increasing electrical field strength. To ensure a
reproducible enrichment of protein on the cathode, an electrical
field strength of 66 kV/m is necessary. No significant increase in
protein content could be measured by further increasing the elec-
trical field strength to 109 kV/m. On the other hand, the protein
content on the anode is not significantly affected by increasing
the electrical field. Similar results are obtained for gas flow rates
of 2, 2.5, and 3 m3/h.

The results show that triboelectric separation is a potential
technology to separate fine powders to obtain high purity. A high
protein concentration of 80 wt% on the anode and a high starch
concentration of 96 wt% on the cathode could be achieved. The
selectivity of the separation for the used model system is, there-
fore, very high.

3.4. Protein separation efficiency

To evaluate the selectivity of the triboelectric separation pro-
cess, Fig. 6 shows the protein separation efficiency under varied

test conditions. Like for the mass deposition and protein content,
the gas flow rate in the studied range of Reynold numbers has no
significant influence on the protein separation efficiency. In con-
trast, the change in capacitator electrical field strength leads to
successively increasing protein yields on the cathode. For an elec-
trical field strength of 109 kV/m, a separation efficiency of 0.58 can
be achieved. On the other hand, the protein separation efficiency
on the anode is statistically unaffected by the chosen electrical
field strength and remains at about 0.24. The mass balance could
not be closed due to the small amounts of powder used for the
experiment. Thus, small weight losses have a very strong impact
on the mass balance and thereby on the protein separation
efficiency.

3.5. Particle size distribution of the collected powder

Fig. 7 shows the particle size distribution of the powder depos-
ited on cathode and anode for a gas flow rate of 2.5 m3/h. On the
anode, the particle size distribution remains unaffected by an
increase in the electrical field strength. The distribution shows a
typical mode for barley starch powders at approximately 20 mm
[47]. This indicates that there is a variety of so called large starch
granules in the powder separated on the anode. Thus, the powder
composition is not affected by the electrical field strength. In con-

a) b) c)

10 µm 10 µm 10 µm

Fig. 3. Scanning electron microscope images of starch (a), protein (b), and protein-starch mixtures.
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Fig. 4. Mass fraction on the cathode and the anode depending on the gas flow rate
at 2, 2.5, and 3 m3/h at different electrical field strengths. The mass fraction is not
affected by an increased gas flow rate.
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Fig. 5. Protein content on the cathode and the anode depending on the gas flow rate
at 2, 2.5, and 3 m3/h and different electrical field strengths. The initial protein
content of the powder was 15 wt%. The gas flow rate has no significant impact on
protein content or purity on the cathode. An increasing electrical field strength
leads to an increase in protein content on the cathode. The protein content on the
anode remains unaffected and a starch powder with high purity is separated.
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trast, the particle size distribution on the cathode is strongly influ-
enced by the electrical field strength. At an electrical field of 22 kV/
m, the distribution has a peak at approximately 20 mm. Thus, the
volume fraction of the larger starch particles is substantial. When
the electrical field strength is increased to 66 kV/m, the peak is
shifted to lower particle sizes. Further increase in electrical field
strength leads to a decrease of the particle mean diameter and
the peak at 6 mm is elevated.

4. Discussion

4.1. Gas flow rate

Triboelectric separation is only slightly influenced by the
applied flow conditions within the investigated flow regime.

Increasing turbulence, and the accompanied higher particle-wall
collision frequency, which was not tracked, showed no significant
influence on separation characteristics. It can be assumed that an
increase in turbulence might not increase particle charging. There-
fore, it can be assumed that the impact momentum plays a minor
role in the contact charge of particles below 30 mm (Fig. 2) contrary
to larger particles [53]. On the other hand, the consistent geometry
leads to a turbulent transition in the separation chamber when
increasing the gas flow rate. However, the protein separation effi-
ciency is statistically unaffected by the gas flow rate and turbulent
flow conditions. These findings expand the results that a transition
from laminar to turbulent flow regime has an influence on tribo-
electric charging and leads to an increase in protein separation effi-
ciency [1]. This indicates that turbulent flow conditions are
sufficient for triboelectric charging for both starch and protein par-
ticles and a further increase in turbulence does not improve the
separation efficiency.

4.2. Electrical field strength and overall separation efficiency

In order to investigate the separation characteristics of the tri-
boelectrically charged particles, the influence of electrical field
strength is investigated. Starch particles are preferentially nega-
tively, protein particles positively charged (Fig. 5). Higher electrical
field strength increasingly deflect charged particles and, therefore,
both the protein yield and the mass deposited at the cathode are
increasing (Fig. 4). A further increase of the electrical field strength
over the chosen maximum of 109 kV/m for very fine powders
could be necessary. Separation efficiency is heavily influenced by
increasing the electrical field strength and no stagnancy is
observed in this study (Fig. 6). Furthermore, particle size distribu-
tion and separation efficiency show the same tendencies. In con-
trast, electrical field strength was in the same magnitude as
shown elsewhere [39,41].

4.3. Protein content and particle size distribution

For the discussion on separation efficiency, both the particle
size distribution (Fig. 7) and the protein content (Fig. 5) are
employed. The powder, which is deposited at the anode, is neither
affected by the gas flow rate nor by the electrical field strength. It is
therefore likely that in contact with PTFE the starch particles are
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Fig. 6. Protein separation efficiency at gas flow rate of 2, 2.5, and 3 m3/h and
different electrical field strengths. The gas flow rate has no influence on the protein
separation yield. An increase in the electrical field strength leads to higher protein
yields on the cathode.
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Fig. 7. Particle size distribution of powder collected on the cathode (left) and on the anode (right) after triboelectric separation at a gas flow rate of 2.5 m3/h. Triangle square
and circles mark an electrical field strength of 22, 66, and 109 kV/m, respectively. The powder collected on the cathode is significantly finer than on the anode. At an electrical
field strength of 22 kV/m, no separation between the finer protein and the coarser starch particles can be seen. As the electrical field strength is increased, the peak at 20 mm
vanishes and a new peak at 6 mm appears. The particle size on the anode is not affected by the electrical field strength.
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charged stronger than the protein particles. Second, the composi-
tion of the powder deposited on the cathode is influenced by the
electrical field strength but not by gas flow rate within turbulent
flow regime. However, turbulent flow leads to an increase in pro-
tein content and smaller particles on the anode [44]. With increas-
ing electrical field strength, the particle size distribution is shifted
to smaller particles and the purity of the powder was increased
(Fig. 5). When comparing particle size distribution and protein
content at 22 and 66 kV/m, a significantly decrease in mean parti-
cle size and increase in purity is apparent. This is attributed to the
large starch granules from barley represented by the peak at 20 mm
in the particle size distribution. Fig. 3c shows small protein parti-
cles adhere on large starch granules. Thus, at low electrical field
strength adhesion of protein particles cannot be overcome. This
could be an explanation why large starch particles are detected
on the cathode at low electrical field strength. In addition, at an
increased electrical field strength a new peak at 6 mm is formed
indicating an increasing amount of protein particles. In addition,
small starch granules with a mean diameter of 5 mm can contribute
to the peak forming at 6 mm. These effects have not yet been
observed so far [38,44]. Therefore, a certain electrical field strength
is necessary to separate triboelectrically charged starch and pro-
tein particles. A relationship between peak height at 6 mm and pro-
tein content is clearly recognizable. Furthermore, if a separation of
elliptical and spherical starch granules can be assumed, triboelec-
tric separation might be a reliable separation method.

5. Conclusion

In order to separate very fine powders, triboelectric separation
is shown to be a useful method. For the first time, we were able
to separate a very fine protein-starch powder mixture within the
same order of magnitude in size and density with a mean particle
size of 10 mm. It is assumed that the driving force for separation is
mainly the composition of the surface of the particles. The powders
made of starch and protein were separated with a protein separa-
tion efficiency of up to 0.6 on the cathode in one single step. Fur-
thermore, high purity of protein (80 wt%) and starch (96 wt%)
were achieved. Different turbulent gas flow rates in the charging
section of the bench scale electrostatic separator did not influence
the particle charge with regard to separation efficiency To ensure a
sharp separation of the oppositely charged particles, a minimum
necessary electrical field strength resulting from the applied volt-
age is required. Moreover, large starch granules are charged nega-
tively, which is visible from the absence of large particles in the
powder remaining on the cathode. Further work will be done to
investigate the influence of the protein-starch ratio on the separa-
tion efficiency. On the one hand, the design of the electrostatic sep-
arator needs to be improved to increase the separation efficiency
by decreasing powder loss. Therefore, the laminar flow conditions
in the separation chamber should be improved and the construc-
tion should be modularized in order to enable a series connection
of triboelectric separators which can enhance throughput for the
industrial application. On the other hand, to apply the gained
knowledge to further particle systems with different chemical
and surface properties like roughness and ability of wetting, a pre-
diction of the chargeability should be necessary. Here, analytical
methods should be used to develop a correlation between the par-
ticle system, the particle properties, and the chargeability adapted.
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2.2. Paper II: Effect of particle-wall interaction on triboelectric

separation of fine particles in a turbulent flow (Landauer

et al., 2019a)

Brief introduction

The influence of particle-wall interaction is examined in this paper. Particle-particle and

particle-wall interactions occur if particles are conveyed trough a tube. According to different

studies (cf. 1.2.4 and 1.2.6), particle-wall interaction is suggested to be the driving force of

triboelectric charging of powder mixtures. Thus, the charging section consisting of Venturi

nozzle and charging tube are made of different plastics (PTFE, PVC, POM, PE, PMMA).

Moreover, to avoid particle-wall interaction, a boundary-layer control setup consisting of a

porous tube is used. The boundary-layer control setup enables to influence the thickness of

the boundary layer, and thus the flow conditions. To adjust different boundary-layer thick-

nesses, the perpendicular flow rate is set to 2.5, 5.0, and 10.0 % of the main flow (3 m3 h−1).

Computational fluid dynamic (CFD) simulation is used to visualise the flow profile within the

charging section for all different setups and to evaluate the possibility of particle-wall interac-

tions. Based on the simulation results, collision numbers are calculated for all experimentally

investigated setups (Saffman and Turner, 1956).

Study findings

The use of different wall materials results in no significant differences in selectivity and effi-

ciency of triboelectric separation. Neither an increase nor a decrease of separation properties

is found according to the triboelectric series. However, separation efficiency and selectivity

slightly decreased when the boundary-layer-control setup is used compared to the plain wall

setup. A variation in the perpendicular flow rate has no influence on separation properties.

The flow profiles of the boundary-layer-control setup show an increase in the thickness of the

laminar sublayer. Thus, particle-wall interactions can be neglected. Particle-collision num-

bers are calculated from the CFD simulation results to examine the differences between plain

wall and boundary-layer-control setup. The boundary-layer scenario with the lowest perpen-

dicular flow rate (2.5 %) shows a slightly lower contact number compared with the plain wall

scenario. A further increase in perpendicular flow rate results in a decrease in particle con-

tact number, because boundary-layer-control decreases turbulence dissipation ε . However,

by comparing separation properties and contact numbers of plain wall and boundary-layer-

control setup, the slight decrease in contact number results in a larger decrease in separation

properties, whereas the constant decrease in contact number due to the perpendicular flow

rate has no influence on separation properties.

Conclusion

i Wall materials of the charging tube and its position in the empirical triboelectric series

have no influence on the separation properties.
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ii Correlation of separation properties and contact numbers show no clear dependency,

but indicate an influence on triboelectric charging and separation.

iii The influence of particle-wall interactions cannot be excluded, but a major impact on

triboelectric charging could be questioned.
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a b s t r a c t

Triboelectric separation is an effective way to separate fine powders with particle sizes and densities in
the same order of magnitude. Many relevant process variables influence the charging behaviour; how-
ever, the corresponding effects on the subsequent separation of particles remain unknown. To utilize tri-
boelectric separation as a powerful tool for fine powder separation, process parameters such as the choice
of contact wall materials in the charging region have to be investigated. We report for the first time the
influence of the tube’s wall material, in which particle charging took place, on triboelectric separation of
fine protein-starch mixtures. Different electrically insulating materials along the triboelectric series were
tested. No significant influence of the wall material on the separation selectivity and efficiency was found.
In addition, particle-wall interaction was inhibited using an experimental setup which allows to control
the flow boundary-layer by blowing out air through the tube wall. Also the results obtained by this novel
setup showed no significant differences compared to the setup with particle-wall interactions.
Additionally, CFD simulations were used to confirm the absence of particle-wall interactions in the
boundary-layer control setup. A variation of the boundary-layer thickness leads to a constriction of the
particle-containing flow region in the centre of the pipe. Experiments show that this compression of
the particle flow zone results in no further increase in selectivity and efficiency of separation. Thus,
particle-particle interaction is the prevalent triboelectric charging mechanism of fine powders charged
in a turbulent flow regime.
� 2019 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.

1. Introduction

Contact and subsequent separation of surfaces leads to electri-
cal charge transfer. This phenomenon is called contact charging
or triboelectric charging. Triboelectric charging is one of the oldest
but still poorly understood phenomena [1]. However, it is prevail-
ing where particles are moved in a gaseous phase such as dust
storms [2], volcanic eruptions [3,4], formation of planets [5],
fluidized beds [6–8], pneumatic conveying [9,10], powder coating
[11], etc. In most industrial applications, triboelectric charging is
an undesirable effect as it leads to dust explosion hazards [12].
Surprisingly, triboelectric charging of a dry powder dispersed in a
gaseous phase is a promising possibility to separate particles over
a large size range from 1 mm to 1 cm due to their ability to charge
triboelectrically. Triboelectric separation is predominantly applied

to coarse bulk materials larger than 100 mm on lab scale. Neverthe-
less, the triboelectric effect also opens up new possibilities in the
separation of finer powders. The decrease of particle size leads to
an increase in specific surface area and thereby the probability of
surface contact increases. Furthermore, finer particles have a
higher charge to mass ratio, thus separation at lower electric field
strengths is feasible [13,14].

To use triboelectric separation as an industrial separation tech-
nology, a deeper understanding of the physics of triboelectric
charging is necessary for target-orientated plant design. Three dif-
ferent mechanisms of charge transfer – electron, ion, and material
transfer – may play a role while focusing on the contact of insulat-
ing materials. First, the electron transfer mechanism cannot occur
theoretically in insulators due to the large band gab. However, real
insulators have defects or ‘trap’ states in the band gap and
electrons can move to lower non-equilibrium states [15]. These
non-equilibrium electrons show a high reactivity in redox-
reactions [16–18]. Secondly, materials with strongly-bound ions
at the surface are balanced with loosely bound counterions. If
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contact between these surfaces occurs, loosely bound ions can be
transferred and a net charge may appear for each surface [19]. In
this case, the humidity at the surface plays a major role [20].
Thirdly, material transfer in form of nanoscale particles can lead
to charged surfaces after contact. This material transfer is driven
by the inhomogeneous surface at the nano/atomic scale [21,22].
Hence, the incidence of various charging mechanisms reflects that
different material characteristics, their combination, and various
external factors like humidity influence triboelectric charging
[23,24]. The derived physical understanding points up the different
behaviour of conductive and insulating materials. To prevent an
intermingling of different triboelectric charging mechanisms, only
triboelectric charging between insulating material is investigated
in this study. The chosen insulating materials are readily available
plastic materials with a high potential for an industrial application.

In both cases, and even if particles with identical material
collide, bipolar charging will occur. Thus, simple measurement
of the particle’s net charge does not help in assessing the influ-
ence of particle-particle and particle-wall interaction on tribo-
electric separation. The influence of different parameters on
triboelectric charging like conveying techniques such as sliding,
bouncing, and fluidisation [25–27], powders of different plastics
and different organic materials [28,29], and different particle
sizes [30,31] were investigated. With regard to the indetermi-
nate charging mechanism, the monitored influencing factors dur-
ing triboelectric charging and subsequent separation for
insulating organic powders in a turbulent flow regime must be
narrowed down to unlock potential fields of application. The
wall material can be ordered along the triboelectric series
[32,33], which provides only empirical values for the already
investigated material combinations. Thus, separation characteris-
tics of binary powder mixtures should be different for varying
material combinations, which might result in different amounts
of net charge provided that the triboelectric series is the suitable
prediction model. However, the general validity of the triboelec-
tric series was already questioned [34,35]. Therefore, two
hypotheses that are widely assumed in the literature are explic-
itly tested in this study:

H1. The tube material has an influence on the charging properties
and, thus, on the separation characteristics.

H2. Particle-wall interaction plays an important role in particle
charging.

2. Materials and methods

2.1. Materials

Whey protein isolate and barley starch were purchased from
Davisco Foods International, USA, and Altia, Finnland, respectively.
Whey protein isolate has a protein content of 97.6 wt% dry matter.
Barley starch has a protein content below 0.5 wt% and a starch con-
tent of 97 wt% dry matter.

To get a narrow particle size distribution, barley starch was
classified with a wheel classifier ATP 50, Hosokawa Alpine,
Germany at a deflection wheel speed of 10,000 rpm, a mass flow
rate of 4.3 kg/h and an air flow rate of 58 kg/h. Whey protein
was pre-ground with the same conditions as reported before [14].

Plastics for constructing different charging tubes were
purchased from Sahlberg, Germany (Polytetrafluoroethylene, PTFE;
Polymethylmethacrylate, PMMA; Polyvinylchloride, PVC; Poly-
oxymethylene, POM) and Reichelt Chemietechnik, Germany (Poly-
ethylene, PE and porous Polyethylene tube).

2.2. Method

2.2.1. Experimental setup
Fig. 1 shows the experimental setup (modified version of

reported setup [14]) consisting of a changeable charging section
and a rectangular separation chamber. In the separation chamber
the particles adhere on the surfaces of the electrodes according
their charge. The fundamental parts of the charging section are a
Venturi nozzle to disperse the powder and the charging tube with
a diameter of 10 mm and a length of 230 mm. The setup enables
the use of different wall materials in the charging section. In the
present study, five different insulating materials PTFE, PVC, PMMA,
POM, and PE were used. In order to disperse and accelerate the par-
ticles, a gas flow rate of 3 m3/h was chosen. In an additional set of
experiments, the tube in the charging section was replaced by a
porous PE tube (BLC). An air stream through the porous tube’s
walls (boundary-layer blowing flow rate) enables boundary-layer
control in the charging tube. Different proportions (2.5%, 5%, and
10%) of the total gas flow were radially blowed into the charging
tube to keep the particles away from the wall and thus to inhibit
particle-wall interactions. The parallel-plate capacitor in the rect-
angular separation chamber (46 mm � 52 mm � 400 mm) is oper-
ated with an electric field strength of 109 V/m. Binary mixtures of
protein-starch with protein contents of 15 wt% were used.

2.2.2. Analysis of protein content
The protein content of the separated powders was measured as

described before [14]. To evaluate the protein separation efficiency
(PSE) indicating the yield of protein depending on the quotient
protein purity on the electrode i, bi, and the initial protein content
bp is weighted with the and the mass yield wi (1). The mass of the
separated powders was determined by weighing the removed elec-
trodes, thus minimizing the loss of material through further pro-
cessing steps. Thus, the PSE is equivalent to the quotient of mass
of protein on the electrode mi,p to the initial protein mass mp.

PSEi ¼ bi

bP
wi ¼ mi;p

mp
ð1Þ

2.2.3. Particle size analysis
Particle size distributions of the used powders were determined

using the laser diffraction spectrometer HELOS, Sympatec,
Germany, with the wet dispersing unit CUVETTE. The powder is
dispersed in pure ethanol.

2.2.4. Statistics
Mean value was calculated from the results of three indepen-

dent experiments (n = 3). Error bars indicate the confidence inter-
val using Student’s t-test at a significance level a = 0.05. Variance
of PSE was calculated applying error propagation.

2.2.5. Simulation setup
To describe the differences in flow properties between the

normal and the boundary-layer control experimental setup, a
CFD simulation was implemented using ANSYS Fluent software
(version: 17.0, supplier: Ansys, Inc., Canonsburg, USA). A tetrahe-
dral mesh with a boundary-layer and a hexagonal mesh was used.
A standard k-e turbulence model was applied to simulate the
turbulent flow. The Brinkman approach was used to model the per-
pendicular flow through the porous tube. The mean porosity of the
porous tube employed in this study was determined using an X-ray
microtomography system (type: XCT-1600HR, supplier: Matrix
Technologies, Feldkirchen, Germany) and the image was analysed
by Mavi (version: 1.4.1, supplier: Fraunhofer ITWM, Germany).
To reduce calculation time a charging setup was symmetrically
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divided and one half of was simulated using a symmetric boundary
condition.

2.2.6. Particle interaction
To gain insight into particle-particle interaction within the

charging tube, mean particle concentrationn
�
, residence time tr ,

and a collision kernel _N c were calculated using experimental and

simulation data. The mean particle concentration n
�
was calculated

by Eq. (2) as a quotient of number of particles Np and gas vol-

umeX ¼ _Vtexp, with the volume flow rate and the test time of each
experimenttexp. The number of particles Np is the true powder vol-

ume Vpow divided by the average spherical particle diameterx3
�
, as

shown in Eq. (3).

n
� ¼ Np

X
; ð2Þ

Np ¼ 6Vpow

x
�
3
3
p

: ð3Þ

The collision kernel C was estimated using the classical expres-
sion of Saffman and Turner [36,37]:

C ¼ 1:294 x
�
3
3 �

�

m

 !1
2

; ð4Þ

where �
�
is the mean dissipation rate of turbulence energy and m is

the kinematic viscosity. �
�

m

� �1
2
is the inverse of the Kolmogorov time

scale. The number of particle-particle collision per unit volume in

turbulent flow was modelled by the collision kernel _N c:

_N c ¼ C
n
�2

2
: ð5Þ

Fig. 1. Photograph (left) and schematic (right) of the experimental setup with charging section and separation chamber. The charging section consists of a funnel placed on
the narrowing of a Venturi nozzle and a charging tube. The whole charging section is changeable to enable the use of different wall materials and boundary layer control
(BLC).
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Mean residence time of a particle in the charging tube t
�
r was

estimated by the mean of velocity v
�
of the charging tube for the

plain wall setup. For boundary-layer control, the mean velocity
was calculated using only the centre part of the velocity field
where the majority of particles is expected, assuming particles stay
in the main flow starting at the end of the charging setup:

t
�
r ¼ lt

v
� ; ð6Þ

with the length of the charging tube lt . Furthermore, N
�
n is the mean

number of collisions per unit volume:

N
�
n ¼ _N ctr: ð7Þ

3. Results

3.1. Particle size distributions of native and separated powders

Particle size distributions (PSDs) of the native powders and the
prepared powder mixtures are shown in Fig. 2 (left). The particle
size distribution of protein is monomodal with a mode at 1 mm
and a maximum particle size of 20 mm. Starch has a bimodal parti-
cle size distribution with peaks at 1 and 20 mm. Both distributions
are superposed in a wide range and exhibit the same peak particle
size at 1 mm. After preparing the mixture, the bimodal shape of the
PSD of starch is no longer pronounced. Fig. 2 (right) shows the par-
ticle size distribution of separated powder remaining on the cath-
ode and anode, respectively. Particles separated on the cathode are
smaller than on the anode, recognizable by the elevated peak at
1 mm and the lower amount of particles larger than 10 mm. The
high peak at 1 mm might indicate a high protein concentration on
the cathode. In contrast, larger particles on the anode indicate a

higher amount of starch particles. This can be confirmed by the
analysis of the chemical powder composition shown in Figs. 3
and 5.

3.2. Influence of different wall materials

3.2.1. Experiments with different wall materials
Fig. 3 shows the protein content of the separated powder on the

cathode and the anode after passing through different charging
tubes constructed from different insulating materials. The contact
materials in the graph are arranged in ascending order of the tribo-
electric series starting with PTFE on the negative end [32] and end-
ing with PMMA at the positive end. This order was chosen
assuming the prediction model of the triboelectric series. The sep-
aration in the electric field reveals an insignificant influence of the
charging tube materials along the triboelectric series. Only POM
and PVC show significant differences. The protein content on the
anode is unaffected by the choice of the contact material for the
chosen air flow conditions. The experiments show no influence
and tendency of the different contact materials on the protein con-
tent on cathode and anode.

Fig. 4 shows the PSE for different contact materials. As expected,
similar findings with regard to the protein content were made and
no clear trend was observed. Experiments using the wall materials
POM and PE have significant lower PSEs compared to the other
tested insulators. To increase the PSE, the influence of the contact
material in the charging tube is insignificant.

3.2.2. Boundary-layer control
The laminar boundary-layer in a turbulent pipe flow was

manipulated by boundary-layer blowing (larger boundary-layer)
or suction (smaller boundary-layer) [38; pp. 291–295]. Fig. 5
shows the protein content on the cathode and the anode for three
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Fig. 2. Volume-weighted particle size distribution of native powder and powder mixtures (left) as well as separated powders on the electrodes (right).
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different boundary-layer thicknesses and the mean of all experi-
ments with different charging tube materials without boundary-
layer manipulation (Fig. 3). The perpendicular volumetric flow rate
was adjusted to 2.5%, 5%, and 10% of the total flow rate of 3 m3/h,
denoted as boundary-layer control (BLC) I, BLC II, and BLC III,
respectively. Boundary-layer blowing leads to a significant
decrease of the protein content on the cathode compared to the
averaged protein content of all contact materials without
boundary-layer control (mean of charging tube experiments,
MCT). No differences in the protein content between boundary-
layer control and the MCT was measured on the anode. The influ-
ence of perpendicular flow rate on the protein content is not signif-
icant for both cathode and anode.

In addition, the PSE (Fig. 6) shows a similar behaviour with
regard to the protein content. There is a significant decrease in
PSE between MCT and BLC I. A variation in the boundary-layer

blowing leads to no change in PSE. No significant differences
between MCT and BLC II and III is observed, because the variation
of the PSE is very high. In contrast, the PSE on the anode remains
unaffected.

3.3. CFD simulation

Fig. 7 shows the results of the CFD simulation of the charging
tube for different setups, including a plain wall setup and a porous
wall with BLC. Gas flow is indicated by streamlines, starting at the
gas-inlet (a) and the particle-inlet (b). In the plain wall setup there
is a turbulent flow regime within the whole charging and dispers-
ing setup. Streamlines starting at the powder inlet (b) are located
in the centre of the tube (top view) and are pulled apart in the
upper half of the tube (side view). Several streamlines are very
close to the wall. It can be assumed that they follow the streamli-
nes as the particles are very small [39]. Thus, particle-wall interac-
tion is likely to occur. Streamlines starting at the gas-inlet form a
turbulent pipe flow with a vortex after the Venturi nozzle.
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Fig. 3. Protein content of powder mixtures remaining on the cathode and anode
after separation in the electric field. PTFE, POM, PE, PVC, and PMMA were used as
charging tube materials. The experiments show no differences in protein content on
the cathode and anode for all used charging tubes.
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Fig. 4. Protein separation efficiency (PSE) for five different charging tube materials.
On the cathode and anode, no significant differences are observed.
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Fig. 5. Protein content on cathode and anode at different boundary layer control
settings (BLC) compared to MCT (mean of charging tube experiments).

MCT BLC I BLC II BLC III

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

P
S

E
 /-

Cathode Anode

Increasing perpendicular flow rate

Fig. 6. PSE of boundary layer controlled (BLC) experiments compared to the MCT on
cathode and anode.
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Fig. 7. CFD simulation of plain and boundary layer controlled (BLC) charging setup in top view and side view. Simulation was performed using a symmetrical boundary to
divide the charging setup. Streamlines starting from the gas-inlet (a) and the particle-inlet (b) are used to indicate the flow conditions in the charging tube. BLC is shown to be
a suitable way to exclude particle-wall interaction and therefore inhibit charging by particle-wall contact.
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The boundary-layer control setup (BLC) shows similar flow
characteristics for all perpendicular flow rates. Streamlines starting
at the gas-inlet form a turbulent flow throughout the whole inves-
tigated setup. The streamlines are compressed towards the tube
centre in comparison to the plain setup with an impermeable tube
wall. Streamlines starting at the particle-inlet show the same com-
pression pattern and the spacing to the wall is easy to recognize.
Hence, particle-wall interaction of the dispersed particles is inhib-
ited. An increase in perpendicular flow rate (boundary-layer blow-
ing flow rate) results in a decrease of gas velocity in the narrowing
of the nozzle. Furthermore, streamlines starting at inlet (a) and (b)
converge due to an increase in perpendicular flow rate. The gas
flow is accelerated along the tube length. CFD simulation of the
separation chamber showed similar flow profiles for plain wall
and BLC setup. Thus, there are uniform separation conditions for
the charged particles in the separation chamber.

To visualise BLC, Fig. 8 shows streamlines starting in a plane
perpendicular to the porous wall and at the beginning of the por-
ous tube. The boundary-layer thickness is increasing with increas-
ing perpendicular flow rate. As expected, the boundary-layer
thickness also increases along the tube length. A higher perpendic-
ular flow rate leads to an increase in velocity both in the boundary-
layer and the main flow. Simultaneously, streamlines of the main
flow in the centre of the tube are more compressed with increasing
perpendicular flow rate. In conclusion, the BLC setup enables the
introduction of a sublayer without particles in order to prevent
any particle-wall interaction.

To further elucidate particle-particle interaction for all four
investigated flow profiles, the introduced parameters were evalu-
ated; their numerical values are summarized in Table. 1. As visu-
alised in Fig. 8, by increasing the perpendicular flow rate, the
velocity of the main flow is increasing. Thus, assuming particles

are only in the main flow, the residence time t
�
r of the particles is

decreasing. Furthermore, particle concentration n
�

is increasing
with an increasing perpendicular flow rate, because the effective
volume in which particles are dispersed is decreasing. The collision

rate per unit volume _N c is also decreasing by narrowing the zone
where particles flow. The significant decrease in collision rate of
BLC III leads to no decrease in protein content and PSE.

4. Discussion

It has been shown that it is possible to separate organic pow-
ders containing different amounts of protein and starch by the
triboelectric effect [14]. Since the particle size distributions of
protein and starch overlap almost over the whole size range,
the decisive separation feature is not the particle size. Particle
size distributions on the cathode and anode are similar to the
PSDs of native protein and starch powder. This underpins the
independence of the triboelectric separation mechanism from
the particle size for particles in a size range between 0.1 and
40 mm and lays the focus on the chemical composition and
further particle properties.

Fig. 8. Streamlines starting at a horizontal plane in the centre of the tube indicate gas flow in the boundary layer controlled section with flow through the porous wall (top)
and streamlines of the main flow (bottom). Streamline profiles show opposite profiles of main and perpendicular flow. An increase in perpendicular velocity (boundary layer
blowing flow rate) results in an increase in thickness and velocity of the sublayer and, thus, to a compression of the streamlines in the centre of the tube.

Table 1
Summary of particle-particle interaction parameters for plain wall and boundary-layer control setup.

Plain wall BLC I BLC II BLC III

Mean velocity v
�
/m/s 10.83 11.62 13.62 17.21

Mean residence time t
�
r /ms 21 20 17 13

Particle concentration n
�
/1/m3 1.02 � 109 1.04 � 109 1.07 � 109 1.13 � 109

Mean dissipation rate of turbulence energy �
�
/m2/s3 3.53 � 104 3.11 � 104 2.55 � 104 1.85 � 103

Collision kernel C /m3/s 1.77 � 10�10 1.66 � 10�10 1.50 � 10�10 4.05 � 10�11

Collision rate _N /1/(s m3) 9.13 � 107 9.02 � 107 9.61 � 107 2.58 � 107

Collison number N
�
n /1/m3 1.94 � 106 1.79 � 106 1.45 � 106 3.45 � 105
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The process of triboelectric separation is split into a charging
and a separation part. It is necessary to increase the triboelectric
charging of the particles to improve triboelectric separation. In
order to find a suitable material combination between protein,
starch, and the charging tube, different material combinations
were tested. Hence, five different plastic tubes along the triboelec-
tric series were chosen. No significant differences in protein sepa-
ration efficiency between the used wall materials were observed.
Assuming that a large number of particle-wall collisions occur
and the triboelectric series of the contact material should have
an influence on triboelectric charging, there should be a continu-
ous decrease of protein content from PTFE to PMMA along the
triboelectric series. This decrease should be also reflected in the
corresponding distance in the triboelectric series between, e.g.,
protein and PTFE as well as protein and PMMA, because a lower
charging of the protein particles might be assumed. However, the
PSE shows neither a continuous decrease along the triboelectric
series nor any other clear tendency (only PE and POM differ signif-
icantly from PTFE, PVC, and PMMA). Due to the fact that no trend in
selectivity and efficiency along the triboelectric series was found, it
is concluded that the triboelectric series do not describe the man-
ifold influence parameters on triboelectric separation like humid-
ity [24,40], elastic moduli [21], surface morphology [34] or
surface ions [19]. Thus, H1 (contact material has an influence on
particle charging and subsequent separation) cannot be supported
by the results. These findings are in contrast with several studies
addressing the influence of the wall materials in triboelectric
charging [41–44]. Particles sliding down a gutter might have a
higher interaction rate compared to particles blown though a tube
in a turbulent flow regime [26,45]. This might reduce the influence
of the wall material on particle charging with the presented setup.
Furthermore, different gas flow rates in the charging tube have no
influence on the separation of starch and protein [14]. It must be
noted that the triboelectric series is an empirical order of materials,
only tested for binary contact. Thus, the universality of the tribo-
electric series can be questioned [34,35]. It might be unimportant
what material the charging tube is made of in order to separate
fine powders in a turbulent flow regime.

The findings of this study encourage the focus on the influence
of particle-particle interaction. To investigate the influence of the
particle-particle interaction without particle-wall interaction, a
boundary-layer control setup was implemented. CFD simulations
of the experimental setup show no particle-wall interaction, as
indicated by streamlines. The separation selectivity (protein con-
tent) reveals significant differences compared to mean of charging
tubes (MCT) but same findings in all BLC conditions. The PSE only
demonstrates significant differences between BLC I and MCT and
therefore underline the subordinate role of particle-wall interac-
tion. Thus, particle-particle interaction is suggested to be the main
charging mechanism in a turbulent flow regime and H2 can be
rejected. Although particle-wall interaction has an influence and
might play a subordinate role. Indeed, CFD simulations show that
streamlines are very close to the wall, but they are most concen-
trated in the centre of the tube. This might underline the subordi-
nate role of particle-wall interaction without boundary-layer
control.

Furthermore, the decrease in both protein content and PSE
might be the consequence of the changed particle-particle interac-
tion parameters (Table. 1). The higher particle concentration in the
narrowed main flow for BLC experiments cannot balance the
shorter residence time of the particles induced by the perpendicu-
lar flow leading to a decrease in the collision rate which is linked to
a decrease in the collision number. Surprisingly, the increase of
flow through the wall has no influence on the charging and subse-
quent separation of the used powder even though the area, where
particles flow, is narrowed. Thus, the decrease in the collision rate

could not describe the whole charging process, because the
difference between plain wall and BLC I setup shows only slight
differences. However, the collision number might show that the
collision frequency is sufficient for triboelectric charging. Further
studies using CFD-DEM simulations might be necessary to investi-
gate this interaction.

5. Conclusion

Triboelectric separation of fine organic powders below 40 mm at
turbulent flow conditions was investigated in relation to different
wall materials of an insulating charging tube. Furthermore, charg-
ing with only particle-particle interaction was applied. First, the
use of different wall materials resulted in no significant differences
in selectivity and efficiency in triboelectric separation. In a further
step, particle-wall interaction was inhibited and only particle–
particle interaction enabled triboelectric particle charging. Slight
differences in separation selectivity were determined, implicating
a subordinate role of particle-wall interactions. CFD simulation
studies confirmed the exclusion of particle-wall interactions in
case of the used BLC setup. A further increase in perpendicular flow
rate leads to a compression of the area through which particles
flow and caused no improvement in selectivity and efficiency. In
summary, particle-particle interaction was found to be the princi-
pal charging mechanism for fine powders at turbulent flow
conditions.
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2.3. Paper III: Influence of particle contact number on

triboelectric separation selectivity (Landauer and Foerst,

2019b)

Brief introduction

To separate starch and protein from different botanical origins using triboelectric separation,

the initial powder consumption might influence the separation performance. Thus, the initial

powder consumption of binary starch protein mixtures is varied and triboelectric separation

experiments were carried out using the previously described setup (Landauer et al., 2019a).

Since protein and starch have slightly different particle size distributions, the particle size dis-

tribution of the initial powder mixture containing 15, 30, and 45 wt.% protein is decreasing

with increasing protein content. For all separation experiments, the same amount of pow-

der (2.5 g) is used. Thus, the particle number is increasing by increasing the initial protein

content. For the different initial protein contents the particle-particle interaction rates are

calculated according to Saffman and Turner (1956).

Study findings

An increase in initial protein content from 15 to 45 wt.% results in an increase in separation

selectivity from 60 to 80 wt.% for all investigated plain walls on the cathode. On the anode

separation selectivity decreased slightly by increasing the initial protein content. The highest

measured protein content is 10 wt.%. No clear tendency according to the empirical tribo-

electric series is determined. However, boundary-layer-control scenario in the charging tube

shows for an initial protein content of 45 wt.% the same separation selectivity as the plain

wall scenario. In addition, the increase in contact number of the particles, influenced by flow

condition and particle numbers, leads to an increase in separation selectivity. The increase in

separation selectivity seems to be linear in a contact number range of 1×108 to 5×108.

Conclusion

i An increase in initial protein content results in higher separation selectivity.

ii Particle-wall interaction has no influence on separation selectivity for higher initial

protein contents.

iii Particle contact number decisively influences triboelectric separation and results in a

linear increase in separation selectivity within the investigated range.
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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 kg h−1.
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± 10 s. 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 3 m3 h−1 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× 52 mm× 400 mm). Binary protein-starch mixtures with protein contents of 15 wt. %, 30 wt. %,
and 45 wt. % 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].

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 µm, 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 µm to 87.5 µm 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 5 kV (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 γ of two particles with the diameters xi and xj in turbulent
flow with the turbulence eddy dissipation rate ε and the viscosity of the fluid ν can be estimated
according to Saffman and Turner [44], as follows:
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γ =
1.3
8

√
ε

ν
(xi + xj)

3. (1)

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 ε 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 Γ of each powder is calculated
by the encounter frequency γ, scaled with the particle number of each size range ci, cj, and the mean
interaction time ∆t equivalent to the residence time of a particle in the charging tube [45]:

Γ =
1.3
8

√
ε

ν
∆t

n

∑
i=1

n

∑
j=1

(xi + xj)
3 ci cj. (2)

The particle number of each size range ci, cj is calculated using the measured particle size
distribution and the true density of each powder. The size ranges i, 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 µm and flow velocity of
10 m s−1 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 (n = 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 α = 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 µm to 20 µm with a maximum value at 1 µm. The starch powder has a
bimodal distribution with local maxima at 1 µm and 20 µm and a maximum particle size of 40 µm.
Mixtures with initial protein contents of 15 wt. %, 30 wt. %, and 45 wt. % show similar particle size
distributions with maximum values at 1 µm and 7 µm, 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 µm were neglected, since a dry dispersion of particles
below 0.25 µm 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 µm 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 µm; however, the shape of the particle size distributions above 4 µm 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.
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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 45 wt. % 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 15 wt. % and 45 wt. % is in contrast to the plain wall setup. At the initial protein content
of 15 wt. %, however, no significant differences between all BLC conditions are visible at the initial
protein content of 15 wt. %. 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 µm to 40 µm.
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 BLC I BLC II

ε /m2 s−3 3.53× 104 3.11× 104 2.55× 104

ν /m2 s−1 1.33× 10−5

ρProtein /kg m−3 1330
ρStarch /kg m−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 µm to 40 µm 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 µm 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 Γ 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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2.4. Paper IV: A Simple µ-PTV Setup to Estimate

Single-Particle Charge of Triboelectrically Charged

Particles (Landauer et al., 2019b)

Brief introduction

For the separation of fine organic powders triboelectric charging and subsequent separation

is a suitable tool. The measurement of single particle charge of particles in a range between

1 µm and 100 µm can be valuable in order to estimate the possibility for triboelectric sep-

aration and for the process design of a triboelectric separation system. Therefore, a mea-

surement setup suiting to the separation setup (Landauer et al., 2019a; Landauer and Foerst,

2018) is designed. The charge measurement system is based on visualising the trajectories

of charged particles in a homogenous electrical field. The trajectories are visualised using a

µ-PTV (micro-particle-tracking velocimetry) setup. The µ-PTV setup consists of a separation

chamber where charged particles are conveyed through a homogenous electrical field, a laser

to illuminate the particles, and a high-speed camera placed perpendicular to the laser. The

setup is designed for turbulent and laminar flow conditions in the charging tube and separa-

tion/recording chamber, respectively. The trajectories recorded with the high-speed camera

are evaluated by image analysis and regression analysis using the equations of motion for

particles deflected in an electrical field according to their charges. The obtained charge dis-

tribution is examined using starch from different botanical origin (barley, corn, potato) and

whey protein as well as starch-protein mixtures.

Study findings

The designed setup enables the simultaneous estimation of negatively and positively charged

particles. The calculated particle charge of different powders show different patterns. All

starch powders have a monomodal charge distribution for negatively charged particles and a

multimodal distribution for positively charged particles. Peak maxima of the positive charge

distribution differ according to their botanical origin. Whey protein powder show the same

charge distribution for positively and negatively charged particles. All investigated powders

have a different particle morphology. Thus, particle morphology might play a decisive role

for particle charging. Charge distribution of starch-protein mixtures show similar pattern as

charge distribution of pure starch. Negatively charged particles have a monomodal distri-

bution, whereas positively charged distributions have a trimodal distribution. It is obvious

that the addition of protein powder to starch powder influences the charge distribution. Thus,

chemical composition of the powder mixture plays a decisive role in triboelectric charging of

binary powder mixtures.

Conclusion

i Particle charge distribution of particles between 1 µm and 100 µm can be estimated by

a µ-PTV setup.
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ii Positive and negative charge distributions showed same and different patterns for pro-

tein and starches, respectively.

iii Starch-protein mixtures had different charge distributions compared to pure starch pow-

ders.

iv Particle morphology has an influence on particle charge distribution.
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Triboelectric separation is a useful phenomenon that can be used to separate fine

powders. To design technical devices or evaluate the potential of powders to be

triboelectrically separated, knowledge about the charge distribution on a single-particle

level has to be obtained. To estimate the single-particle charge distribution in an

application-oriented way, a simple µ-PTV system was developed. The designed

setup consists of a dispersing and a charging unit using a Venturi nozzle and a

tube, respectively, followed by a separation chamber. In the separation chamber, a

homogenous electrical field leads to a deflection of the particles according to their

individual charge. The trajectories of the particles are captured on single frames using

microscope optics and a high-speed camera with a defined exposure time. The particles

are illuminated using a laser beam combined with a cylindrical lens. The captured images

enable simultaneous measurement of positively and negatively charged particles. The

charge is calculated assuming a mean particle mass derived from the mean particle

size. Initial experiments were carried out using starch of different botanical origins and

protein powder. Single-component experiments with starch powders show very different

charge distributions for positively and negatively charged particles, whereas protein

powder shows bipolar charging. Different starch-protein mixtures show similar patterns

for positive and negative charge distributions.

Keywords: triboelectric charging, triboelectric separation, singe-particle charge, charge distribution, charge

measurement setup

1. INTRODUCTION

Triboelectric charging occurs everywhere in nature from child rubbing a balloon on their hair
to industrial powder handling. In particulate systems, triboelectric charging is predominately
described as a problem, rather than an opportunity. Nevertheless, triboelectric charging is an
exciting but so far not completely understood phenomenon. It has been investigated in many fields
of research, such as contact electrification in dust devils (Farrell, 2004; Mareev and Dementyeva,
2017), in clouds after volcanic eruptions (Anderson et al., 1965; Mather and Harrison, 2006), in the
formation of planets (Yair et al., 2008; Wang et al., 2017), and in almost every application dealing
with fine and dry powders. Commonly, triboelectric charging is seen as a problem in industrial
applications if particles are to be moved because charged particles tend to agglomerate and adhere
on surfaces (Wong et al., 2015). Dry powder mixing (Ghori et al., 2014), pneumatic conveying
(Bunchatheeravate et al., 2013; Korevaar et al., 2014; Grosshans and Papalexandris, 2016), and
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fluidised beds (Fotovat et al., 2017; Kolehmainen et al., 2017;
Mehrani et al., 2017; Peltonen et al., 2018) are especially
vulnerable steps in powder processing. In contrast, triboelectric
charging of particles and surfaces is a desirable effect in
electrophotography (Schein, 1999), nanogenerators (Wang, 2013;
Jiang et al., 2018), and particle separation (Eichas and Schönert,
1992; Wu et al., 2013; Wang et al., 2015; Tabtabaei et al., 2016;
Landauer and Foerst, 2018; Landauer et al., 2019).

In all cases, prediction of the triboelectric charging ability and
characterization of charged particles is a necessary prerequisite
for designing processes. Several approaches to measuring the
charge of particles are known in literature. One simple charge-
measuring setup is a Faraday cage or cup; when charged particles
are put into a metal cup that is insulated on the outer wall, the
electrical charge of the particles can drain and is measured. In
the inductive one, particles flow through a conducting tube and
the induced current can be measured. If both the charge of the
Faraday cup and themass of the particles is measured, the charge-
to-mass ratio can be calculated. As it is a cumulative method, the
measurement of bipolar charged particles is only possible with
difficulty. For different applications, Faraday cups are designed
to enable the measurement of fine powders or in a flow-through
type (Matsuyama and Yamamoto, 1994; Watanabe et al., 2007).
Faraday cups have been used in numerous studies to evaluate
the charge-to-mass ratio (Zhao et al., 2002; Saini et al., 2008;
Ducati et al., 2010; Ireland, 2010; Hussain et al., 2013; Pérez-
Vaquero et al., 2016; Schella et al., 2017). Therefore, if particles
are charged in a bipolar manner, the actual charge of a single
particle is not determinable. Kelvin probe force microscopy is
suitable for measuring surface charges. The charge present on a
surface can be measured in high-resolution, but only in a small
area (Nonnenmacher et al., 1991; Baytekin et al., 2012; Burgo
et al., 2013; Mirkowska et al., 2014). However, Kelvin probe
microscopy is an important method for illuminating the ongoing
micro processes in triboelectric charging such as the mosaic
charged surfaces (Baytekin et al., 2011), but only small surface
sections can be characterized and the charging process can only
happen in a standardized way. If the charge of a single particle
must be evaluated, techniques inspired by characterization of
particle movement or flow visualization can be used. In all cases,
charged particles in motion are deflected in an electrical field
depending on the ratio of mass to charge. In a pulsed electrical
field, the frequency of the oscillating particle corresponds to the
charge of the particle. The motion is measured by laser doppler
velocimetry (Mazumder et al., 1991; Baron et al., 2011; Alois
et al., 2017). In homogenous electrical fields, the charge-induced
motion of particles can be visualized by consecutive images (Shin
and Lee, 2002; Chull Ahn et al., 2004). The advantage of a
particle-based charge measurement is the ability to calculate the
charge distribution in a powder.

If particles are charged due to motion, a statistical contact
probability between particles and the particle-wall has to be
assumed, and the charge of all particles should be distributed.
Furthermore, this distribution is also influenced by the colliding
surface of the particles, potentially leading to eradication or
single-sided increase of the particle charge after a bipolar
charging step (Grosshans and Papalexandris, 2017). For large

homogenous particles, charging and discharging is described by
a combination of two different normal distributions (Haeberle
et al., 2018). Conveyed particles also showed weight-normal
distributions for chard silica and glassy carbon particles. An
increase in gas velocity leads to a broadening of the charge
distribution (Chull Ahn et al., 2004). Both cases show ideal
particulate systems with probably very similar surface properties
of individual particles. However, if triboelectric charging is to be
used as a tailor-made tool to separate fine powders at a microscale
size due to their triboelectric changing ability, a process-oriented
measurement setup is needed to evaluate the possibility of
powders for separation, as well as to design technical devices that
incorporate the influences of different particle morphologies.

To gain a deeper insight into the charging mechanism and
subsequent separation properties of powders of organic origin,
a new measurement setup was designed. In order facilitate good
comparability, the particle-charge measurement setup should
have a similar design to earlier the described separation setups
(Wang et al., 2014, 2015; Landauer and Foerst, 2018; Landauer
et al., 2019). Furthermore, simultaneous measurement of a
large number of positively and negatively charged particles
is necessary. The designed setup should establish a basis for
investigating the charge distribution of organic powders and
their mixtures to evaluate the ability for separation. Starch
granules from different botanical origin such as potato or corn,
show dissimilar granular morphologies (Jane et al., 1994; Singh
et al., 2003). Therefore, if particle morphology influences the
triboelectric charging ability, the charge distribution of starch
granules from different botanical origin might show different
patterns. Consequently, binary mixtures of starch from different
origins and proteins might show different charge distributions,
as well as the influence of particle morphology upon triboelectric
charging and subsequent separation.

2. MATERIALS AND METHODS

2.1. Materials
Whey protein isolate with a protein content of 97.6 wt.% dry
matter was purchased from Davisco Foods International, USA.
Barley starch was purchased from Altia, Finland, with protein
content below 0.5wt.% and a starch content of 97wt.% dry
matter. Corn and potato starch were purchased with an analytical
grade fromMerck, Germany.

2.2. Methods
2.2.1. Particle Charging
To measure the charge of single particles on the micrometer
scale, a micro particle tracking velocimetry (µ-PTV) setup was
developed. Figure 1 shows the experimental setup. The principle
design is similar to the laboratory-scale separation unit shown
in Landauer and Foerst (2018) and Landauer et al. (2019).
Approximately 10mg of powder is dispersed in a nitrogen
stream using a Venturi nozzle and conveyed through a tube
(Polymethylmethacrylat) with an inner diameter of 3mm and
a length of 139mm. Such a small amount of powder does not
strongly affect the homogeneity of the electrical field and the
particle concentration in the measuring area is low. Hence,
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FIGURE 1 | Experimental setup of the charging tube and the separation chamber and the micro particle tracking velocimetry (µ-PTV) setup to estimate the

subsequent single-particle charge. The µ-PTV setup consists of a microscope with a high-speed camera and a sliced laser.

particle collisions that would be seen on the deviation of the
path, can be excluded. The volumetric flow rate was adjusted
to V̇ = 0.8m3 h−1. For all investigated powders, the charging
conditions and the pretreatment were equal and thus differences
in the charge distribution due to the setup and environmental
conditions can be excluded.

2.2.2. Particle Separation and µ-PTV
In the separation chamber, a homogeneous electrical field
is applied perpendicular to the particle flow direction. To
track the particle motion within the electrical field, a µ-
PTV system is applied in the separation chamber. Therefore,
the flow conditions in the separation chamber are adjusted
to laminar flow (Re = 1,013). A He-Ne laser beam (Head
633-5P, Linos, Germany) with a diameter of 0.8mm and a
wavelength of λ = 632.8 nm diverged by a cylindrical lens
to a light sheet enters the separation chamber through a small
slot in one electrode, which is in the same plane as the center
of the tube. In order to track the particles, a high-speed
camera (Phantom Miro 310, Vision Research, USA) with a
frame rate of 3.200Hz and an exposure time of 40 µs is used
in combination with an inverse microscope (DM IRB, Leica
Microsystems, Germany) at a magnification of 25x. The electrical
field strength was set to 227 kVm−1. The middle region of
the separation chamber was chosen as measuring area for the
particles in order to avoid a non-homogenous electrical field.

The relative permittivity of the used particles and gas are in
the same range. Therefore, no influence of dielectrophoretic
forces can be assumed. The resulting images show the
trajectories of charged particles in the electrical field of the
separation chamber.

Figure 2 shows a schematic representation of the images
received in the µ-PTV setup. The transparent green path was
recorded with the camera. Within the homogeneous electrical
field between the cathode and the anode, charged particles have a
constant velocity Ev0 along the abscissa and an accelerated motion
Evel along the ordinate. The resulting change of site ∂Er

∂t (1) yields

a parabolic trajectory Er(t) (3). The acceleration Eael of a particle
of mass m carrying the charge q is induced by the electrical field
strength EE as the ratio of the voltage U and the distance of the
electrodes dp (2).

∂Er

∂t
=

(

∂x
∂t
∂y
∂t

)

=

(

v0
∂vel
∂t

)

=

(

v0
aelt

)

(1)

Eael =
Uq

Edpm
(2)

Er(t) =

(

v0t
U

2mdp
qt2 + y0

)

(3)
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FIGURE 2 | Scheme representing the evaluation from the images received in the µ-PTV setup including a charged particle (green) and the calculated trajectory of a

single particle according Equation (3) with the recorded trajectory (transparent green) due to the adjusted exposure time. The black line indicates the resulting

trajectory of a charged particle in the homogeneous electrical field EE at a constant gas velocity Ev0. Velocity vectors attaching on the center of a particle indicate the

motion in two spatial directions.

To calculate the charge of each particle image processing of
the images showing the path lines is used. First, to reduce
salt and pepper noise, a linear median filter is used; Gaussian
smoothing with σ = 1.5 is then employed to reduce further
noise. Subsequently, the images are binarised using adaptive
thresholding. These images are transformed into a skeleton and
the resulting path lines are fitted to Equation (3) using the
method of least squares (Figure 2, black line). The mass of one
particle is calculated using the mean particle size and density.
On raw images, no particles with a clearly detectable contour
were visible, because only path lines were recorded. This contour
is sharp. Therefore, it was impossible to calculate particle size
based on the recorded path lines. Image processing is automated
using MATLAB (MathWork, USA) in order to analyse high
numbers of particles. Error bars of the charge distributions due
to the variability of the particle size distribution were calculated
according the standard derivation of the particle size distribution.

2.2.3. Flow Simulation
In order to verify the assumption that turbulent flow dominates
in the charging tube and laminar flow in the separation chamber,
a CFD study using ANSYS Fluent, (ANSYS, Inc., USA) was
carried out. In the CFD study the half of the symmetric geometry
was simulated using a standard k-ǫ model with a standard
wall function.

2.2.4. Particle Characterization
To measure the particle size distribution of the powders, a
laser diffraction system HELOS (Sympatec, Germany) with the
RHODOS dispersing unit is used. True density is evaluated using
a gas pycnometer (Accupyc 1330, Micromeritics Instrument
Corp., USA). Scanning electron microscope (SEM) images were

created using a JEOL JSM-IT100 (Japan) with a secondary
electron detector at an acceleration voltage of 5 kV.

3. RESULTS

3.1. Velocity and Turbulence Profile
Figure 3A shows the velocity profile and Figure 3 the turbulence

intensity B u′ =
√

2
3k calculated by the turbulence kinetic energy

k. High turbulence intensities u′ indicate high Reynolds numbers,
so direct effects of viscosity are negligibly small (Pope, 2000).
The velocity profile in the charging tube shows slight differences
between inlet and outlet of the tube, which is recorded six times
the diameter after/before the inlet/outlet of the charging tube. In
the center of the tube a gas velocity of 38m s−1 is determined
and high turbulence intensity is calculated. In contrast, the gas
velocity in the separation chamber and especially at the inlet,
middle, and outlet is 5m s−1. This substantiates the assumption
that there is a homogenous gas velocity [see Figure 2 and
Equation (1)]. Drag force perpendicular to the flow direction
could be excluded according to a Stokes number estimation.

3.2. Particle Characterization
Figure 4A shows the particle size distribution of the fine powders.
Particle sizes of barley and corn starch are narrowly distributed
between 4 and 40 µm. In contrast, potato starch and whey
protein show a broader particle size distribution. Figure 4B

shows the particle size distribution of starch-protein mixtures
containing 15wt.% protein. Table 1 shows a summary of the
mean particle sizes, which were used to calculate the mean mass
and the standard deviation of each particle size distribution. All
distributions show a narrow size range. Table 1 summarizes the
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A B

FIGURE 3 | Velocity (A) and turbulence intensity (B) profile of the flow in the charging tube and the separation chamber. In the charging tube, high velocities and

turbulence intensities were detected. In the separation/measuring chamber, moderate velocities and turbulence intensities were found. In the tube, a slight difference

in the flow profiles between start (after six times the tube diameter after the beginning of the tube) and end (before six times the tube diameter of the end of the tube) is

visible. In the measuring zone (positions are set due to the position of the gap for the laser (Figure 1), no differences were found.

mean particle size and the standard deviation of the particle size
distribution indicating the width of the distribution. Based on the
standard deviation of the particle size distribution, the variation
of the mean mass used for the estimation of the particle charge
is approximately 4 times the mean. The mean mass m of an
individual particle is calculated from the mean particle size x50,3
and the true density under the assumption of spherical particles.
The mean massm of the individual particles is necessary to fit the
recorded trajectories with Equation (3).

3.3. Charge Distribution of Raw Powder
Figure 5 shows the charge distribution of both positively and
negatively charged barley starch particles. Positively charged
particles show a trimodal charge distribution with peaks from
10−2 to 5× 10−1 nC, 2 to 2× 101 nC, and 2× 102 to 3× 104 nC.
Positively charged barley starch particles show a monomodal
charge distribution with a very wide range of charges from 10−3

to 103 nC. The maximum of the relative frequency is located
at 4 nC. The charge range of the negatively charged particles is
smaller than that for positive ones.

Error bars indicate the variance of particle charge due to
the variance in the particle size distribution (cf. Table 1). In
order to improve readability of the figure in all further charge
distributions show no error bars. For all investigated powders the
charge distributions including error bars are shown in Figure 1S

to point out that the charge distributions have a variance.
Different findings were obtained by analysing the charge

distribution of protein powder shown in Figure 6. Positively and
negatively charged particles show the same charge distribution

with a mean charge of 50 nC. Furthermore, the span of the charge
distribution has a narrow size range from 10−1 to 104 nC.

Figure 7 shows a compilation of the charge distributions for
all used raw powders. Negatively charged particles show a broad
overlap and the monomodal distributions have the same shape.
Potato starch particles have the highest charge and only a small
number of particles possess a low negative charge (Table 2).
Corn starch and protein particles have similar distributions
for negatively charged particles. Barley starch particles show
the smallest negative charge. By contrast, positively charged
particles show completely different charge distributions. Particles
of different origins do not overlap in a wide charge range. Besides
barley starch, potato and corn starch also have trimodal and
bimodal charge distributions, respectively. The highest positive
charge is observed for potato starch followed by corn starch,
barley starch, and protein. Corn, barley starch, and protein are on
the same order of magnitude (Table 2). Thus, positively charged
particles show a broad charge range depending on the used
powder, whereas for negatively charged particles, a congruence
in the charge distribution of all investigated powders can
be observed.

Table 2 summarizes the means of each charge distribution,
the difference of the means, and number of the measured
particles. For raw powders, the mean of charge for positively
and negatively charged particles are on almost the same order
of magnitude. Differences in the mean are positive for all raw
materials, indicating that positively charged particles carry a
higher charge. Furthermore, this observation is underlined by
comparing the numbers of simultaneously measured positively
and negatively charged particles. Negatively charged particles

Frontiers in Chemistry | www.frontiersin.org 5 May 2019 | Volume 7 | Article 323

61



Landauer et al. Single-Particle Charge Measurement

A B

FIGURE 4 | (A) Particle size distributions of the tested powders: potato, barley, and corn starch and whey protein. Each mean particle size x50,3 is indicated by

dashed lines. (B) Particle size distribution of starch-protein mixtures containing 15wt.% whey protein and potato, barley, and corn starch, respectively. Mean particle

sizes are indicated by dashed lines.

TABLE 1 | Summary of the mean particle size and the related standard deviation

of the particle size distribution.

Mean particle Standard

size /µm deviation /µm

Potato 39.5 10.7

Barley 18.9 6.5

Corn 15.9 6.2

Protein 46.8 16.8

Potato-Protein 36.6 15.7

Barley-Protein 20.4 11.0

Corn-Protein 21.1 11.2

possess an average percentage of the measured particle number
of (87± 4)% and are thus attracted to the anode. Consequently,
positively charged particles have an amount of (13± 4)%. Until
now, the charge distributions of the four different raw powders
exhibited similar findings for positively and negatively charged
particles. The negatively charged particles showed a uniform
monomodal charge distribution with broad overlaps, whereas
positive charge was distributed unevenly over a wide range.
The difference in the mean charge is always positive and the
proportions of positively and negatively charged particles is
uniform for all materials.

3.4. Charge Distribution of Powder
Mixtures
Figure 8 shows the charge distribution of starch-proteinmixtures
containing 15wt.% protein and starch from different origins.

FIGURE 5 | Relative and cumulative frequency distribution of positively and

negatively charged barley starch particles. Positively charged particles show a

trimodal distribution whereas negatively charged particles show a broad

monomodal charge distribution. The charge of each particle was accumulated

using a geometric series of basis 2. Error bars indicating the variation of

charge due to the particle size distribution.

Negatively charged particles have monomodal distributions. The
corn-proteinmixture charge distribution has the highest negative
mean charge; by contrast, barley-protein mixture has the lowest.
These findings are differ from those for the mean charges of raw
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powders. Potato starch has the highest negative charge (Table 2).
Charging of binary powders leads to an increase of negative
charge, as indicated by an increase in the mean charge. As
expected from the raw powder, barley starch has the highest
number of weakly charged particles. Highly charged particles
from raw potato starch (between −102 and −104 nC) are not
visible in charging experiments using the starch-protein mixture.
Corn starch-protein mixtures show a decrease in the relative
frequency of particles with a charge between to −102nC and an
increase in those with a charge between−102 and−104 nC.

FIGURE 6 | Relative and cumulative frequency distribution of positively and

negatively charged whey protein particles. Such particles show the same

monomodal charge distribution with a mean charge of 50 nC.

Positively charged particles in Figure 8 exhibit different
shapes of charge distributions compared to negatively
charged ones. Starch-protein mixtures prepared with potato
and barley starch had bimodal charge distributions with
peaks approximately at the same positive charges of 1 and
102 nC. By contrast, corn starch-protein mixtures have a
trimodal charge distribution. Two peaks in potato and
barley starch-protein mixtures are at approximately the
same charge. The third peak is located at 2× 104 nC. The
positive net charge for starch-protein mixtures increases

TABLE 2 | Summary of the first moment M1,0 of each charge distribution and the

difference of the first moments 1M1,0, indicating the net charge and the charge

difference between positively and negatively charged particles, respectively.

Furthermore, the numbers of particles evaluated to calculate the positive and

negative charge distributions are displayed.

M1,0 /nC 1M1,0 /nC Particle

number /-

Total particle

number/-

Potato 4.61× 104 4.33× 104 300 3,874

−2.86× 103 3,574

Barley 6.69× 102 6.23× 102 347 2,430

−4.51× 101 2,083

Corn 9.19× 102 7.16× 102 94 792

−2.03× 102 698

Protein 6.68× 102 3.47× 102 628 2,957

−3.21× 102 2,329

Potato-Protein 2.65× 103 2.12× 103 94 792

−5.34× 102 698

Barley-Protein 3.72× 103 3.46× 103 300 3,181

−2.62× 102 2,881

Corn-Protein 7.04× 104 6.67× 104 626 4,381

−3.67× 103 3,755

FIGURE 7 | Charge distribution of potato, barley, and corn starch, as well as whey protein powder. After triboelectric charging negatively (open symbols) and

positively (closed symbols) charged particles were found. Negatively charged particles show similar monomodal charge distributions, whereas positively charged

particles show multimodal distributions.
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FIGURE 8 | Relative frequency densities of positively and negatively charged particles originating from starch-protein mixtures containing 15wt.% protein and potato,

barley, and corn starch. Negatively charged particles have a wide monomodal charge distribution, whereas positively charged particles show a trimodal distribution.

FIGURE 9 | Scanning electron microscope images show raw powders of potato starch (A), barley starch (B), corn starch (C), and protein (D). Different particle

morphologies between the different starch powders are clearly visible. Potato starch particles are both round and elliptical with a very smooth surface, whereas barley

starch consists of round and lenticular particles with fine cracks on the smooth surfaces. Corn starch forms polyhedral particles with rough surfaces. Protein shows no

principal particle morphology and different surface roughnesses are visible.

from potato to barley to corn starch. The new peak at
102 nC occurs where raw protein powder has its peak
(Figure 7). This may indicate that protein as well as starch
are positively charged.

Comparison of the charge distributions of binary mixtures
of starch and protein an raw powders show that negatively
and positively charged particles behave similarly. Negatively
charged particles in both cases have monomodal and widely
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overlapping charge distributions. Positively charged particles
form multimodal distributions. However, powder mixtures show
uniform modes for all different starch particles, which may
indicate the influence of protein particles on the amount of
charge exchange onto positively charged particles.

4. DISCUSSION

The guiding principle of the triboelectric effect is that if two
surfaces come into contact and are separated subsequently,
opposite charges remains on each surface. Thus, bipolar charging
occurs. To examine triboelectric surface charging of fine powders
with mean particle sizes between 20 and 40 µm (Figure 4), a
novel experimental setup was established. This setup enables
simultaneous measurement of the charges of positively and
negatively charged particles; hence, a charge distribution for both
positively and negatively charged particles can be calculated.
However, some assumptions were made to calculate the charge of
each particle. In order to calculate the mass of each particle, the
mean of the volume-size distribution was used, which might lead
to either an overestimation or underestimation of the particle’s
net charge. To remedy this inaccuracy, further work on optical
resolution and illumination must be done. By improving the
experimental setup to subsequently estimate the particle size and
charge of each single particle, the direct correlation between size
and charge can be evaluated. This might lead to deeper insights
into the dependency of charge and particle size.

Experiments show completely different distribution patterns
for positively and negatively charged particles. Negatively
charged particles have monomodal charge distributions whereas
positive ones show multimodal distributions. All pure-starch
powders showed different charge distributions for positively
and negatively charged particles. The empirical findings of
monomodal and multimodal charge distributions are not
deducible from previous studies. Thus, the setup allows to show
another mosaic stone of triboelectric charging. In order to gain a
deeper understanding of this pattern further studies are needed.
It is well-known that, for bimodal powders, smaller particles
become predominantly negatively and larger particles positively
charged if both are present and particle-wall interaction is
excluded (Lacks and Levandovsky, 2007). A decrease in mean
particle size might accordingly lead to an increase in negative
charge, but potato starch particles with the highest mean particle
size show the highest negative charge (Table 2). However, it
cannot be ruled out that other particle characteristics, such
as morphology and crystallinity may influence triboelectric
charging. SEM images (Figure 9) show different morphologies of
the used pure-starch powders. It is well-known that starch from
different botanical origins have different particle morphologies
(Jane et al., 1994; Singh et al., 2003). The difference in
morphology is influenced by the chemical structure of the
monomers (amylose, amylopectin) forming the particles and
their crystalline structure which molds the architecture and
the surface properties of starch particles (Tang et al., 2006).
This morphological difference might lead to different charge
distributions. In comparison to starch particles, protein particles

show bipolar charging (Figure 6); here, no clear difference in
morphology is visible, as it is usual for powders performed by
grinding agglomerates. Besides the morphological differences the
between different powders, for every powder different particle
sizes are present so an influence of the particle size could not
be excluded.

For powder mixtures containing starch and protein, the same
findings were made (Figure 8). The negative charge distribution
is monomodal whereas the positive is trimodal. However,
comparing powder mixtures with pure powders, same peaks are
only visible for barley. Hence, binary powder mixtures lead to
uniform charge distributions. The partially uniform distributions
for both negatively and positively charged particles might suggest
independence from the initial particle morphology, as shown for
pure powders. Thus, the differences in the triboelectric charging
abilities between starch and protein are more pronounced than
the inhomogeneities of starch particles different botanical origins
(Figure 9). However, an increase in the charge of the binary
mixtures is not observed for all powder mixtures as should be
expected (Table 2) (Forward et al., 2009). It is likely that the
triboelectric charging properties of pure powders and binary
mixtures are more complex and comprise different factors such
as the chemical composition or morphology of the surfaces.

The experimental conditions for all carried out experiments
were identical. All investigated powders had the same
pretreatment, charging (turbulence intensity, flow rate,
particle concentration), and environmental conditions.
Thus, the influence of well-known influencing factors like
humidity, particle interaction parameters, distinction between
particle-particle and particle-wall interaction (Landauer et al.,
2019), and reaching the saturation of charge on the particles
were deliberately excluded in the proposed discussion. Since
triboelectric charging is a surface phenomenon, it is assumed that
the differences in morphology and composition of the surface
influence the triboelectric charging and thus lead to differences
in charge distributions. However, the setup enables to investigate
these well-known influencing factors in further studies to gain a
deeper insight in triboelectric charging.

5. CONCLUSION

In the present study, a novel measurement setup is presented to
evaluate the charge of single particles in a size range between
1 and 100 µm. The setup based on a µ-PTV configuration
enables each particle to be tracked and to have its associated
charge calculated by the mean mass of the initial particle
size distribution. The particles are dispersed in the gas phase
for charge estimation; thus, this method can be adjusted
to estimate the charge of all particles dispersed in the gas
phase. However, uncertainties in the evaluation arise due to
the unknown relationship between the recorded trajectory and
the exact particle size or mass. To overcome the deficiency
of this setup, the velocity in the measuring area has to be
reduced but simultaneously the turbulence intensity, which
ensures a high particle-particle interaction rate, should be
kept constant. For all calculations, the mean particle mass
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assuming a homogeneous true density of the used powders was
employed. Nevertheless, the novel measurement setup enables
the charge distributions of triboelectrically charged powders to
be calculated.

Charge distributions of large portions of all investigated
triboelectrically charged powders showed the same pattern.
Negatively charged particles have a monomodal distribution
whereas positively charged ones have a multimodal one. These
findings were the same for both raw powders and starch-protein
mixtures. Comparing different raw starch powders, different
triboelectric charging properties are visible. It is assumed that
different particle morphologies may be the reason, because
all further influence parameters were the same for performed
experiments. Analysis of the starch-protein mixtures exhibits
no such tendency of different particle morphologies. It is likely
that particle-particle interaction of particles of different botanical
origin mask the impact of particle morphologies and sizes. The
developed setup to estimate the single particle charge can be
a valuable tool to gain a deeper understanding of triboelectric
charging. In further studies the setup can help to investigate

several questions in triboelectric charging like influence of
interaction rate, charging time or saturation of charge.
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2.5. Paper V: Influence of Particle Charge and Size

Distribution on Triboelectric Separation – New Evidence

Revealed by In Situ Particle Size Measurements

(Landauer and Foerst, 2019a)

Brief introduction

It is assumed that particle size has an influence on triboelectric charging. Hitherto, the in-

fluence of particle size is examined with spherical particles of two different sizes. Since

starch-protein mixtures can be separated in an electrical field, bipolar charging takes place

and particle size has only a subordinate role for the polarity of charge; however, the particle

size might influence the net charge. The amount of net charge influences the separation po-

sition in the separation section. If particle size distribution of starch or protein influences the

net charge, particle size distribution might vary along the electrodes. To measure the particle

size distribution along the electrodes, the separation chamber was modified to be installed

in a laser-diffraction spectrometer. This enables an in-situ determination of the particle size

distribution during the separation. Furthermore, agglomeration tendency along the charging

tube is investigated using in-situ particle size analysis. To estimate the charge of one particle,

which is necessary to be separated in the measuring section, a CFD simulation was carried

out. Furthermore, the results of particles size distributions are related to spatially resolved

measurements of powder height and protein content along the electrodes.

Study findings

During the charging process no agglomeration occurred. Thus, the separation efficiency and

selectivity might not decrease by partial dispersing properties. Particle size distributions near

the cathode and the anode are strongly effected by the initial protein content, because a higher

amount of finer protein particles (15 wt.% and 30 wt.%) leads to finer particle size distri-

bution on both electrodes. Particle size distributions differ along the electrodes indicting a

dependence of particle charge and particle size. The estimation of particle charge by CFD

simulation showed that large charge differences were required to separate particles in the dif-

ferent measuring regions. This wide range of particle charges could be also expected due

to the roughly homogenous powder height on the cathode and the steep decrease of powder

height on the anode. Furthermore, the protein content is decreasing along the cathode.

Conclusion

i No correlation of particle size and charge were detected.

ii A high range of particle charges is formed due to triboelectric charging.

iii Triboelectric separation of binary powder mixtures has a high complexity and particle

size might play a minor role.
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Abstract: Triboelectric charging is a potentially suitable tool for separating fine dry powders, but the
charging process is not yet completely understood. Although physical descriptions of triboelectric
charging have been proposed, these proposals generally assume the standard conditions of particles
and surfaces without considering dispersity. To better understand the influence of particle charge
on particle size distribution, we determined the in situ particle size in a protein–starch mixture
injected into a separation chamber. The particle size distribution of the mixture was determined near
the electrodes at different distances from the separation chamber inlet. The particle size decreased
along both electrodes, indicating a higher protein than starch content near the electrodes. Moreover,
the height distribution of the powder deposition and protein content along the electrodes were
determined in further experiments, and the minimum charge of a particle that ensures its separation
in a given region of the separation chamber was determined in a computational fluid dynamics
simulation. According to the results, the charge on the particles is distributed and apparently
independent of particle size.

Keywords: triboelectric separation; particle size distribution; particle charge; binary mixture; in situ
particle size measurement; charge estimation

1. Introduction

Electrostatic effects were first recognized by the ancient Greek philosophers, who generated electricity
by rubbing amber with fur. Thales of Miletus is often called the discoverer of the triboelectric effect [1,2];
however, this ancient observation has not been completely understood. Triboelectric charging of
conductive materials is described by work function [3,4]. At conductor–insulator and insulator–insulator
contacts, triboelectric charging has been described with “effective work function” [5,6], electron transfer [7],
ion transfer [8,9], and material transfer [10,11]. Furthermore, contact charging is affected by environmental
conditions such as humidity [12–14] and physical impact [15–17].

Triboelectric charging is undesired in process engineering because it interferes with pneumatic
conveying [18,19], fluidized beds [20,21], mixing [22,23], and tablet pressing [24]. Moreover, it is a surface
effect, indicating that particle surface plays a critical role. The known factors affecting triboelectric charging
are particle area (indicated by particle size) [25–30], surface roughness [31–33], chemical composition [34],
and elasticity (indicated by contact area) [35–38]; however, most experimental studies assumed uniform
particles or contact surfaces. In most applications, the particles are not monodispersed and have no defined
surface; however, the particles are dispersed in size, surface area, elasticity, crystallinity, and morphology.

To use triboelectric charging and subsequent separation as a tool to separate particles due to their
chemical composition, surface morphology, crystallinity, or particle morphology, it is necessary to

Processes 2019, 7, 381; doi:10.3390/pr7060381 www.mdpi.com/journal/processes
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understand the influence of particle size distribution or powder composition as well as the influence of
non-ideal conditions. All these factors show the necessity of triboelectric separation experiments with
real, but defined, powders (like starch and protein) in order to use triboelectric separation to enrich,
e.g., protein in lupine flour [39] and to take into account further influencing factors. Furthermore,
the use of a starch–protein mixture as a model substrate for triboelectric charging is anticipated to have
a possible application to enrich protein out of cereals or legumes. This ability of triboelectric separation
has been demonstrated [39–46].

Hitherto, lots of studies have been carried out with well-defined particles or with inhomogeneous
and undefined organic systems. Supplementary to these findings, real powders with a defined chemical
composition and dispersity in particle size should be investigated. The discussion of influencing
factors, such as particle morphology or further particle properties, suggest that particle surface charge
is affected by the particle size distribution, in turn influencing the triboelectric charging effect. As the
particle charge strongly affects the subsequent separation step, particles with different charges become
separated at different regions on the electrodes, depending on the flow profile in the separation chamber
and the electric field strength. Therefore, we hypothesize that if particle size (as a proxy of surface
area) influences the charging and the subsequent separation properties, then particles of different sizes
will be separated at different regions on the electrodes.

2. Materials and Methods

2.1. Materials

Whey protein isolate (Davisco Foods International, Le Sueur, MN, USA) with a protein content
of 97.6 wt % was ground as that described in Landauer et al. [47]. Barley starch (Altia, Finland)
with a starch content of 97.0 wt % was narrowed in particle size distribution in a wheel classifier
(ATP 50, Hosokawa Alpine, Augsburg, Germany) under the conditions described in Landauer et al. [47].

2.2. Methods

2.2.1. Separation Setup

The simple experimental setup, originally demonstrated by Landauer et al. [47,48], comprises of an
exchangeable charging section and a rectangular separation chamber. The dispersion of powders added
to the gas flow is facilitated by a Venturi nozzle. The charging tube (of diameter 10 mm and length
230 mm) was composed of polytetrafluoroethylene (PTFE). An electrical field strength of 109 V/m was
applied to the parallel-plate capacitor in a rectangular separation chamber (46 mm × 52 mm × 400 mm).
The protein contents of the binary protein–starch mixtures were varied as 15, 35, and 45 wt %, and
were determined as described in [48]. Briefly, the powder was dispersed in NaCl buffer (pH 7, 0.15 M)
and the protein concentration was photometrically determined at 280 nm. To measure the protein
content along the electrodes, the powder was sampled in three colored areas (see Figure 1a).

The amount of particles separated along the electrodes was determined by measuring the height
of the separated powder. The measuring points are shown in Figure 1a and marked with gray circles.
The powder deposition height was measured homogenously along each electrode in order to get a
topography. Note that the powder height was determined using a micrometer screw (according to
DIN 863-1:2017-02). The mean was calculated from the results of three independent separation
experiments (n = 3). Error bars indicate the confidence intervals of the Student’s t-test with an α = 0.05
significance level.
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Figure 1. (a) Schematic of the sampling points along the electrodes. The powder deposition height
on the electrode was measured at the points marked by gray circles. Colored areas mark the areas of
powder sampling along the electrode. (b) Schematic of the separation chamber and the charging tube.
The in situ particle size near the electrodes was measured at positions I, II, and III. Measurements near
the anode and cathode were enabled by switching the polarity of the electrical field. The electric force
Fel and weight force Fg acting on each particle in the separation chamber are visualized.

2.2.2. In Situ Particle Size Analysis

To investigate whether the particles agglomerate along the charging tube, we analyzed the
in situ particle size distributions along the charging tube. For this purpose, parts of the charging
and separation setup were installed in the measuring gap of a HELOS laser diffraction system
(Sympatec, Clausthal-Zellerfeld, Germany). The charging and dispersing setup has been described
in previous studies [47,48]. In the charging section, the particle size distributions were determined
at the outlet of the Venturi nozzle (inlet of the charging section) and at the outlet of the charging
tube. In the separation chamber, the particle size distribution was measured as a function of length.
The schematic in Figure 1b shows the measuring positions I, II, and III along the electrodes in the
separation chamber. The measuring points were chosen to be close to the electrodes and in the first half
of the separation chamber. Due to the triboelectric separation, the particle concentration is decreasing
along the separation chamber. Thus, the particle concentration, which is required to determine the
particle size distribution, was not accessible. The particle size distributions on the anode and the
cathode were obtained by switching the polarity of the electrical field with an electrical field strength
of 217.4 kV/m. The mean of six independent separation experiments (n = 6) was calculated and the
error is indicated by the confidence intervals of the Student’s t-test with an α = 0.05 significance level
using error bars.

2.2.3. Flow Simulation and Estimation of the Particle Charge

The change in cross section between the charging tube and the separation chamber is very rigorous.
The flow profile in the separation chamber, which might affect the separation characteristics and the
particle size distribution along the electrodes (Figure 1b), was investigated in a computational fluid
dynamics (CFD) simulation (ANSYS Fluent, version: 17.0, supplier: Ansys, Inc., Canonsburg, PA,
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USA) of a realizable k–ε model. The particle motion in the separation chamber was visualized by
tracking particles in the flow simulation. The inserted spherical particles followed a Weibull size
distribution with a minimum, mean, and maximum (measured in the initial particle size distribution)
of 1, 16, and 40 µm, respectively. The powder density was considered as the mean of the true density
(1465 kg/m3), which was measured by a gas pycnometer (Accupyc 1330, Micromeritics Instrument
Corp., Norcross, GA, USA). The minimum charge at which the particle will be deflected in the
measuring region was determined by simulating the in situ particle size distribution at different gravity
levels (emulating different particle charges). The Coulomb force aligns with the weight force, as shown
in Figure 1b. The absolute value of the charge q of the particles is estimated as follows:

q =
x3

6E
πρsg(n− 1) (1)

where x is the mean particle size, ρs is the true density,
→

E is the electrical field,
→
g is gravity, and the

scaling factor n is the increase in particle charge. The scaling factor in the simulation was varied
between 1 and 44. Note that the polarity of the charge depends on the electrical field’s polarity.

3. Results

3.1. Particle Size Distribution

3.1.1. Agglomeration within the Charging Tube

Figure 2 shows the volume–weight density distributions at the Venturi nozzle outlet (panel a)
and at the outlet of the charging tube (panel b) in the 15 and 30 wt % powders. In both particle size
distributions, the particle size decreased with increasing initial protein content. The particle size
distributions were similar at the outlets of the nozzle and the charging tube. The mean particle size
(peak position) and the maximum particle size are the same at the tube inlet and the tube outlet.
By comparing the distribution of finer particles, an increase in finer particles is visible. Thus, a dispersion
along the charging tube is measured. The reason for this dispersion could be the high particle–particle
collision number within the charging tube, due to the high turbulence [47]. The results in Figure 2
indicate breaking up particle agglomerates of fine particles during the charging step that could promote
electrostatic separation. Contrarily, no electrostatic agglomeration that could impair electrostatic
separation is observed.

Figure 2. Volume–weight density distribution at (a) the Venturi nozzle outlet and (b) the outlet of
the charging tube. Increasing the initial protein content (from 15 to 30 wt %) refined the particle size
distribution. The distributions at the nozzle and tube ends are not obviously different.
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3.1.2. Particle Size Distribution along the Electrodes

Figure 3 shows the volume–weight density distributions of the powder close to the cathode (a)
and the anode (b) in measuring regions I, II, and III (Figure 1b). Increasing the initial protein content
refined the particle size distributions at both the cathode and anode, as evidenced by the higher peak
at ~6 µm in the 30 wt % compared to the 15 wt % distribution. This higher peak indicates a higher
amount of finer protein particles (cf. Figure 2). In the sample with an initial protein content of 15 wt
%, the particle size decreased along the investigated regions I, II, and III (note the lower peak height
at 16 µm than that at 6 µm). This stepwise decrease in particle size was observed along both the
cathode and the anode, as well as in the sample with higher initial protein content (30 wt %). The peak
increases from 15 to 30 wt % are more clearly observed at 6 µm compared to 16 µm because increasing
the protein content increases the amount of smaller particles. Comparing the particle size distributions
at the cathode and the anode, the particles were finer on the cathode regardless of the initial protein
content. These results suggest a higher protein content on the cathode (cf. Figure 2). The protein
content of the separated powder on the cathode and the anode is approximately 80 and 2.5 wt %,
respectively. Thus, protein is enriched on the cathode and starch is enriched on the anode [47,48].
However, the enhancement of finer protein particles near the cathode cannot be correlated with
the protein content because the used protein powder is finer than the starch powder. Nevertheless,
the particle size distributions at each measuring position in the separation chamber depended on
the initial protein content. Thus, the particle size is influenced by the polarity of the electric field,
the distance from the charging tube outlet, and (most strongly) the initial protein content. The region
in which the particles separate plays a subordinate role on the particle size distribution. Furthermore,
the particle size distributions on the anode and cathode resembled the initial distributions determined
at the outlets of the Venturi nozzle and the tube.

Figure 3. Volume–weight density distributions recorded near the cathode (a) and the anode (b) in
regions I, II, and III. Closed and open symbols denote initial protein contents of 15 and 30 wt %,
respectively. Increasing the initial protein content reduces the particle size at both anode and cathode.
The particle size distributions differ in the three measuring regions.
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3.2. Powder on the Electrodes

3.2.1. Powder Height

Figure 4 shows the powder height along the cathode and the anode. On the cathode, the distribution
of powder was approximately homogeneous along the electrode. The powder height varied most
extensively at the second measuring point, and was least variable at the first and fourth measuring
points. This significant but extremely low variation should not be overinterpreted; however, the powder
height severely decreased along the anode. The powder height was constant at the first two measuring
points, and then dropped to zero over the next two measurement points. Thus, the powder heights on
the cathode and the anode exhibited very different profiles, suggesting different charges of the particles
separated on the two electrodes. In particular, the negatively charged particles exhibited a higher net
charge than the positively charged particles.

Figure 4. Powder height along the cathode and the anode. Powder height is approximately constant
on the cathode, but mostly separates over the first half of the anode.

3.2.2. Protein Content

Figure 5 shows the protein content on the cathode in the three measurement areas at initial protein
contents of 15 and 30 wt %. The protein content was consistently higher for the sample with the higher
initial protein content. Independently of the initial protein content, the protein content increased in the
second area (relative to the first area). In the third area, the protein content decreased at the initial
protein content of 15 wt %, but remained high at the higher initial protein content. If we compare
the protein content with the powder height, the two quantities are apparently independent because
the powder height was approximately constant along the electrode, whereas the protein content
extensively varied.
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Figure 5. Protein content on the cathode in three different measurement areas for initial protein contents
of 15 and 30 wt %. The protein content increases form the first to the second area regardless of initial
protein content. In the third area, the protein content decreases (15 wt %) or remains the same (30 wt %).

3.3. Estimation of the Charge Correlated with the In Situ Particle Size Distribution

To estimate the minimum charge at which particles will separate in the separation chamber
(enabling an in situ particle size analysis), the particles were tracked in a CFD study. Figure 6 shows
the trajectories of spherical particles with different accelerations (varied by changing the electrical
force in Equation (1)). In a homogenous electrical field, the net charge of the particles is a multiple
of the elementary charge. Uncharged particles might be undetectable in every measuring region.
Particles with a net charge of 1.45 × 103 qe can be detected in regions II and III, whereas those
with charges of 7.26 × 103 qe and 1.16 × 104 qe might be measurable only in region II. Particles
with a net charge of 3.77 × 104 qe and higher are visible in region I. When generating Figure 6 and
calculating the associated particle charge, we assumed spherical particles with a mean diameter of
16 µm corresponding to the mean particle size of the powders used for the experiments. According to
Equation (1), the particle size affects both the charge on a single particle and the particle trajectories.
In all cases, varying the particle size only slightly affected the trajectories.

The background of Figure 6 shows the velocity profile in the separation chamber. The profile
shows a jet at the charging tube outlet followed by homogeneity. The jet formed at the outlet of the tube
affected the particle trajectories considerably. Regardless of their net charge, the particles remained
within the jet to ~100 mm from the outlet. Then, they lost speed and were deflected toward the
electrode by the Coulomb force. Thus, the simulation visualized the influence of the particle net charge
on the particle trajectories within a complex velocity profile. Observing these particle trajectories,
we can understand how particles might be charged to ensure their separation in the measuring regions
of in situ particle size analyses.
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Figure 6. Trajectories of 16 µm diameter spherical particles with different particle charges
(multiples of the elementary charge calculated by Equation (1)). The measuring regions I, II, and III of
the in situ particle size distribution are indicated by the white open circles. Depending on their net
charges, certain particles are not detectable in every measuring region. The background visualizes the
velocity profile. The jet formed at the outlet of the charging tube is clearly visible.
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4. Discussion

To use triboelectric separation as a tailor-made particle separation tool, one must separate
the particles by their specific chargeabilities. Accordingly, it is necessary to disperse the particles
before the charging step and avoid their agglomeration during the charging step. The selected
setup enables the appropriate conditions for dispersal and aggregation prevention (Figure 2).
Hence, detailed investigations of the separation step are required to establish triboelectric separation
as an industrial separation technique.

Assuming that the charge distribution of fine particles is sourced from the triboelectric charging
of the particles and that the charge distribution also possibly depends on the particle size and the
chemical composition [34], the particle size distributions were determined at different locations close
to the electrodes (Figure 3). As expected, the particle size distribution was coarser on the anode
than on the cathode, because increasing the protein content refined the particle size distribution
(Figure 2) and the protein was enriched on the cathode [47,48]. Moreover, along the measuring
regions close to the electrodes, the decreased particle size accompanying the refined particles was
demonstrated for different initial protein contents. These results were identical on the cathode and the
anode, suggesting (as a first hint) that the net charges of the particles after triboelectric charging are
independently distributed of the particle sizes.

The local distribution of the separated powder on the electrodes indicates the strength of the
particle charges because particles with a higher and lower net charge are separated at the inlet and the
near-outlet of the electrode, respectively. The powder height profiles on the cathode and the anode
exhibited very different characteristics (Figure 4). The powder was dispersed almost homogeneously on
the cathode but was separated close to the inlet on the anode. The absence of powder at the anode outlet
indicates that the negative particles were more highly charged than the positive ones. The same results
were reported in single-particle charge measurements [49]. This result further indicates independent
distributions of the particle charges and sizes because the particle size distributions were similar on
the cathode and anode (Figure 3). Furthermore, the homogeneously distributed powder exhibited a
distributed protein content with a peak in the middle of the electrode at 15 wt % initial protein content,
and level peaks in the second and third parts of the electrode at 30 wt % initial protein content (Figure 5).
This suggests a lower net charge of protein particles than of starch particles (Figure 6). These results
are underpinned by the decreased particle size (higher protein content) along the cathode than along
the anode (Figure 3). The particle trajectories were affected by the inhomogeneous flow profile in the
separation chamber; however, in the flow simulation, they were predominantly influenced by the
charge. Moreover, they showed a charge-dependent separation region. To summarize, the binary
powder mixture with a polydispersed particle size distribution showed no clear relationship between
particle size and particle charge in the separation region. These results contradict previous studies,
which reported that smaller particles are predominantly negatively charged [25–30]. The results
support an effect of particle size on triboelectric charging, but no clear tendency was found regarding
the fine and coarse particles. Thus, the hypothesis of this study, i.e., that particle size distribution
(as a measure of surface area) plays a major role in triboelectric charging and subsequent separation,
is questionable. Indeed, there is a dependence of particle size along the electrodes, but the results show
a more complex connection between the particle material and particle size.

5. Conclusions

The dispersing and agglomeration characteristics of powders with different initial protein contents
were consistent along the charging tube. The in situ particle size measurements were consistent at
different regions in the separation camber. After estimating the minimum charge for particle separation,
it was found that large charge differences were required for separation in every measuring region of
the chamber. This wide charge distribution might lead to different separation regions of the particles,
as indicated by the roughly homogeneous powder height on the cathode and the steep decrease in
powder height on the anode. These results show a complex dependency of triboelectric charging and
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subsequent separation on the size and material of the particles. As the mechanism of triboelectric or
contact charging has not been accurately determined, determining the primary influencing factors
is very challenging. The present results indicate the high complexity of triboelectric charging and
indicate that particle size is not a highly important factor in triboelectric separation but affects the
triboelectric charging through surface-area differences.
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3. Discussion

In process engineering, several separation techniques are used to separate powders mainly ac-

cording to their particle size. Further separation features, like particle morphology or chem-

ical composition, are usually linked with particle size. If particles should be separated in

the same size and density range according to their chemical composition classical separation

techniques are not able to separate these powders. Therefore, a further separation technique

which addresses the chemical composition of particles is necessary. Triboelectric separation

could be this new separation technique, because triboelectric or contact charging is a surface-

physical effect and depends on the state of surfaces (Lacks and Shinbrot, 2019). Hitherto,

triboelectric separation is no common technique to separate fine organic powders due to their

chemical composition, because factors that influence and control triboelectric charging are

not yet clearly understood. Several studies accompanying this thesis were carried out to gain

knowledge about factors influencing triboelectric separation of binary organic powder mix-

tures below 50 µm.

It is shown that triboelectric separation is a suitable tool to separate fine organic powders

and that the main parameters influencing triboelectric separation are the flow conditions and

the particle size distribution. Thus, H I has to be accepted. In Paper I, II, and III fine organic

powder containing starch and protein are separated with a high selectivity and efficiency.

These findings agree with previous studies that investigated the separation performance of

ground organic material (Tabtabaei et al., 2016a,b, 2017; Wang et al., 2015a, 2014, 2016a,b).

A variation in the flow conditions characterised by Reynolds number provides evidence for

the triboelectric separation selectivity (Paper I). These findings underpin the results of Pa-

per III. The increase of particle interaction results in higher separation selectivity. Since an

increase in turbulence dissipation results in an increase of particle contact number (Saffman

and Turner, 1956), the findings of Paper I indicate that H II, which concerns the particle-

particle interaction plays a decisive role in triboelectric charging and separation might be

accepted. Paper II and III agree with previous findings and support the decisive role of

particle-particle interactions. An increase in contact numbers of particles results in an in-

crease in separation selectivity. Therefore, the main charging mechanism of fine powders is

found to be particle-particle interactions. These results agree with the findings of simulation

studies (Lacks et al., 2008; Lacks and Levandovsky, 2007). Thus, H III which questions the

influence of particle-wall interaction should be accepted? Indeed, Paper II and III showed

no differences in separation selectivity by varying the charging tube material according to

the empirical triboelectric series. In fluidised beds, the same findings were made (Yu et al.,

2010). Furthermore, boundary-layer-control showed only a slight decrease in separation per-

formance (Paper II), but these differences are deduced from the lower contact numbers of
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particles (Paper III). However, these findings only correspond to few studies which addresses

particle-particle interaction to be most important (Forward et al., 2009; Zhao et al., 2002,

2003), whereas most triboelectric separation studies emphasise particle-wall interaction as

the dominant charging mechanism (Chen et al., 2014; Park et al., 2008a; Tabtabaei et al.,

2016b; Wang et al., 2014; Xing et al., 2018); nevertheless the choice of the wall material

whether it is conductive or insulating should not lead to any differences in the separation

performance.

The main process parameter to control or reinforce triboelectric charging is particle col-

lision rate. Since every contact between two particles generates charge and every particle

collides statistically, it is hypothesized in H IV that a charge distribution for both positively

and negatively charged particles exists. These charge distributions might be multimodal, be-

cause different amounts of net charge are generated by the contact of different and same

materials. These multimodal distributions are determined only for positively charged starch

particles, whereas negatively charged starch particles exhibit a monomodal charge distribu-

tion (Paper IV). On the contrary, positively and negatively charged protein particles show the

same charge distribution. In protein powder mixtures, similar charge distributions as for pure

starch powders are measured. Thus, H IV has to be accepted. Furthermore, the findings of this

study underpin the influence of particle surface on triboelectric charging and might show that

particle morphology and surface properties are closely linked. Different charge distributions

of pure powders and powder mixtures might indicate an evidence of charge generation due

to the contact between different materials (Paper IV). These findings also suggest the depen-

dency of triboelectric series on the combination of materials and questions its absoluteness.

Therefore, H V deals with the amount and polarity of charge which should be independent

from particle size in a binary powder mixture. Due to in-situ particle size measurement in

Paper V, the same high range of particle charge was measured like in Paper IV, but no cor-

relation between particle size and particle charge is detected. Only slight differences of size

were measured along both electrodes. Thus, these findings suggest no correlation between

charge and particle size in binary mixtures and H V is accepted. However, for single com-

ponent powders charge might depend on particle size (Forward et al., 2009; Kok and Lacks,

2009; Lacks et al., 2008; Lacks and Levandovsky, 2007; Mehrani et al., 2005; Sowinski et al.,

2010; Zhao et al., 2002, 2003). Therefore, it can be assumed that the charge generation be-

tween different materials superimposes the charge generation brought about differences in

particle size.

The results of this thesis substantiate the high potential of triboelectric separation to sepa-

rate dry organic powders. For binary powder mixtures the separation feature is the different

ability for the generation of charge depending on the surface properties (Paper IV). These

findings could be expected, because differences of surfaces are discussed in detail to deter-

mine charging mechanism(s) of contact charging (Baytekin et al., 2012a, 2011b; McCarty

and Whitesides, 2008) (cf. 1.2.2). However, it is unknown that differences in surface prop-

erties within the same material caused by differences in particle morphology and size affect

the charge distribution of binary powder mixtures. This might indicate a charge generation
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and elimination at every particle-particle contact independent of particle size (Paper V). Nev-

ertheless, particle size distribution has a huge influence on the contact number of particles

(Paper II, III) and thereby particle size distribution influences the net charge of particles.

The net charge of particle might reach a maximum by increasing contact number over a cer-

tain number (Haeberle et al., 2018) and a highest possible separation performance could be

reached (Paper III). Both contact number and separation performance are linked with the flow

profile (Paper I, II, III, V). Higher turbulence dissipation rates promote dispersing of powder,

(Masuda, 2009) and contact rate between particles (Saffman and Turner, 1956; Wang et al.,

1998). Thus, triboelectric separation of fine organic powders is mainly influenced by particle

contact number and surface properties. These findings coincide with the initial example of

the child with a balloon generating charge by rubbing an air balloon on its hair; the rubbing

corresponds to the contact number, whereas the surface properties correspond to the balloon

and the hair.
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4. Conclusion and future prospects

The aim of this thesis was to apply triboelectric separation to fine organic powders and to

figure out the main process parameters influencing triboelectric charging. Since the physical

understanding is only insufficiently elucidated, different studies dealing with particle inter-

action and powder composition parameters were carried out. Triboelectric separation is a

suitable way to separate fine organic powders, where starch and protein particles have ap-

proximately the same true density and are in the same size range. Separation experiments

were carried out using a simple self-designed triboelectric separator consisting of a charging

section (Venturi nozzle and charging tube) and a separation chamber (parallel-plate capaci-

tor). In the charging section, the flow conditions can be adjusted by different setups and the

separation performance can be adapted by the electrical-field strength.

Figure 4.1 shows the determined main process parameters influencing triboelectric separa-

tion. Since particle-wall interactions play a subordinate role, particle-particle interaction is

related to contact number. The contact number of fine particles in a flow depends on the flow

conditions (turbulent eddy dissipation rate) and the particle size. Furthermore, triboelectric

separation is also influenced by the surface properties of the particles. The surface properties

depend on particle size, particle origin, humidity, ions, etc. In this thesis, only particle size

and origin were varied. Besides these parameters, contact number and surface property can

interact, as adhesion forces of particles might lead to agglomerates within the charging step

or dispersion is incomplete in the chosen flow conditions. Thus, efficiency and selectivity of

triboelectric separation is reduced.

Flow condition Particle size

Surface propertiesContact number

Particle origin

Triboelectric separation

Figure 4.1.: Summary of the main process parameters influencing triboelectric separation in-
vestigated in this thesis.

Further studies dealing with triboelectric separation should focus on both central influenc-

ing parameters. Contact number of particles and dispersing properties have to be adjusted
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to different particle sizes in order to use triboelectric separation for a wide range of particle

sizes. For larger particles, the turbulence dissipation rate in a simple tube flow would not

be sufficient and vortexes in the turbulent flow have to be adjusted to the used particle sizes.

Thus, a combination of charging-setup design using CFD simulation and contact models ap-

propriate to the flow conditions and particle size is necessary to achieve a sufficiently high

contact number. To adjust the sufficient contact number for different powders predominantly

plant design has to be carried out.

Surface properties of particles might play a decisive role in triboelectric charging, and thus

possibilities to influence triboelectric charging are manifold. The comminution of powder de-

creases particle size as well as varies particle morphology, the crystalline or amorphous state

of the particle surface or even activates the surface (referred as mechanochemistry (Ribas-

Arino and Marx, 2012)). Furthermore, the surface properties can be changed by adjusting the

relative humidity. This might be very interesting for organic powders with a biological origin

(no plastics meant). Organic powders show different water absorption kinetics and particles

are predominately soluble in water; particles often tend to swell at higher humidities. These

properties of organic powders might strongly influence triboelectric charge generation and

the separation performance could be optimised.

In addition to the main parameters affecting triboelectric separation, powder preparation

of raw organic materials like soya beans, wheat flour, or other crops containing protein and

starch is essential. In order to separate protein and starch of these organic materials, the raw

material has to comminuted that protein and starch are present in different particles within

the powder. Indeed, comminution requires high energy input, but it is impossible to separate

according to the chemical composition and the different materials are not divided in different

particles.

The very early discovered physical effect of triboelectric charging consisting in the simple

game of rubbing remains still unknown. The triboelectric effect is delighting for both children

and scientists; a child rubbing a balloon on one’s hair and rejoicing on the attractive effect

between hair and balloon. A scientist is delighted by the surprise that the simple game of

rubbing (contact) defies a precise measurement technique, because it is an unstable, multiscale

and time-dependent process. Thus, triboelectric charging remains an exciting and challenging

topic as currently reviewed by Lacks and Shinbrot (2019). However, the unknown exact

physical mechanism of the triboelectric effect should not deter to use triboelectric separation

which expands separation possibilities in process engineering.
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Figure S1: Sensitivity analysis of Eq. (2) to estimate the influence of turbulence eddy dissipa-

tion 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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Figure 1S: Cumulative frequency of corn starch (A), potato starch (B), and whey protein (C) as well 
as starch-protein mixtures containing 15 wt.% protein and barley (D), corn (E), and potato starch (F).  
Error bars indicating the uncertainty in calculating the charge using data of a particle size distribution 
with a given standard derivation. 
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