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Preface

Electrostatics is now in its second decade of great activity that challenged well- 
established ideas substituting them for new concepts. As it often happens in science, 
this was made possible by new experimental tools like the scanning probe micro-
scopes and scanning electrodes that produce 3D plots of charge, potential, capaci-
tance, or conductance at solid and liquid surfaces. Another factor for change was the 
dissemination of other experimental tools like the noncontact electrostatic probes 
that measure electrostatic potential.

Researcher attitudes also changed and many decided to follow a suggestion 
made by Whitesides, accepting that macroscopic systems under equilibrium or 
quasi-equilibrium states may carry excess charge thus producing finite electric 
potential in their vicinity. The triboelectric series is another concept that was chal-
lenged, when macro- and microscopic potential maps showed that charge distribu-
tion on insulator surfaces is nonuniform, often following fractal patterns.

A major conceptual change is the recognition of the role of ions as charge carri-
ers in a large number of important electrostatic phenomena. This is the result of 
many laboratory experiments and field results in different research disciplines, 
allowing researchers and engineers to benefit from a large amount of chemical 
knowledge to understand well-known but hitherto challenging phenomena. It is now 
possible to describe “space charge” in terms of ions and electrons, largely increas-
ing the accuracy of the descriptions of the involved phenomena.

The atmosphere was acknowledged as the site of many phenomena producing 
electricity and this is related to water that assumes a paramount role in electrostatic 
phenomena. Water was previously seen as an agent for the dissipation of charge on 
electrified surfaces, due to its weak but non-negligible conductivity. Opposite to 
that, its ability to impart charge to solid surfaces is now recognized and it is exten-
sively discussed in Chap. 6 of this book, on Hygroelectricity.

Triboelectricity is receiving a firmer mechanistic basis, since charge carriers in 
tribocharged polymers were identified as ionic species formed during mechanochemi-
cal reactions. Coupled to the demonstration that charge abatement on electrified poly-
mer surfaces is also related to water adsorption, it can now be much better studied.

http://dx.doi.org/10.1007/978-3-319-52374-3_6
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Another contribution came from acknowledging that many important metals are 
coated with a layer of oxide with low intrinsic conductivity. This also helped to 
understand interesting electrostatic phenomena in isolated metal objects.

The recent surge in the science of Electrostatics is thus due to new and often 
unexpected results that are being slowly examined, criticized, and absorbed by sci-
entists and engineers. This new situation was not created by any bright new theory 
or by a single breakthrough that illuminated the way for scientists and engineers. 
For this reason, it is not easily captured by reading separate papers that contain a 
small but nevertheless essential part of the history. Moreover, there are a large num-
ber of papers and reports on various phenomena that were not followed up in the 
literature, remaining as valuable but uncorrelated and often forgotten pieces of 
information. These papers come from many different scientific disciplines, with dif-
ferent approaches, methodologies, and outlook.

This book is a systematic presentation of recent developments in Electrostatics, 
emphasizing those that are really new additions to the many excellent books that 
treat this subject in a more formal and abstract way. Recent developments are cor-
related to previously scattered experimental information that hitherto was consid-
ered too empirical to be considered in reference books. Recent and previous 
information is reported and discussed with an emphasis on physico-chemical and 
chemical events, whose elucidation is providing a better understanding of 
Electrostatics. This is why this book is named Chemical Electrostatics. Some read-
ers may miss the abundance of mathematical equations often found in books and 
book chapters on Electrostatics. This is a deliberate choice of the authors, who did 
not want to repeat the contents of previous, excellent books.

Even though there is an emphasis on chemical and physico-chemical phenom-
ena, chemical equations were kept to a minimum, acknowledging that chemical 
language is not familiar to many “hard” scientists and engineers.

Well-established concepts are used throughout the book, like pK and zeta poten-
tial, adsorption, electronegativity, electrical double layer, and many others that may 
not be familiar to some readers. The authors opted for not making specific introduc-
tions to them because this would largely lengthen the text. Moreover, these concepts 
are treated in detail in many reference books and in valuable materials accessible 
through the Internet. The authors strongly encourage readers to get well acquainted 
with those more basic concepts, whenever they feel they need it.

Chemistry made an invaluable contribution to our understanding of electrostatic 
phenomena and this will probably continue, for the foreseeable future. Chemistry is 
complex, the same as Nature. It is not amenable or properly explained by any 
encompassing theoretical approach; neither are most chemical phenomena predict-
able by any single theory. Given the importance of chemical phenomena to 
Electrostatics, the same applies to this discipline.

The authors expect that this phenomenological presentation will help researchers 
and engineers to devise new and better ways to reach some practical objectives. One 
is to increase human and property safety, avoiding undesirable consequences of 
electrostatic discharges, as discussed in Chap. 12. Chapter 13 presents new 
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 functional materials that can perform currently or previously unimaginable tasks, 
added to new products and processes to better human life, in a greener world.

Electrostatics has some appealing “green” features: large effects are produced 
using a few Joules, while great changes in the behavior of matter are obtained by 
adding or removing minute amounts of water. These features will allow Electrostatics 
to play a major role, in the quest for sustainability.

Campinas, São Paulo, Brazil Fernando Galembeck
Santa Maria, Rio Grande do Sul, Brazil Thiago A.L. Burgo 
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1.1  The Earth Capacitor

The Earth surface and the ionosphere are oppositely electrified, forming a huge 
capacitor [1]. The potential difference between the plates is in the 100–300  kV 
range and the average electric field at the Earth surface is 100 V/m [2].

This places all the natural and anthropic phenomena on Earth surface and atmo-
sphere within an electrified environment, even though this is not easily perceived 
during fair weather. However, variable currents reaching a million amperes flow in 
the high-latitude auroral zones, near 100-km altitude inducing large currents within 
power and communication lines as well as on the ground and oceans that form the 
negative electrode in the Earth capacitor.

Electrical storms that are continuously taking place somewhere on Earth reveal 
the existence of huge amounts of electricity, producing spectacular displays. 
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These are impressive for any person and many mythologies gave high status to the 
gods that master lightning.

The subject of atmospheric electricity has received much attention in the literature 
but it still poses great scientific challenges. Many books were written on this topic 
but there is not yet consensus on the mechanism for charge build-up and dissipation 
in the atmosphere.

The apparent absence of electricity in the atmosphere in fair weather is part of a 
feature of electrostatic phenomena that will be referred to in this book but in other 
contexts: charge on dielectrics produces few observable effects, provided the 
amount of charge remains below the threshold for discharge. Moreover, the low 
electric conductivity of the air and most non-metallic materials prevents the appear-
ance of physiologically significant electric current, even under fields as high as 
100 V/m. Since most effects of electricity are mediated by current, the significant 
electric potentials and fields may often go unnoticed until the dielectric undergoes 
ionization due to dielectric rupture or to impinging high-energy particles or still to 
charged particle motion following a Coulomb explosion.

However, there is a quiescent, low-density current in non-storm areas, opposite 
to the large but localized lightning current from the atmosphere to the Earth surface. 
This current is modulated by solar activity [3], mediated by cosmic ray ionization 
that is the major source of electrical conductivity in the air over the oceans and well 
above the continents. The solar wind modulates the flux of galactic cosmic rays 
impinging on Earth inversely with solar activity.

Assuming that the Earth capacitor is formed by two concentric spheres (ground 
and ionosphere) separated by 60 km, considering the Earth surface radius equal to 
6300 km, its capacitance is very small, 12 nC and the stored energy amounts to 
390  J only, notwithstanding the large potential difference between the capacitor 
plates. This cannot account for the devastating electric discharges produced during 
thunderstorms, showing that other sources of electricity are responsible for the 
powerful electric phenomena observed in Nature.

For this reason, independent of the size of the earth capacitor and of the impres-
sive figures on electric potential difference between its plates, the onset of electro-
static discharge in the atmosphere depends also on phenomena leading to charge 
separation in clouds and in other aerosols, including those formed by ocean waves 
and waterfalls, organic chemicals and smoke.

1.2  The Global Atmospheric Electrical Circuit

Electric activity in between the ionosphere and the Earth surface is represented by 
the global atmospheric electric circuit shown schematically in Fig. 1.1 [4]. 
Thunderstorms and electrified rain clouds drive a DC current (∼1  kA) carried by 
molecular cluster ions, while lightning phenomena drive the AC component of the 
global circuit. The Earth’s near-surface conductivity ranges from 10−7 S m−1 (for poorly 
conducting rocks) to 10−2 S  m−1 (for clay or wet limestone), to an average 3.2 S m−1 
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for the ocean. Air conductivity inside a thundercloud, and in fair weather regions, 
varies from ∼10−14 S m−1 just above the surface to 10−7 S m−1 in the ionosphere at 
∼80 km altitude, depending on location pollution and height. Measurements have 
never shown a complete absence of fair weather electric field, suggesting that thun-
derstorm and other generators are operating continuously in maintaining the current 
flowing in the global circuit [5]. Nevertheless, the lifetime of electric energy in the 
atmosphere is very small—from about 10 to about 100 s [6]. In the current source 
regions, point discharge (coronal) currents play an important role below electrified 
clouds; the solar wind-magnetosphere dynamo and the unipolar dynamo due to the 
terrestrial rotating dipole moment also apply atmospheric potential differences [7].

Detailed measurements made near the Earth’s surface show that Ohm’s law relates 
the vertical electric field and current density to air conductivity. Stratospheric balloon 
measurements launched from Antarctica confirm that the downward current density 
is ∼1 pA m−2 under fair weather conditions but solar energetic particles change the 
atmospheric conductivity and electric fields markedly [7].  Cloud-to- ground (CG) 
lightning discharges make only a small contribution to the ionospheric potential and 
sprites (namely, upward lightning above energetic thunderstorms) only affect the 
global circuit in a minuscule way.

Space Environment
e.g. Relativistic electrons
Solar energetic particles

Galactic
cosmic rays

Thunderstorms
MCS
Shower clouds

Cluster ions

Natural
Radioactivity

Corona
Point discharge

currents

Point
discharge
currents

Lightning
discharges

Precipitation

Cloud droplets
Aerosols
CCN

TLEs

Return conduction current

Stratiform clouds

Jz

Jz

Ionosphere

Surface
0V

Viª 250kV

Fair
weather
region

Semi-fair
weather
regionDisturbed

weather
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Fig. 1.1 Diagram showing various charge separation phenomena and electric currents that are part 
of the global electric circuit. Charge separation in thunderstorms creates a substantial potential 
difference within the atmosphere, while a small current flows vertically in fair weather and semi- 
fair weather regions. (MCS stands for Mesospheric Convective Systems, which are large thunder-
storms; they produce sprites, Transient Luminous Events (TLEs); CCN stands for Cloud 
Condensation Nuclei). Reprinted with permission from [4]

1.2 The Global Atmospheric Electrical Circuit
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Beyond its intrinsic interest, his topic has received further attention due to the 
emerging evidence for links among clouds, global temperatures, the global atmo-
spheric electrical circuit, and cosmic ray ionization [8]. It is especially important to 
realize that a single measurement of Schumann Resonance, the Earth-ionosphere 
cavity resonance, has the potential of replacing the measurements of temperature all 
over the globe.

1.3  Electricity Produced Within the Earth Capacitor

The dielectric separating the plates of the Earth capacitor is neither uniform nor 
stable: quite the opposite, a number of mass transfer, phase change and chemical 
phenomena take place in its interior, often coupled to charge separation and segre-
gation. These take place in much smaller volumes than the overall atmosphere but 
they produce powerful local effects.

1.3.1  Local Current Transients Within the Earth Capacitor: 
Lightning

Lightning [9] is one of the most familiar and widely recognized natural phenomena 
but it remains relatively poorly understood. Even basic questions of how charges are 
separated within thunderclouds, how lightning is initiated, and how it propagates for 
many tens of kilometers do not have widely accepted answers. Progress has been 
achieved thanks to advances in instrumentation, remote sensing methods, and 
rocket-triggered lightning experiments that are now providing new insights into the 
basic mass and charge transfer events leading to lightning. The recent association of 
intense bursts of X-rays and gamma-rays [10] with thunderstorms and lightning 
illustrate the new and interesting findings made in our atmosphere, providing a 
“plethora of challenging unsolved problems” [11] addressed in a number of reviews, 
papers, and books.

Lightning strikes the Earth 50–100 times each second and it causes heavy 
losses: the death of hundreds of people each year, forest fires, electric power out-
ages, and damage to communications and computer equipment. Currently, a major 
concern of aircraft building companies is to preserve their resistance to lightning 
while replacing metal body parts with composite materials that offer significant 
gains in weight [12]. Lightning contributes to the production of nitrogen oxides in 
the atmosphere and this is an important natural process of nitrogen fixation that is 
essential for plant nutrition. This is remarkable, since the standard free energies of 
formation of NO (g) and NO2 (g), ΔfG°, are respectively +87.6 and +51.3 kJ mol−1 
showing that the formation of these two oxides from the elemental atmospheric 
N2 and O2 is non- spontaneous. It nevertheless takes place, although at a limited 
extent, when triggered by lightning.

1 Living in an Electrified Environment
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Intense electric fields are observed during thunderstorms and lightning takes 
place when the thunderstorm electric field exceeds a critical value, called the break-
even field [13]. It is remarkable that at any altitude the breakeven field is lower than 
the field usually presumed to be required for dielectric breakdown or for streamer 
propagation. Electric fields associated with thunderstorms can cause a person’s hair 
to stand on end and they also produce more serious events, like corona discharges 
from antennas, trees, bushes, grasses, and sharp objects. They also have the ability 
to uplift either charged ice particles containing microorganisms [14] or free micro-
organisms, which inherently contain an electric charge, into the stratosphere at alti-
tudes of 40 km and above. This shows that the space in between the Earth capacitor 
plates is not only under a significant average electric field but higher endogenous 
fields are created in its interior at a high frequency.

Several processes acting below, in and above thunderstorms and in electrified 
shower clouds drive currents that are part of the global atmospheric electric circuit. 
Recent simulation work [15] shows that moderate negative cloud-to-ground light-
ning from the base of a thunderstorm increases the ionospheric potential above the 
thundercloud by 0.0013% that changes the ionosphere surface equipotential, also by 
0.0013%. A similar but positive cloud-to-ground lightning discharge decreases the 
ionospheric potential by 0.014%. Given the global average rate of lightning 
discharges and the relevant relaxation times, it is found that negative and positive 
discharges change the ionospheric potential by only a few percent contributing only 
∼1% to maintaining the high potential of the ionosphere. Thus, the net upward cur-
rent to the ionosphere due to lightning is only ∼20 A. On the other hand, it is con-
cluded that conduction and convection currents associated with power generation 
within thunderclouds and electrified shower clouds contribute essentially equally 
(∼500 A each) to maintaining the ionospheric potential.

1.3.1.1  Dry Lightning

Lightning is usually associated with thunderstorms and thus to atmospheric water. 
However, it is also observed in dry environments where water can hardly play an 
important role.

Two relevant cases are lightning associated with volcano eruptions and sand 
storms in the desert.

1.3.1.2  Lightning and Volcanic Activity

Intense electrical activity and lightning is often associated with explosive volcanic 
eruptions. This has been known for a long time but the mechanism for charge sepa-
ration and violent discharge are not yet fully understood [16].

Likely processes that have been proposed to explain the electrification of volcanic 
plumes are quenching magma-water interactions, particle breakdown and friction 
of fine ash and the freezing of plume water at height. The difficulties to obtain 

1.3 Electricity Produced Within the Earth Capacitor
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measurements during volcanic lightning have prevented progress in sorting out the 
relevant mechanisms but the Eyjafjallajökull volcanic eruption (Fig. 1.2) in Iceland 
in April–May 2010 made a great contribution in this direction. The eruption lasted 
39  days, going through different phases while the surrounding atmosphere also 
changed. A major change was observed on 11 May, when intense lightning activity 
started to last for 10 days, following a 7-day period of little activity. The increased 
lightning intensity was concurrent with a change in the conditions of the ambient 
atmosphere, bringing down the altitude of the isotherms for droplet freezing (about 
−20 °C, below the plume top. Lightning was then associated with the existence of 
solid water particles in the surrounding atmosphere, analogous to processes in mete-
orological thunderclouds.

The difficulty to make field measurements led researchers to create an experi-
mental model for this phenomenon [17], by video recording rapid decompression 
experiments of gas-particle mixtures under controlled conditions, using a high- 
speed camera and two antennas. The lightning is controlled by the dynamics of the 
jet and by the abundance of fine particles in the jet, whose relative motion creates 
the required electric field. These findings suggest that electrostatic monitoring may 
contribute to the forecasting of volcanic ash emissions.

Fig. 1.2 Plume lightning observed during the 2010 Eyjafjallajökull volcanic eruption. Image cop-
ied from the USGS site [18]

1 Living in an Electrified Environment
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1.3.1.3  Lightning and Sandstorms

“Dust devils” are swirling tall columns of sand dust observed is dry areas. Field 
reports on potential gradients observed during the displacement of dust devils in 
New Mexico and in the Sahara were made by Freier [19] and Crozier [20] respec-
tively, who measured potential gradient depressions reaching 540 V/m. The authors 
attempted to devise an electrical structure for the dust devil but they acknowledged 
limitations due to the lack of a model for charge generation in the dust.

Dust devils were also observed on Mars surface, as “a monster column towering 
kilometers high and hundreds of meters wide, 10 times larger than any tornado on 
Earth” [21]. Mars’ dust devils are electrified, producing incessant crackling,  flashing 
and electromagnetic interference from lightning to the point of “arcing your space-
suit or vehicle and creating magnetic interference”. For these reasons, dust storm 
electrification is listed among major risks to Martian missions [22].

The field observed during strong storms was observed as generally opposite to 
the average fair-weather field reaching values as high as 20 kV/m, 1 m above ground 
[23]. Space charge as high as 1.6×10−6–1.6×10−7 C m−3 of either polarity were mea-
sured 1.25 m above ground in the United States [24] and in Sahara.

In these and related studies the amount and sign of charge shows a correlation to 
particle size that has been verified in laboratory studies [25] and will be discussed 
in Chaps. 8 and 9, in this book.

Sand electrification based on size-dependent particle charging is now a source of 
inspiration for energy harvesting [26].

1.3.2  Coupling to Earthquakes

Recently, the electromagnetic coupling between seismic activity and the ionosphere 
was considered within the framework of the Global Electric Circuit concept. 
Anomalous variations in the ionosphere were associated with the earthquake preparation 
process, their temporal and spatial characteristics. Changes in the troposphere lead to 
sharp and fast changes of atmospheric parameters including the electric properties of 
the boundary layer and contributing to seismo-ionospheric coupling [27].

1.3.3  In Other Planets

Atmospheric electrification is not restricted to the Earth, as already shown in the 
section on “dust devils”. Electrification is a fundamental process in planetary atmo-
spheres, found widely in the solar system [28]. It is most evident through lightning 
discharges, which can influence the chemical composition of the atmosphere. 
Detailed modeling of the formation of intense electric fields in Mars led to the 
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conclusion that lightning should take place in this planet [29] and this was indeed 
later verified [30]. Electrification also affects the physical behavior of aerosols and 
cloud droplets that in turn modify the absorption and scattering of radiation so as to 
determine an atmosphere radiative balance. Since lightning produces complex mole-
cules through thermodynamically non-spontaneous reactions, it can contribute to the 
appearance of otherwise unexpected chemicals, including prebiotic species [31].

1.4  Electricity in the Crust: The Self-Potential

The self-potential measured between two electrodes contacting different points in 
the ground is an important topic for researchers from many areas, especially geo-
physics [32, 33], hydrology, archaeology [34], and volcanology. It is a passive 
method based on the natural occurrence of electrical fields on the Earth’s surface. In 
some cases, the self-potential is largely due to electrokinetic phenomena [35] but 
thermoelectric [36] and electrochemical [37] contributions are also acknowledged 
in other cases. It contributes to the localization and quantification of the flow of 
groundwater as well as pollutant plume spreading and to the estimation of pertinent 
hydraulic properties of aquifers [38].

The observed potential differences are in the mV to V range, much lower than 
atmospheric potentials. On the other hand, they are often measured in low- resistivity 
moist porous media.

1.5  Human Perception of Environmental Electricity

Human senses do not perceive electricity in any way close to their perception of light, 
heat and cold, vibrations, mechanical stresses, and chemicals. Just looking at a power 
transmission line we cannot tell that if it is electrified or not, even though some persons 
can identify the ozone smell due to large electric fields. Birds are also insensitive to 
electrified objects and many die, when they touch two cables at the same time. However, 
some displays of light and sound caused by electric discharge are so powerful that 
humans associated lightning and thunder to the most powerful gods in their mytholo-
gies, from Zeus and Jupiter in ancient Greece and Rome to Tupan, among the tupi-
guaranys. Contemporary life is filled with electrical apparatuses but humans continue 
to be insensitive to the surrounding electric fields and even to electric potential, although 
we respond to electric current. This is intriguing: why aren’t we humans sensitive to 
electric fields, as much as we are sensitive to electromagnetic waves, to temperature, 
mechanical contact, pressure, and other types of macroscopic physical agents?

Perception of electricity by humans is often described as “electric shock” that is 
unpleasant and may lead to the loss of consciousness and even to death. The situa-
tion is similar for other living beings: a tree under a thunderstorm does not show any 
visible response to the surrounding electric fields, while it is being strongly deformed 
by the wind. However, one instant later it may be hit by lightning that will put it 

1 Living in an Electrified Environment
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ablaze. Human sensing of electricity often follows a step function: no perception 
almost every time but eventually overwhelming or even fatal, for a short time. Year 
after year, lightning kills many persons who remained under heavily clouded skies: 
everybody knows the risk but the lack of sensitivity suggests that nothing will hap-
pen, until lightning happens.

Some signs or the surrounding electricity are perceived, at times: pants stick to 
our legs, hair rises up, and fur bends, but these events do not have the same regular-
ity and frequency of our perception of light, heat, or sound.

On the other hand, negative effects of electric fields on human health are often 
mentioned, associating the incidence of cancer and the exposure of electric fields in 
the vicinity of power transmission lines. There are laboratory reports on the effect 
of endogenous and exogenous electric fields [39, 40] on living tissue and biological 
materials. Moreover, electrokinetic techniques have been used [41] in tissue engi-
neering. However, systematic critical examination of electric fields on biological 
systems shows that electric fields are less damaging than magnetic fields [42].

Lack of perception of electric fields is widespread among living beings, with a few 
notable exceptions like the “electric fish” and other aquatic species [43], bees [44], 
cockroaches, and few others.

Humans and most other living species are insensitive because they are electri-
cally shielded. This is essential for survival, because life is extremely dependent 
from electric phenomena for perception, information, decision-taking and motion, 
either automatic or under brain control. The relevant potential differences in our 
muscles, nerves, and brain are well below 1 V and fortunately they are shielded 
from the 100 volts per meter gradient in our surrounding atmosphere. Human elec-
trical activity is detected in many ways, as electrocardiograms, brain wave, and 
other electric signals that require sophisticated instrumentation, but they are not 
consciously perceived by other persons.

Human body shielding is done by water and it is based on water ability to acquire 
net charge, countering low-frequency or static fields. The physical–chemical basis 
for this impressive role of water is described in this book for the first time in a com-
prehensive way, in Chap. 6.

The limited perception of electric fields by humans leads many persons to believe 
that we live in an electroneutral world, exempt of electric phenomena. Quite the 
opposite, we live in an electrified environment created by powerful external and 
internal factors.

1.6  Conclusions

The Earth surface and its atmosphere are electrified environments due to the perma-
nently charged capacitor formed by the ionosphere and the crust surface, added to a 
number of natural phenomena producing large and small local electric fields, like 
thunderstorms, inter-particle collisions, and tectonic activity. The latter provoke 
changes with relaxation times in the range of minutes to hours, while the Earth 
capacitor changes following solar activity and Earth circadian and annual periods.

1.6 Conclusions

http://dx.doi.org/10.1007/978-3-319-52374-3_6
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None of these changes is perceived by human senses, going largely unnoticed 
until electric discharge takes place, often with severe material and personal 
consequences.

Recognizing that mutable electric patterns are an intrinsic feature of our environ-
ment will probably allow every person, especially researchers and engineers, to 
acquire a better understanding of natural and anthropic phenomena.

The recent findings in this area will probably contribute to two important sets of 
emerging technologies: energy harvesting and environmental engineering.
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2.1  A Widespread Belief

Many persons educated in science and engineering tend to view their surroundings 
as being electrically neutral, except for the electricity used to power equipment and 
lighting ware in any anthropic environment. When asked about electricity in a qui-
escent environment, scientists and engineers often invoke electroneutrality, includ-
ing an “Electroneutrality Principle” that will be discussed ahead.

This is not surprising, since unbalanced electrostatic charge is hardly conspicu-
ous: it is not perceived by our senses, it does not provoke frequent sound emission 
or color change and some more frequent visual effects are too subtle to be noticed, 
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as for instance in the case of water drop deformation due to excess charge. This will 
be treated in detail in Chap. 6, but a short description follows.

Water drops are deformed in the presence of an electrified body and the trajec-
tory of falling water is modified, in the presence of an electrified object, as shown in 
Fig. 2.1. This has been known for more than two centuries and it is used as a dem-
onstration of molecular polarity in textbooks. Unfortunately, this is eventually 
accompanied by incorrect explanations, as discussed by Ziaei-Moayyed and 
Goodman [1]. Some related movies that can be seen in the Internet are supple-
mented by comments and explanations that are examples of misconceptions on 
electrostatic phenomena. A microfluidic version of this experiment accompanied by 
a quantitative analysis was recently published [2], see Fig. 2.2.

2.2  Charge Accumulation, Electrostatic Discharge

Electrostatic charge accumulation usually goes unnoticed, until a critical value is 
reached for the electric field and a discharge takes place, often leading to fire, explo-
sions, and personal injuries. This kind of behavior is quite different from many other 
types of physical phenomena. For instance, an object undergoing mechanical stress, 
torsion, or compression normally shows some deformation, prior to breaking or 
acquiring a new shape due to plastic deformation. When water is heated, its 

Fig. 2.1 Electrical 
deflection of a distilled 
water droplet stream within 
the electric field between 
two aluminum deflector 
plates separated by 2 cm 
Styrofoam spacers. The 
plate on left was grounded 
and a potential was 
induced on the right-hand 
plate by a statically 
electrified balloon that was 
outside the field of view to 
the right. Reprinted with 
permission from [1]
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temperature increases before it starts to boil. On the other hand, unwanted electro-
static discharges take place without any warning: most systems will build-up elec-
tric charge that goes unnoticed, until the limit is reached.

A popular class demonstration experiment is the “Kelvin dropper”, an ingenious 
but simple experimental set-up where falling water drops produce sufficient elec-
tricity to provoke sparks. Most reports of this experiment are rather qualitative since 
voltage build-up is not usually measured, but it has recently been used in microflu-
idic devices [3] with attractive features, including the possibility of energy 
scavenging.

Rather dangerous, electrical discharge may be triggered just by making some 
geometrical change in the arrangement of solids and liquids, for instance by bringing 
a grounded conductor closer to a pile of charged dielectric powder. The electric field 
may increase to the point of provoking dielectric rupture of the air and thus provok-
ing a discharge. So, performing what may look like a safety procedure may indeed 
trigger an explosion. The situation may become still more complex if this is coupled 
to motion relative to a magnet that will also provoke charge displacement [4].

2.3  Electric Potential, Electric Field, Electrochemical 
Potential

A complicating factor in the understanding of electrostatic phenomena is the mixed 
use of electric field or electric potential to describe electric effects on various phe-
nomena. Electric field fits well within mechanical reasoning, since it is easily asso-
ciated with forces acting on charges and dipoles and thus it is easily related to the 
motion of charge carriers or the orientation of objects containing separated charges, 
as dipoles of multipoles.

On the other hand, electric potential fits easier within thermodynamics and its 
use is convenient, as an intensive factor coupled to charge, which is extensive. 
It was used by Tolman, in his outstanding work, e.g. on the determination of 
electrochemical transference numbers of ions by centrifugation. In his writing, 

Fig. 2.2 Water droplets in microchannels as they pass between two electrodes. Droplet shape 
becomes elliptical and they tend to emit daughter droplets, as in the classical Rayleigh explosions. 
Reprinted with permission from [2]

2.3  Electric Potential, Electric Field, Electrochemical Potential
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“The method consists in the measurement of the electromotive force produced 
between electrodes placed at the central and peripheral ends of a rotating tube con-
taining the electrolyte. An equation can be derived, connecting this electromotive 
force and the transference number of the salt with the speed of rotation, the density 
of the solution, and the molecular weight and the “partial“ specific volume of the 
substances involved…” [5].

The existence of sedimentation potentials, by itself, is a powerful demonstration 
that electroneutrality is not expected along any solution or dispersion contained 
within a tube that underwent centrifugation. Simple extension of Tolman’s equa-
tions to larger solutes or particles dispersed in a liquid shows that it should not also 
be expected along the depth of any water body where charged particles (clays, sand, 
humic matter) are dispersed, settling under gravity. So, electric potential gradients 
are expected even under sedimentation equilibrium conditions, in aqueous 
electrolytes.

Electrochemical potential is currently widely used by two groups of researchers: 
electrochemical kineticists and electrophysiologists. Both groups are well aware of 
the importance of the electrochemical potential in the treatment and understanding 
of the phenomena they are interested in: electrochemical kinetics makes explicit use 
of the effect of local electric potential on the activation energy of an electrode reac-
tion, while the importance of electric phenomena in signal transmission in living 
cells and tissue is now perceived even by the layman using medication related to 
sodium pumps and other nanobiological gear. However, they are a minority. This is 
verified by comparing the number of entries in the Web of Science, over all years 
recorded, at a given time: entries for “chemical potential” number 14,180 vs. 2852 
for “electrochemical potential”.

Instrumentation researchers have been familiar with non-uniformity of electric 
potential in insulator surfaces. For instance, Lion stated that “The (usually irregu-
larly distributed) electrostatic charges on the surface of an insulator can be detected 
and measured by the use of a moving electrode” [6]. His recognition of charge non- 
uniformity was not widespread and it is usually ignored by experimenters using 
plastic labware.

2.4  Taking Electroneutrality for Granted

Examples of researchers treating excess charge in matter as a non-issue can be taken 
from any scientific or technological area: for instance, polymer textbooks only refer 
to electric charge in the chapters explicitly related to ionic species, either on poly-
electrolytes or living polymerization initiated or involving ionic species, notwith-
standing the obvious and frequent occurrence of excess charge in polymer materials 
exiting mills and processing equipment.

Charge build-up during operations widely used in the chemical, pharmaceutical, 
food, and related industries has been reported. Particles are often electrostatically 
charged by frictional contact during powder-handling operations [7]. More generally, 
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during the operation of multiphase systems such as fluidized beds, electrostatic 
charges are generated when the materials involved are dielectric in nature [8]. The 
same is observed during a melt agglomeration process [9] and in many other cases.

On the other hand, recent work from the author’s laboratory shows that water is 
often non-electroneutral and that it contributes in many ways to impart non- 
electroneutrality to other substances [9, 10] that will be dealt in a separate chapter.

2.5  The Electroneutrality Principle

This principle is not often mentioned in the literature. A search in Web of Science 
using “electroneutrality principle” as the entry returned only 58 documents and in 
many cases electroneutrality is taken as a rule or principle, without further analysis. 
For instance, the statements “The main physicochemical principle which must be 
accomplished in body fluids, is the rule of electroneutrality” [11] and “The mathe-
matical model is based on principles of mass conservation, acid-base equilibria, and 
electroneutrality” [12] are read in the recent literature.

This principle is an entry in IUPAC Gold Book [13] where we can read, under 
“electroneutrality principle”: “The principle expresses the fact that all pure sub-
stances carry a net charge of zero.” This is correct for “pure substances” but strictly 
under some assumptions, e.g. zero electric potential [14]. Under non-zero potential, 
satisfying the condition of minimum electrochemical potential requires that any 
system contains excess cations under negative potential and excess anions under a 
positive potential.

The assumption of electroneutrality appears explicitly in recent scholar texts, 
e.g.: “Ions are not independent in ionic solids, where we take for granted the fact 
that there are exactly equal numbers of Na+ and Cl– ions (or we would be electro-
cuted each time we salt our food)…” and “One always without exception dissolves 
a strictly neutral salt in water to make an ionic solution…no violation of electrical 
neutrality is significant in chemical units…” [15]. The electrocution argument is 
certainly not correct, because this implies the onset of electric current but this is not 
to be expected from the immobile crystal ions. Moreover, given the size of 
Avogadro’s number, having exactly equal numbers of Na+ and Cl− ions implies that 
no imbalance takes place within a population in the range of 1023 individuals, what 
is not to be expected.

A related issue is the widespread assumption of non-volatility of ionic species, 
from room-temperature liquids. This matter was discussed in detail by Rockwood 
[16], connecting it to thermionic emission, and recalling that ions may undergo 
thermionic emission [17]. The same physics developed by Fermi for the treatment 
of an electron gas in equilibrium with a metal must apply to ions as well as to elec-
trons, which implies that ions must also have a vapor pressure that is usually 
neglected. Evidence in favor of ion transfer across solid- and liquid-gas interfaces 
will be presented, in various chapters of this book, especially Chaps. 4 and 6, on 
Charge Mobility and Hygroelectricity, respectively.

2.5  The Electroneutrality Principle
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2.6  Pauling’s Principle of Electroneutrality

Pauling’s principle of electroneutrality played an important role in the study of 
molecular structure. The original statement by Pauling in 1948 says that each atom 
in a stable substance has a charge close to zero and it appears in the Dover reprinting 
of the 3rd edition of his “General Chemistry” book as follows: “Stable molecules 
and crystals have electronic structures such that the electric charge of each atom is 
close to zero. Close to zero means between −1 and +1” [18]. This principle has been 
used to predict relative stability of molecular resonance structures, to explain the 
stability of inorganic complexes, π-bonding in compounds and polyatomic anions. 
However, modern computational techniques may indicate greater ionic character 
than predicted by this principle [19].

To the present authors, it is not clear how and why this statement may lead any-
one to believe that macroscopic matter is also electroneutral. It is well known that 
the collective behavior of molecules is often not predictable just considering the 
properties of individual molecules. Moreover, the advent of nanotechnology made 
clear that size matters and many properties of a given substance may change with 
size. For these reasons, Pauling’s principle of electroneutrality is not a sound basis 
for assuming that matter is electroneutral, notwithstanding its importance in the 
determination of molecular structure and properties.

2.7  Factors of Non-Electroneutrality

2.7.1  Dangling Bonds

Many scientists and engineers were taught to view common matter as if it were a 
more or less complex assembly of great numbers of well-behaved ions and mole-
cules, in the Avogadro range. Some situations that do not fit within this picture are 
usually overlooked. For instance, dangling bonds are structures not contained within 
the usual descriptions of the molecules and crystalline solids [20] and they have 
been reported in many cases: at the ends of graphene molecules [21]; in silicon [22], 
and germanium [23]. OH dangling bonds were detected in the hydration shells 
around dissolved nonpolar (hydrocarbon) groups [24]; in polymers, e.g. PTFE [25] 
where it accounts for ferromagnetism; in GaN [26].

Recognizing the existence of dangling bonds in rather simple systems that are 
among the most intensively studied by chemists, physicists, materials scientists, and 
engineers should prompt researchers to accept other departures from standard 
descriptions, including that there are not “exactly equal numbers of Na+ and Cl– 
ions” in NaCl crystals.
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2.7.2  Are Ionic Crystals Electroneutral?

Crystalline solids themselves have a large number of possibilities for developing 
excess charge, positive or negative. A fundamental reason is entropy. It is well 
established that defects develop spontaneously on crystals, since they contribute to 
increase entropy and to decrease free energy. This often goes at the cost of adding 
energy to the crystal to create the defect.

A very simple case is a salt crystallizing from aqueous solution. If electrostatics 
were the only factor for ion deposition on the growing crystals, then perhaps each 
growing crystal would be exactly neutral at each point in time. However, a neutral 
salt crystal within a solution of its ions is a rare situation. This is abundantly evi-
denced by considering surface properties of salt crystals in the presence of dissolved 
ions. In this area, Lyklema and his collaborators in Wageningen and elsewhere pro-
duced a huge amount of rigorous information on excess charge on silver iodide 
crystals, determined either by potentiometric titration or more indirectly by zeta 
potential measurements. They examined adsorption and double layer capacitance 
[27] in the presence of various other ions, polymers [28] under variable pH, co- 
solvent and variable temperature [29] during five decades, creating solid ground for 
understanding the behavior of real ionic crystals in water.

Other important contributions come from different groups. For instance, “in the 
vicinity of the point of zero charge the Nernst equation accurately gives the surface 
charge” [30].

Indeed, the interaction of water with various ions at crystal surfaces cannot be 
expected to be non-specific. Silver iodide has also been studied in this respect due to 
its important role nucleating ice formation, in the atmosphere [31]. A recent finding 
is that “Water molecules strongly adsorb onto the Ag+ terminated face to give a well-
ordered hexagonal ice-like bilayer that then acts as a template for further ice growth”, 
but water does not adsorb at I− terminated basal face or the prism and normal faces 
[32]. A study of the nucleating activity of silver iodide in super-cooled water showed 
its dependence upon the potential-determining silver and iodide ions [33].

Apparently, all the knowledge referred to in previous paragraphs is left aside 
when students are taught to use electroneutrality in their calculations, indiscrimi-
nately. For instance, they learn that in equilibrium reactions like AgI = Ag+ + I− the 
two concentrations are equal, [Ag+] = [I−] and Kw = [Ag+]2 = [I−]2. However, under 
most conditions the AgI particles contain non-zero charge, evidenced by electro-
phoresis, titration data, and other data. Consequently, [Ag+] ≠ [I−].

2.7.3  New Ion Sources for Mass Spectrometry

Mass spectrometry is currently a large family of analytical techniques with a great 
diversity of equipment configurations, procedures, and areas of interest. The initial 
step in the analysis of neutral molecules by mass spectrometry is the production of 
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molecular ions that formerly was done under high vacuum and this was an impor-
tant limitation for mass spectrometry. In 1994, Hirabayashi and collaborators [34] 
revolutionized mass spectrometry by introducing an atmospheric pressure chemical 
ionization (APCI) technique termed “sonic spray ionization” (SSI) that “was unique 
and revolutionary because it introduced a new concept of ionization to mass spec-
trometry” producing ions without the assistance of voltage, radiation, or heating. 
The charged droplets were produced simply by spraying an acidified solution of the 
analyte in methanol at sonic speed and charge separation was assigned to a statisti-
cally unbalanced distribution of cations and anions. This opened the way to ambient 
mass spectrometry techniques like EASI that brought mass spectrometers into the 
“real world” for the following reasons: (1) its great simplicity, because only com-
pressed nitrogen or air is required; (2) its ability to simultaneous produce both nega-
tively and positively charged droplets, hence no need to switch high potentials in 
changing from EASI(+) to EASI(−); (3) the low charge concentration on the drop-
lets, which seems to improve signal-to-noise ratios; (4) the extreme softness of the 
ionization process; (5) no thermal degradation. One limitation of EASI is the ultra-
high-velocity spray stream, which can easily blow samples away, but the formation 
of bipolar aerosol using only low-pressure systems was recently disclosed [35] and 
it may find applications in MS, in the near future.

2.7.4  Contact Charging, Mechanochemistry, Tribochemistry

Contact charging is known to almost every person, it has been known since the 
ancient Greeks but is description in terms of the atomic-molecular theory as it was 
established nearly one century ago is still a big challenge [36]. Nevertheless, it 
shows that each one of two solids acquire excess charge upon contact, meaning that 
neither becomes electroneutral.

Beyond contacting other solids and liquids, any substances and materials in the 
real world are subject to handling, contact with other substances including gas and 
liquid flow over their surfaces, cutting and milling, tension and compression and a 
number of other kinds of mechanical actions. Persons experienced in different kinds 
of operations, in any environment, are familiar with the appearance of charged par-
ticles, liquids and solids, in many situations, from cement to pharmaceutical and 
food processing [37, 38].

Following IUPAC, the term “mechano-chemical” is used for a “Chemical reac-
tion that is induced by the direct absorption of mechanical energy.” The Gold Book 
also notes that “shearing, stretching, and grinding are typical methods for the 
mechano- chemical generation of reactive sites, usually macroradicals, in polymer 
chains that undergo mechano-chemical reactions” [13]. Judging by the frequent 
observation of electrostatic charging in mechanically processed materials, many 
mechano-chemical reaction products carry excess charge that provoke various 
effects in the making of various types of solids and powders [39].
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However, electrostatic separation based on different tribo-electric charging 
behaviors of components has emerged as a novel, sustainable dry fractionation pro-
cess [40].

Milling solids provide many good examples, since the resulting powders are 
often sufficiently charged to adhere to equipment surfaces, blocking its chambers 
and provoking the interruption of the operation [7]. Since industrial milling opera-
tions use up to 5% of the electricity produced in the world, and it dissipates hitherto 
unknown amounts of charge in the environment, perhaps this would be a good area 
for introducing energy harvesting equipment.

Unfortunately, mechanochemistry, tribochemistry, and even tribology at large are 
not popular areas among basic scientists, even though there are excellent reviews 
and books on this topic [41–46], bringing information, showing opportunities in 
chemical synthesis [47, 48] while aiming to create a unifying framework that enables 
predictions of force-induced reactivity [49, 50]. This topic will be treated in a sepa-
rate chapter in this book and the message left at this point is this: common mechani-
cal action on solids and complex liquids may cause significant chemical change, 
including the formation of high-energy species like free-radicals and ions that may 
soon react forming other high-energy species with half-lives reaching many months, 
in some cases. This is well represented by the words “triboplasma”, coined by 
Heinicke and “magma-plasma”, by Thiessen, to describe the unique chemical and 
physical environments created by mechanical action on different solids.

2.7.5  Liquid Junction Potential and Membrane Potential

Liquid junction potential (LJP) is a concept familiar to electrochemists, electro-
physiologists [51], and to any person that uses a combined glass-reference electrode 
for pH measurement. It appears when a liquid–liquid junction is made, contacting 
two liquids with different concentration and chemical composition of electrolyte 
solutes [52], or even two different liquids [53].

It is easily understood considering that the diffusion coefficients of the cation 
and anion in an electrolytic solution are usually different, as well as their electro-
phoretic mobilities and transport numbers as shown in Fig. 2.3. The magnitude of 
junction potentials cannot be overlooked and it has been demonstrated that LJPs 
formed in microchannels can induce appreciable electrophoretic transport of 
charged species without the use of electrodes or an external power supply [54].

Membrane potential is observed whenever a membrane separates two electro-
lytic solutions. This is important in various natural and technological processes and 
it has been widely used in chemical analysis, in the glass electrodes [55] for pH and 
other ions measurement and various membrane electrodes that were developed for 
a large number of analytes [56]. Moreover, it is a basic concept in cell biology [57], 
ions may flow across the membrane by active and passive mechanisms and the 
changes in the membrane potential trigger important physiological phenomena.
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Liquid junction and membrane potential are components of the “spontaneous 
potential” that appears during drilling operations in the oil industry. It was one of 
the first logging measurements ever made and it was discovered by accident, since 
it caused perturbations on the electric logging systems. It records the naturally 
occurring voltage produced by the interaction of connate water, drilling fluid, and 
shale. Its usefulness was soon realized, and it remains as a useful logging measure-
ment, after many years [58]. In this case, the “membrane” is a layer of shale or sand.

2.7.6  Electrostatics in Chemical Processing

Electrostatic phenomena are well known to chemical engineers involved with gas–
solid–liquid flow systems [7], as they cause various types of operational problems 
and are a source of hazard. Electrostatic charging has been observed during spray- 
drying [59] and fluidized bed operations [60] where charge and hydrodynamics are 
mutually affected and excess accumulation of electrostatic charges has a severe 
impact on hydrodynamics [61].

2.7.7  Electrostatics in Soft Matter

Soft matter provides a large number of examples of systems whose properties and 
related processes largely depend on charge partition and segregation, this means 
they show large domains that are non-electroneutral. They include high polymers 

Fig. 2.3 The origin of the liquid junction potential (LJP). Left: chloride ions diffuse faster than 
sodium ions creating a potential gradient (negative at right) Right: there is no net flux of chloride 
ions but sodium diffuses faster than potassium, producing positive potential at right. Reprinted 
with permission from [53]
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and elastomers, polyelectrolyte gels, food processing and storage, waste manage-
ment, new tailored materials that easily acquire and store excess charge.

Even more important, electrostatic interactions are essential for biopolymer 
structure and they are thus at the heart of all the biotechnologies that currently have 
a great impact on human life [62]. Their relevance is now sufficient to attract the 
attention of theoreticians going deeply into systems that were previously often con-
sidered too complex for a proper scientific analysis. As a result, counter-intuitive 
phenomena like charge inversion of particles and polymers are now understood as 
induced by correlation [63].

2.8  Conclusions

The question in the title of this chapter can now be answered: electroneutrality is not 
to be often expected and if so, in very few places. It is not the rule and its conceptual 
use in most material systems neglects a large amount of sound scientific information.

The evolution of ionization techniques in mass spectrometry shows how great 
progress was achieved just by recognizing that electric charge separation takes place 
during simple phenomena under many conditions, in the laboratory and environ-
ment. This perception has been obstructed in many cases by the presumed validity 
of an “electroneutrality principle”, even in the absence of significant experimental 
or theoretical support.

The examples given in this chapter show how charge partition takes place in 
macroscopic, microscopic and mesoscopic systems, under equilibrium or non- 
equilibrium conditions. Consequently, any time a material system is approached, 
we should ask ourselves which electrostatic patterns it contains and how these 
change with time.

Electrostatic patterns are all over, they are not rare and irrelevant oddities that are 
not even mentioned to most science and engineering students. Given their pervasi-
ness, electrostatic patterns and their consequences can and should be clearly men-
tioned by lecturers teaching many different disciplines and they should be considered 
by researchers and engineers, in every area of scientific endeavor.
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3.1  Charge and Matter

Electric charge is a conserved fundamental property of matter. It can be positive or 
negative. It is found in discrete quantities accounting for the forces applied on matter 
by electromagnetic fields, following the standard current view.

The dictionary definition above is satisfactory for all the purposes of this book 
and it will be used throughout. However, the authors acknowledge that it leaves 
open questions that have stimulated further thoughts, e.g. concerning the nature of 
charge [1]. This leads to a broader discussion on the nature of science that goes well 
beyond the scope of this book. A fact that is especially intriguing is the following: 
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even though charge on ordinary matter is always a positive or negative integer 
multiplied by the charge of the electron e, the charge of quarks may be equal to 2/3 
or −1/3 times e, this means, some sub-atomic particle-energy packages have frac-
tional charge [2].

The conceptual framework of this chapter is the atomic-molecular theory that 
has proven adequate for the study of matter as it exists in the environments where 
life thrives and humans live. This means, the simplest charged entities considered 
here are protons, electrons, neutrons, and ions.

3.1.1  Protons, Electrons, Neutrons, Molecules, and Ions

Matter found on Earth surface is formed by atoms of the elements represented in 
the Periodic Table, most often bound together to form molecules, ions and metals, 
packed in crystals of various types or moving freely in liquids and gases. These 
are in turn formed by protons, neutrons, and electrons that usually preserve the 
atomic arrangements but may be at least partly dismantled when high-energy par-
ticles impinge on them or when they acquire sufficiently high energy to form a 
plasma.

The energy from radiation absorbed by matter may be sufficient to eject one or 
more electrons, leaving behind positive ions or excess positive charge in crystals. 
This is the photoelectric effect that takes many forms, from the photovoltaic cells 
for energy production to the X-ray photoelectron analytical spectrometers widely 
used in research and analysis and still, to the formation of the ionosphere.

On the other hand, the affinity of electrons for various elements is highly vari-
able. Coarsely, it increases from the left to the right hand side of the Periodic Table, 
so that halogens, chalcogens, and other non-metals are able to keep excess electrons 
forming negative ions. Electronegativity decreases from the top to the bottom of the 
Table, enough to allow fluorine atoms to establish bonds with the larger noble gases, 
like xenon.

There are also many stable polyatomic ions like sulfate and macromolecular ions 
represented by diverse natural substances as DNA and pectin or synthetic ones such 
as polyacrylate and polysulfonate. These are very stable species but many others are 
much less so, like the reactive propagating chains in anionic and cationic 
polymerization.

3.1.2  Formation and Stability of Ionic Species

Ionic species abound on Earth and they are widespread in the oceans and rocks that 
make most of the crust, as well as the biosphere. On the other hand, they are major 
components of the ionosphere and they also play an important role in the moist 
troposphere that was recently shown to act as a charge reservoir [3].

3 Charge Carriers Within the Atomic-Molecular Theory
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The simplest case of formation of ionic species is the breakdown of a polar 
 covalent bond, forming separate cations and anions. This happens with simple 
 substances like the carbonic acid from the atmosphere and the most complex nucleic 
acids, soluble molecules like acetic acid and insoluble ones as silicates.

Another simple way to form ionic species is a redox reaction, when different 
neutral atoms concurrently loose and acquire electrons, forming positive and nega-
tive ions. This is observed during metal corrosion, when the metal loses electrons to 
adjacent oxygen molecules or water, forming oxide (O2−) or hydroxide (OH−) ions. 
In some cases of metal corrosion, the released electron is captured by H+ ions, form-
ing molecular hydrogen. Oxygen is a prolific source of negative ions: beyond oxide 
and hydroxide there are also peroxide (O2

2−) and superoxide (O2
−) ions. Moreover, 

oxygen participates from most covalent bonds that undergo ionization, as men-
tioned in the previous paragraph.

Electron supply and withdrawal forming ions or transforming them back into 
neutral species can also take place from some external electric power supply con-
nected to an electrochemical cell. This is observed in the cells and batteries that 
power everyday life and in many important electrochemical process industries that 
make chlorine and soda, aluminum, copper and many other metals, hydrogen per-
oxide and a host of other products.

3.1.2.1  Ions from Water

Throughout this book, the ionization of water will receive great attention. The divi-
sion of water molecules into hydronium (H+) and hydroxide (OH−) ions takes place 
to a very limited extent: under ambient conditions, only one out of 107 molecules 
ionize, one-tenth of a part per million. However, given the magnitude of Avogadro 
number, this amounts to ca. 1017 positive and negative ions per mol of ultrapure, 
neutral water, only 18 g.

This is not sufficient to allow water to be classified as a conductor of electricity, 
for most purposes. On the other hand, if the positive and negative ions in 1 mol of 
water were somehow separated, their charge would amount to 10−2 C each, given 
the Faraday constant, 96,485 C/mol. This amount of charge, flowing for a short time 
as for instance 1 ms produces 10 A current. Consequently, there is much electricity 
in a few grams of water, one of the most abundant substances in the Earth crust.

3.1.3  Electrons

Electrons are the prevalent charge carriers in metals and semiconductors. They are 
the charge carriers in n-type semiconductors while in p-type semiconductors the 
“holes” are actually electron vacancies whose motion is ultimately a way to describe 
the motion of electrons themselves.

3.1  Charge and Matter
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In solid or liquid metals, the outer electrons move freely across the setup of cat-
ions. The latter are also displaced in an electric field but making a much lower 
contribution to the electric current [4] than electrons. In pure semiconductors, free 
electrons are present in lesser amounts. They also play an important role in ionized 
gases and in any plasma.

Electrons from heated lamp or electron emitter filaments leave the metal surface 
toward the gas phase. This is thermionic emission, usually done under vacuum to pre-
vent filament burning and also due to the intense electron scattering in the atmosphere. 
Another way to produce an electron current is field emission from a sharp tip of a 
metal, kept under a few kilovolts negative potential. The resulting current is sufficient 
for image formation in microscopy, displays and even for electron-beam lithography.

On the other hand, free electrons are short-lived in many material environments and 
they do not keep their identity for long in most gases, liquids, and solids. This is famil-
iar to workers in many research areas, like electron microscopy. Handling electrons in 
gas phase is only possible under very low pressures, since their mean free-paths are 
very short, considering both elastic and inelastic scattering. Moreover, samples for 
transmission electron microscopy are necessarily thin, often well below 100 nm, while 
1 μm samples are useful but in a few cases only. This shows that electrons can hardly 
contribute to space charge in condensed phase dielectrics: once they enter an insulat-
ing solid or liquid, they will quickly undergo multiple  scattering, losing energy [5] 
until this reaches a value lower than the electron affinity of some sample component.

3.2  Charge Motion

Charge motion in different media covers a broad range of velocities, since it is 
always coupled to motion of carriers that have finite mass. Consequently, electrical 
resistivity that depends largely on charge motion covers 20 orders of magnitude [6].

Charges on insulators are usually immobile, a statement that is amply verified by 
the large number of published Kelvin micrographs and electric potential maps acquired 
using Kelvin electrodes, as for instance in the examples given in Figs. 3.1 and 3.2 [7]. 
Even the Kelvin micrographs obtained with the first generation of commercial instru-
ments showed steady potential patterns with 10-nm spatial resolution whose acquisi-
tion was repeated over and over in a process taking up to a few hours. Image stability 
was only possible if the speed of charge displacement was less than 10 nm per hour or 
so, corresponding to less than 10 pm per second. This may be compared to electron 
thermal velocities in Si and Ag that are respectively 2.3 x 105 m s−1 and 16.7 x 107 m s−1, 
14 and 19 orders of magnitude higher. On the other hand, diffusion coefficients for 
common ions in water are seven orders of magnitude lower than electrons in metals, 
as shown in Table 3.1.

Electrostatics is largely concerned with the systems where charge is immobile or it 
moves slowly. However, since charges do not move instantly even in highly conduct-
ing metals, the onset of electrostatic phenomena depends on the timescale of the obser-
vations. For instance, a classical estimate of electron displacement in a metal surface 
probed with visible light photons may extend to 1 nm only, during one period of the 
light wave, or else, bulk metal is not electrically disturbed by the incidence of light.

3 Charge Carriers Within the Atomic-Molecular Theory



Fig. 3.1 Kelvin micrograph of poly(styrene-co-hydroxyethylmethacrylate) (PS-HEMA) dry 
latex. Dark (bright) pixels contain excess negative (positive) charge. The pixel electric potential 
histogram is at the right. Reprinted with permission from [3]

Fig. 3.2 Macroscopic potential maps from tribocharged samples: (a) polytetrafluoroethylene (PTFE) 
and (b) poly(methyl methacrylate) (PMMA) rubbed with polyethylene (PE) foam disks. PE film 
abraded with (c) glass spheres and (d) PTFE pellets in a planetary mixer. Red squares indicate the 
polymer area on each image and the x, y axes are in millimeters. Positive and negative domains cover-
ing many millimeters or centimeters are observed in every case. Reprinted with permission from [7]
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3.2.1  Water

Accounts of the electrical properties of water usually emphasize its large dielectric 
constant and the large dipole moment that is often related to the concerted orienta-
tion of the large dipole moments of water molecules. In other context, there is a 
persistent discussion on the structure of liquid water that was initiated by efforts to 
interpret the Hofmeister effect. This is the collective name for the effects of dis-
solved ions in various types of experiments, whose models and mechanisms have 
been discussed for decades, with no signs for settling down [10].

Another complex situation is found in the case of the models and mechanisms 
put forward to explain the abnormally large contribution made by H+ and OH− ions 
to water electrical conductivity, when the Grothuss mechanism is often invoked [11, 
12] but it has also been challenged [13]. Following Marcus [14], the enhanced con-
ductivity behavior of H+ and OH− ions is sustained in aqueous co-solvent mixtures 
under certain conditions. For instance in aqueous acetonitrile, proton hopping is 
observed only above 20% water, when clusters of a minimal size are present [15].

Summing up, water plays a unique role in electrostatics, for various reasons: its 
conductivity is low but significant and it is greatly increased by dissolving ionic 
solids. Moreover, it offers unique possibilities for charge migration, thanks to the 
Grothuss mechanism or its alternative models. Most important, it is by itself an 
important reservoir of H+ and OH− ions.

3.2.2  Ionic Liquids

Ionic liquids have been known for decades but they only attracted great attention 
recently. For this reason, it is not surprising that most data on their basic properties 
including ion mobility have been obtained recently.

A rich collection of data is in [16], showing the specific conductivity of a number 
of representative ionic liquids. The room temperature conductivity, σ, is always 
within a broad range of 0.1–18 mS/cm. Conductivity of the order of 10 mS/cm is 
typical of ionic liquids based on [EtMeIm]+, while ionic liquids based on tetraalkyl-
ammonium, pyrrolidinium, piperidinium, and pyridinium cations are characterized 

Table 3.1 Mobility data for electrons and holes in Si, electrons in Ag and Na+ ions in aqueous 
solution at infinite dilution, 25 °C

Property Si, electrons [8] Ag, electrons [9] Na+, ions

Breakdown field V/cm ≈3 × 105

Mobility (cm2 V−1 s−1) ≤1400 9490 5 × 10−8

Mobility holes (cm2 V−1 s−1) ≤450
Diffusion coefficient (cm2 s−1) ≤36 241 13.3 × 10−6

Diffusion coefficient holes (cm2 s−1) ≤12
Electron thermal velocity (m s−1) 2.3 × 105 16.7 × 107

Hole thermal velocity (m s−1) 1.65 × 105

3 Charge Carriers Within the Atomic-Molecular Theory
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by lower conductivity, in the 0.1–5 mS/cm range. Thus, the highest room tempera-
ture ionic liquid conductivity is much lower than common aqueous electrolyte solu-
tions. For example, the specific conductivity of aqueous KOH (29.4 wt.%) solution 
is 540 mS/cm and in the electrolyte in lead-acid batteries, 30 wt.% aqueous H2SO4, 
it is ca. 730  mS/cm. Non-aqueous ionic solutions show one order of magnitude 
lower conductivity, for instance σ = 60 mS/cm for Et4NBF4 in acetonitrile. Dilution 
may produce an increase in conductivity, and in some cases the conductivity ini-
tially increases with the increasing amount of the salt, goes through a maximum and 
then decreases. All these changes are strongly dependent on the viscosity.

A study on N-butyl-N-methylpyrrolidinium cation with bis(trifluoromethane- 
sulfonyl) imide, bis(pentafluoroethanesulfonyl) imide and (trifluoromethane- 
sulfonyl) (nonafluorobutanesulfonyl) imide provided data on the pure ionic liquids 
and their mixtures. Viscosity at 303 K is in the 60–300 mPa s range while the diffu-
sion coefficients range is 5–25 × 10−12 m2 s−1, few orders of magnitude lower than 
the diffusion coefficients for simple ions in water [17].

Following the Nernst–Einstein equation (Eq. 3.1), the ionic conductivity in these 
liquids is also much lower than in solutions of simple ions.

 = =z e FD k T z N e D k TB A B
2

0
2 2

0/ /  (3.1)

Various aspects of the thermodynamics of non-aqueous mixtures containing 
ionic liquids were reviewed in 2005, showing interesting data on activity coeffi-
cients. This work also revealed considerable lack of data on transport properties 
such as viscosity, diffusion coefficients, heat, and electrical conductivity in ionic 
liquids + solvent mixtures. Data of other properties like surface and interphase ten-
sion were then completely missing but they are needed for a fuller understanding of 
ion transport properties [18]. Earlier, equivalent conductance of ionic liquids in non-
aqueous liquids and the limiting ion conductance λ°

i were found in quantitative 
agreement (within ±2%) with the values predicted by an empirical equation [19].

3.3  Charge Carriers at Interfaces

Interfaces are always important places for the appearance of excess charge, due to 
various mechanisms that will be discussed in Chap. 5. In this section, we examine 
some issues related to charge motion and storage at or across interfaces.

3.3.1  Dimensionality

The geometric dimension of smooth interfaces like most liquid–liquid or liquid–air 
interfaces is 2 while most solid–liquid or solid–gas interfaces are fractal, with 
dimension in the range between 2 and 3. For this reason, diffusion and thus charge 
mobility at interfaces may be significantly different than in the bulk phase.

3.3  Charge Carriers at Interfaces
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There is not sufficient data in the literature to allow broad statements to be made 
but interesting effects have been reported. For instance, Brownian dynamics simula-
tions of colloidal hard spheres in 2- and 3D showed smaller diffusion coefficients of 
the d = 2 samples at small concentrations, whereas the opposite is found at very 
high concentrations above volume fraction = 0.55. The absence of the third degree 
of freedom of motion in d = 2 leads to more effective caging of the particles while 
in d = 3 the in-plane cage can relax also by particle motion in the z direction. The 
contribution of charge to this problem is probably very large but there is not cur-
rently information to discuss this.

3.3.2  Electrodes and Electrochemistry

Charge carriers within a bulk phase are of one or two types: electrons and ions in 
metals and gases, electrons and holes in intrinsic semiconductors but either elec-
trons or holes in n- or p-type semiconductors, respectively. In electrolyte solutions, 
molten salts and ionic liquids carriers are positive and negative ions.

So, when electric current flows across different phase types, conversion from one 
to another type of carrier is needed. This is typically the case in electrolyte cells, 
piles, and batteries. A simple and important case is copper metal refining by elec-
trolysis, in cells consisting of two copper electrodes and a copper salt solution. 
Under a potential difference applied to the two electrodes, electrons are withdrawn 
from the positive electrode that releases the resulting copper (II) ions. These in turn 
migrate through the solution toward the negative electrode, where they are depos-
ited leaving behind impurities that settle in the bottom of the container.

In this case, current flow is assured by the two electrode reactions:

at the positive electrode: Cu = Cu2+ + 2 e−

at the negative electrode: Cu2+ + 2 e− = Cu

However, chemical kinetics often makes the picture more complex. A noted case 
is that of H+ ion discharge in a negative electrode: it is a fast reaction at a platinum 
electrode potential slightly more negative than the equilibrium potential but it is 
very slow when platinum is replaced by a mercury electrode, when an overpotential 
as high as −0.78 V is required to achieve deposition of hydrogen, a fact that was 
once important in the chlorine—soda electrochemical cells: when a brine is electro-
lyzed using a mercury cathode, a sodium amalgam is formed since Na+ ions are 
discharged prior to H+ ions [20], at least when sodium concentration in the amalgam 
is not too high. When a graphite anode is used in the same process, chlorine and/or 
oxygen evolve, depending on the relative concentrations of Cl− and OH− ions in the 
brine. Currently, efforts to understand and to lower overpotentials are actively pur-
sued in many research contexts, often connected to water oxidation and other reac-
tions relevant to solar energy harvesting and sustainable energy production [21].

These examples illustrate the complexity of electric current flow across a circuit 
where both electrons and ions are serial current carriers. This is the focus of the 
attention of many electrochemists, a group of scientists and engineers that are 
 continuously making huge contributions to science and technology.

3 Charge Carriers Within the Atomic-Molecular Theory
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3.3.3  Electrodes in Capacitors

Electrodes store charge in capacitors and the amount of stored charge depends on 
the dielectric polarization, the applied voltage and the geometry of the electrode 
set-up. For metal electrodes separated by a simple and uniform dielectric, charge 
carriers are electrons fed to one electrode and withdrawn from the other.

However, in electrolytic and supercapacitors, the energy stored is used to sepa-
rate ions of opposite signal, kept adjacent to the two electrodes. This topic will be 
dealt further in Chap. 4, on charges at interfaces.

3.3.4  Ion-Exchange Membranes

These are films or tubing made with a polymer that carries covalently bound anions 
like carboxylate, phosphate or sulfonate, or cations like quaternary alkylammo-
nium. In a cation-exchanging membrane, anions are fixed but cations can cross the 
membrane when driven by a potential or concentration gradient.

For this reason, these membranes contribute their selectivity to transform the usu-
ally bidirectional flow across an electrolyte solution into a unidirectional flow [22]. 
This is invaluable in chemical separation, seawater desalination, and wastewater 
treatment.

3.3.5  Gas–Liquid and Gas–Solid Interfaces

The presence of ions in the atmosphere is frequently neglected and it is not rare to 
see statements on charge in gas–liquid interfaces as solely dependent on excess 
concentration of solute species, following Langmuir adsorption isotherm. Excess 
charge is pronounced in the surfaces of surfactant solutions and monolayers, when 
anionic (cationic) surfactants impart negative (positive) charge to the interface. 
Other important gas interfaces are those of hydrogen electrodes and similar devices, 
where electronic charge is converted to ionic charge and vice versa.

Gas–solid interfaces in dielectrics and in grounded conducting or semi- conducting 
solids are often considered to be devoid of excess charge. In biased metals they have 
positive or negative excess of electrons, depending on the applied potential. Surface 
charge excess also appears due to induction, in conducting solids.

Beyond these well-established situations, there are many others that are only 
partially understood. These are presented in Chaps. 6, 7, and 9.

3.3.5.1  Vapor Electricity

In 1840, an unusual electrical shock incident few miles from Newcastle (UK) led 
Lord Armstrong to send a description of this unprecedented electrical phenomenon 
to Faraday. Shortly, an engine-man, working on a faulty boiler, placed his hand in a 
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leaking steam while his other hand was on a metal valve and this caused a violent 
electrical discharge [23]. Using an electrometer, Faraday found the engine steam to 
be positively charged and later he proposed that friction of steam against other 
materials was responsible for charge partition between vapor and the contacting 
materials [24]. This experiment is more often mentioned than reproduced and it has 
no satisfactory explanation, yet. Faraday’s suggestion is still intriguing but it can 
hardly be discussed because “friction”, by itself, is not yet a developed topic within 
the atomic-molecular theory framework.

Later in the nineteenth century, Lord Kelvin created the well-known Kelvin’s 
thunderstorm [25]. Most reports on these often-mentioned experiments are just qual-
itative but they have recently reached a high degree of sophistication in microfluidic 
devices [26]. This phenomenon is probably related to serious problems observed 
while handling liquid fuels [27]: large crude carriers sank or suffered severe damage 
following explosions caused by sparks produced during tank washing with steam 
[28]. This is just one case of still frequent, serious accidents that are ultimately caused 
by the absence of clear understanding of the involved basic events (see Chap. 12).

3.4  Ions, Electrons, or Both?

The nature of charge carriers in dielectrics has been debated in the literature [29] for 
decades and some authors have clearly stated the lack of consensus on that matter 
[30–32]. Important results showing the participation of ions have been published by 
the Whitesides group [33, 34] and by others, including the authors’ group. At about 
the same time, other results by the Bard group [35, 36] pointed toward charging by 
electrons. The situation was summed up in 2012 by Williams [37], who considered 
also a third mechanism that is mass transfer. This will be further discussed in Chaps. 
6 and 9 in this book.

The important area of electrets provides a wealth of information on the tech-
niques for charge trapping and migration within solids, including profiles for charge 
distribution but the nature of charge traps receives only minor attention. The partici-
pation of both ions and electrons is acknowledged [38, 39] but many authors refer 
to “space charge” without referring to the nature of charge bearing species. An 
important contribution was the development of micro-foam electrets [40, 41], based 
on the formation of ordered arrays of charge dipoles within cellular polymers. These 
are formed by poling microfoams and thus ionizing the cell contents, followed by 
the deposition of charged species on opposite walls of the same cell. This is a 
 possibility to obtain polymer film domains with positive or negative charge sepa-
rately, allowing the identification of charge-bearing species.

This discussion became more complex following two discoveries. First, tribo-
electrified insulator surfaces display complex charge and potential patterns showing 
the coexistence of domains with opposite charge, side by side. Moreover, experi-
mental evidence revealed that mass transfer is often associated with contact and 
tribocharging. This will be further discussed in Chap. 8.

At this point in time, it looks like different mechanisms operate in different sys-
tems and perhaps two different mechanisms may work simultaneously, in some cases.

3 Charge Carriers Within the Atomic-Molecular Theory
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Chapter 4
Charge at Interfaces
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4.1  The Maxwell-Wagner-Sillars Effect

Charge accumulation can take place at any interface, following the Maxwell- 
Wagner- Sillars effect that is observed whenever current flows across the interface of 
two materials [1].

Two parameters, dielectric constant ε and conductivity σ, define the macroscopic 
electrical properties of materials and their ratio τ = ε/σ is the relaxation time for 
each equivalent electric circuit given by the parallel capacitance and resistance of 
each material. When an electric current j crosses the interface, the difference in the 
relaxation times produces charge accumulation at the interface. This is a macro-
scopic dielectric polarization process that is called interfacial polarization.
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The time constant for charge accumulation is different from the time constants 
for each contacting material forming a series circuit, because it also depends on 
geometric factors. This is understood considering that the contribution of each 
material to the capacitance and impedance of the series circuit depends not only on 
the respective values for ε and σ but also on film thickness and interfacial area. This 
is represented in Fig. 4.1.

Given the non-specificity of the Maxwell-Wagner-Sillars effect, it should be 
expected to take place in every kind of interface, thus producing interfacial polariza-
tion in any interface.

4.2  Solid–Liquid Interfaces

Solid–liquid interfaces acquire charge for many additional reasons: ionization of 
solid surface groups, selective adsorption/desorption of ions from the solid surface, 
and differential solubility of ions from an ionic compound. Selective adsorption of 
H+ or OH− ions from water has paramount importance, because is found in most 
natural environments.

4.2.1  Mechanisms for S/L Interface Charging

Ionization of solid surface groups is expected in acidic metal oxides and in poly-
mers containing carboxylic groups, like cross-linked poly(styrene sulfonate) resins. 
On the other hand, polyethylene surfaces are more or less oxidized [2] and they may 
contain pendant carboxylic groups that undergo ionization in the presence of water 
and other solvents. When these systems are considered, it is important to keep in 
mind that the pKa for the -COOH dissociation reaction is not a constant, as in low-
 MW solutes. Instead, pKa for ionizable groups bound to a polymer chain or a surface 
varies with the degree of ionization [3], due to the effect of the increased negative 
charge density on the retention of H+ ions leaving the surface.

q
0

ti

=

j1 (w) = f (e1 , s1)

(j1 – j2) dt

j2 (w) = f (e2 , s2)

∫

Fig. 4.1 Schematic description of the Maxwell-Wagner-Sillars effect
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Differential solubility is observed in salts and it is often neglected because chem-
istry teachers normally introduce the topics of solubility and the solubility product 
Kps using an oversimplified picture. A frequent example is silver iodide and its solu-
bility equilibrium is represented by Eq. (4.1).

 
AgI Ag with K Agps= + = éë ùû éë ùû = ´+ - + - -I I 8 52 10 17.

 
(4.1)

This suggests that the remaining undissolved AgI particles are electroneutral and 
the saturated solution contains equal concentrations of Ag+ and I− ions, yielding 
pAg ≈ 8. Indeed, AgI particles are only neutral when pAg = 5.5 and pI = 10.5, this 
means, the two concentrations differ by five orders of magnitude and both concen-
trations depart from equilibrium by nearly three orders of magnitude.

This is easily understood, considering that unsolvated silver cations are signifi-
cantly smaller (129 pm radius) [4] and thus more solvated [5] by water than iodide 
(206 pm). Consequently, silver ion activity is lower within water than the activity of 
iodide, at the same concentration and Ag+ actually exhibits extreme solvation effects 
that are not observed for any other ions except Zn2+ and Au+ [6].

Selective adsorption of ions on the solid surface is easily observed with surfactant 
[7] and polyelectrolyte solutions. For instance, immersion of most solids on aqueous 
solutions of anionic surfactants like sodium lauryl sulfate leads to strong adsorption 
of the lauryl sulfate anions, much more intensely than Na+. This imparts to the sur-
face a large negative charge that is one of the main factors of the dispersant capabili-
ties of this and other surfactants, including detergency. The hydrophobic interactions 
responsible for surfactant adsorption largely overcome the electrostatic repulsion 
among adjacent adsorbed ions allowing the formation of adsorbed multilayers, 
hemimicelles [8, 9], and solloids1 [10]. For these reasons, surfactants and their mix-
tures can drastically change the interfacial properties and hence they are used in 
many industrial processes such as dispersion/flocculation, flotation, emulsification, 
corrosion inhibition, cosmetics, drug delivery, chemical mechanical polishing, 
enhanced oil recovery, and nanolithography. On the other hand, since surface-active 
substances are widespread in any terrestrial environment and most are ionic com-
pounds, they certainly play an important role in imparting charge to S/L interfaces.

4.2.2  The Electric Double Layer

Thus, a charged solid surface immersed in a liquid usually acquires excess charge and 
this interferes with the distribution of ions in the liquid forming an electrical double 
layer [11, 12], a peculiar, complex environment (Fig.  4.2). The water molecule 
dipoles adjacent to the surface are oriented and ions with opposite charge may bind 
strongly to the surface forming the Stern layer while other ions located beyond the 
Stern plane form the diffuse part of the double layer (or Gouy-Chapman layer), that 
obeys the Poisson-Boltzmann distribution of charge density. Strongly bound solvent 

1 Solloids are surface-mediated colloids or colloids made up of any chemical moieties on 
surfaces [10].

4.2 Solid–Liquid Interfaces
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and ions move together with the surface and they are separated from the rest of liquid 
by a slipping plane. Electric potential at the slipping plane is named zeta potential (ζ).

This prevalent picture of the electrical double layer is often modified by specific 
adsorption effects. For instance, Ba2+ cations adsorb on hematite particles with 
excess charge and anionic surfactants adsorb on negative silicate and cellulose sur-
faces. pH plays a major role in determining surface charge, since most surfaces 
show specific binding of H+ or OH−, even inert surfaces like hydrocarbons and fluo-
rocarbons. For instance, water flowing through polyethylene or polytetrafluoroeth-
ylene tubing acquires excess positive charge due to OH− adsorption (Fig. 4.3) [13].

Changing the solution pH is an important tool to change the interfacial charge. 
Adding acid usually increases solid surface charge while adding base makes the 
surfaces more negative [14], as seen in Fig. 4.4. On the other hand, measuring 

Fig. 4.2 Schematic 
representation of the 
structure of the electric 
double layer according to 
Stern’s theory. Ψd = Stern 
potential, ζ = Zeta 
potential which 
corresponds to the shear 
plane close to Stern plane. 
Reprinted with permission 
from [11]
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Fig. 4.3 Representative plots showing electrical charge acquired by 50 mL of deionized water 
after flowing through hydrophobic materials. Reprinted with permission from [13]

Fig. 4.4 Effect of pH for various NaCl concentrations on zeta potential of titanium dioxide (ana-
tase). Reprinted with permission from [15]

4.2 Solid–Liquid Interfaces
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the zeta potential of interfaces is an invaluable tool in the study of the chemical 
structure and properties of solid surfaces that is essential information, e.g. in 
mineral processing.

4.2.3  Experimental Methods

Potential measurements at the particle surface or at the limit of the Stern layer are 
not currently feasible. However, potential at the slipping plane is determined using 
electrokinetic data and it is called zeta potential. The main tools for assessing the 
electric properties of solid–liquid interfaces are thus potentiometric measurements 
using different types of electrodes and zeta potential measurements based on the 
various electrokinetic phenomena, especially electrophoresis, electrosmosis, and 
sedimentation potential. However, surface charge and electrokinetic charge are very 
different double layer characteristics and the significance of each should be clearly 
recognized, following a critical evaluation by Lyklema, who made outstanding con-
tributions to this topic [16]. The availability of both types of data for well- defined 
systems makes accessible much relevant information on the electrical double layer, 
including counter-ion adsorption, stagnant layer conduction, and overcharging. 
Lyklema also discussed the interpretation in terms of specific adsorption and ion 
correlations.

Potentiometric techniques are apparently simple and easily implemented in a 
number of different systems. Unfortunately, this is often deceiving. Application 
of potentiometry to the determination of proton surface charge at mineral/water 
interfaces was recently reviewed [17], covering conventional experimental pro-
cedures and providing a critical discussion of problems with the techniques. 
Recommendations for obtaining reasonable and comparable results were made, 
discussing the most important experimental parameters. The authors proposed a 
reference titration procedure to allow comparisons of experimental data, provid-
ing a checklist for researchers and reviewers that could improve the usefulness 
of published data.

Other techniques for ion adsorption measurements are also used to determine 
surface charge. However, simple comparison of adsorption and potentiometry 
results may lead to apparent disagreement that may indeed reveal previously unsus-
pected complexity of the surface. For instance, in a study on charge in soil particles 
the authors observed that “...estimates of net surface charge by potentiometric titra-
tion and ion adsorption did not agree, especially as the soil pH was adjusted away 
from the point of zero charge. This lack of agreement is attributed to dissolution 
reactions of minerals and organic matter at high and low pH, which consume acid 
or base and overestimate surface charge [18].”

Electrophoresis is by far the richest source of zeta potential data but it is unsuit-
able to the study of macroscopic S/L interfaces, like glass or textiles. These can be 
comminuted into small particles for electrophoresis experiments but comminution 
is often accompanied by mechano-chemical reactions that produce new surfaces, 
different from those existing in the original solid. In this case, zeta potentials are 
calculated from electro-osmosis or streaming potential experimental results [19].

4 Charge at Interfaces
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Cellulose is a rather intractable polymer due to the scarcity of solvents and to the 
fact that it decomposes thermally prior to melting. For this reason, cellulose and 
cellulosic materials are interesting examples of the use of streaming potentials 
(Fig. 4.5) to characterize charged groups in a complex, fibrous, and hardly soluble 
solid, including film membranes [20–22].

4.3  Liquid–Liquid Interfaces

Potential difference is observed across liquid–liquid interfaces following different 
mechanisms. An important case is differential ion diffusion across the interface that 
produces junction potentials (see Chap. 2). Another type of frequently observed 
phenomena is selective ion adsorption, as in the so-called membrane electrodes and 
in negative charge formation at water–oil interfaces.

The latter is the important case of OH− ion accumulation at the interfaces between 
water and non-polar media like oils [23] and polyolefins. It is also related to the 
complex behavior or ions at water–air interfaces that will be discussed in the forth-
coming section.

4.4  Solid– and Liquid–Gas Interfaces

This is a broad topic covering many different situations, depending on the nature of 
the solid or liquid. The possibility of charge transfer to and from the atmosphere, 
mediated by water droplets and vapor, was recognized by Faraday in the “vapor 

Fig. 4.5 Streaming potential of raw cotton fiber and the same but following various treatments. 
Reprinted with permission from [22]
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electricity” discovered by Lord Armstrong and by Kelvin in his “water drop equal-
izer”. This instrument was used to measure atmospheric electricity and his function-
ing was based on charge transfer between a water tank and the atmosphere, at a fast 
rate. According to Kelvin, “. . . any difference of potentials between the insulated 
conductor and the air at the place where the stream from the nozzle breaks into drops 
is done away with at the rate of five per cent, per half second, or even faster” [24].

However, this information was later neglected, e.g. in E. Schrödinger’s doctoral 
thesis [25], and other work [26, 27] that assigned the effect of air humidity on elec-
trostatic charge dissipation to the increased surface conductance of the electrified 
solids. The dominating role of water vapor as a charge carrier to and from S/L inter-
faces and the role of the atmosphere as a charge reservoir received additional sup-
port, recently [28].

4.4.1  Liquid–Gas Interfaces

Spontaneous establishment of electric potential difference at the water–air interface 
is historically very important since it was already used by Kelvin.

There are at least three other areas of investigation revealing important informa-
tion on the electrical properties of liquid–gas interfaces: Langmuir-Blodgett mono-
layers, interfaces of aqueous electrolyte solutions, and the study of water carrying 
excess charge. The two first topics are discussed in this chapter while the latter is 
further discussed in Chaps. 6 and 7, in this book.

4.4.1.1  LB Monolayers

Langmuir-Blodgett monolayers [29, 30] have been widely used to study structure and 
properties of many systems, ranging from surfactants to viruses and quantum dots. 
They are also used to manufacture self-assembled films and multilayers. For these 
reasons, they are by themselves a huge topic where the importance of interfacial 
electric fields in phenomena like molecular interactions, reorientation, and induced 
conformational changes was clearly demonstrated [31] and this is often easier than is 
a 3D system. On the other hand, interfacial charge in monolayers is largely dependent 
on the complex monolayer-forming species rather than on more strictly interfacial 
phenomena. For this reason, this topic will not be treated in detail here and the inter-
ested reader is directed to the excellent books and reviews on this topic.

4.4.1.2  Interfaces of Water and Aqueous Electrolyte Solutions

Experiments [32–36], theoretical calculations [37, 38], modeling, and simulation 
[39, 40] done on these interfaces have produced an impressive amount of work [41], 
benefiting from new, sophisticated techniques [42] together with classical methods. 
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This section does not give a full account of all the work done in this area but it 
presents some examples of the experimental results addressing the main points of 
divergence among the various authors.

For instance, vibrational sum frequency spectroscopy has been a rich source of 
information on ion accumulation at L/G interfaces [43, 44], showing also their 
effect on the surface water structure. HCl, HBr, and HI cause a significant disruption 
in the hydrogen-bonding network at the air–liquid interface, similar to that which is 
observed for sodium halides. One of the observed effects is a decrease in the number 
of dangling OH bonds relative to the neat water surface. These authors also found 
evidence for the presence of hydronium and Zundel ions and for increased concen-
tration of bromide and iodide ions at the interface, in agreement with the electron 
spectroscopy results.

One open question is especially relevant: is the surface of pure water acidic or 
basic [45, 46], this means, which ions are preferentially adsorbed at the water–air 
interface, H+ or OH−?

Garett [47] reviewed this topic emphasizing the accumulation of some anions at 
the air/water interface and not in the bulk, as usually happens to the cations. He also 
presented simulations explaining those positive surface adsorption excesses.

Jungwirth [33] used results from surface-selective spectroscopies and molecular 
simulations. Both approaches indicate that the heavier and thus softer halide ions 
can be present and even enhanced at the water surface. This author finds that hydro-
nium but not hydroxide accumulate at the air/water and alkane/water interfaces. 
These findings were extended to water–protein interfaces and they supported a local 
model of interactions of ions with proteins aiming to the rationalization of ion- 
specific Hofmeister effects in the salting out of proteins.

An interesting analysis of the situation was made by Manciu and Ruckenstein 
[48], who applied a Poisson-Boltzmann model compatible with zeta potential 
experiments [49–52] to calculate the concentrations of ions at the interfaces. Their 
conclusions are as follows. For most pH values, the concentrations of both H+ and 
OH− are much larger in the interfacial region than in bulk. However, at very low pH 
values, the interfacial concentration of H+ is lower than in bulk. At large pH values, 
the interfacial concentrations of both H+ and OH− are lower than in bulk for three 
independent sets of ion adsorption parameters, obtained from three different sets of 
experimental zeta potential results. These lower interfacial concentrations of H+ and 
OH−, at extreme pH values, arise from adsorption saturation due to the finite num-
ber of adsorption sites. The ratio between H+ and OH− concentrations is lower at the 
interface than in the bulk in most but not all cases. The interfacial ratio of H+ and 
OH−, divided by the same ratio in the bulk, depends on both the pH and salt 
concentration.

The thermodynamic model presented by Kallay and co-workers leads to some 
conclusions convergent with those in the previous paragraph, supporting experi-
mental results on the dependency of the surface potential at the gas–water interface 
with the pH and showing that the interface is negative above pH 3.8 [53].

4.4 Solid– and Liquid–Gas Interfaces
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Further progress in this area is needed, not only to settle the current diver-
gences but mainly because understanding these interfaces is needed to understand 
other important phenomena, like proton transfer at interfaces that is quite differ-
ent from conventional proton transfer in bulk water [54]. The discrepancies 
between experimental results probably arise from the difficulty to avoid changing 
the excess charge in liquids and solids, inadvertently. This is probably due to 
handling or induction by neighboring solids, liquids, and the surrounding atmo-
sphere that is often unduly neglected. The discrepancies among theoretical and 
computational results may arise from intrinsic limitations of the methods used or 
from computational difficulties to handle sufficiently large sets of molecules and 
ions.

4.4.2  Metal or Semiconductor/Liquid Interfaces

Metal or semiconductor–liquid interfaces are an essential topic of electrochemistry 
and electroanalytical chemistry, treated extensively in the excellent books authored 
by Bard [55] and Bockris [56]. A unique feature of electrodes is that the potential 
on the metal can be measured precisely with high time resolution. Moreover, it can 
also be changed by the researcher within a broad range, limited only by the onset 
of reduction and oxidation reactions at the two electrodes and the kinetics of the 
electrode reactions. The electrical double layer is a matter of great interest to elec-
trochemists, who may count on a number of precise, time-resolved techniques 
whose power is not matched by the techniques available to colloid and surface 
chemists. For this reason, knowledge on the dynamic characteristics, structure and 
reactivity at electrode interfaces usually exceeds that available for many other 
kinds of interfaces [57].

A huge number of interesting and often unpredictable facts has been disclosed by 
electrochemical research, evidencing fascinating features of the electrode interfaces 
and of the power of electrochemical methods.

For instance, electrode interfaces can be used to generate unstable species, like 
radical ions in solution, by oxidizing or reducing stable precursors like polycyclic 
hydrocarbons and various nitrogenated compounds: aromatic amines, nitrocom-
pounds, and nitrites. These free-radicals in solution engage in electron-transfer 
reactions that produce electrogenerated chemiluminescence (ECL), a powerful tool 
for ultrasensitive biomolecule detection and quantification using miniaturized bio-
sensors capable of multiplexing detection with high sensitivity, low detection limit, 
and good selectivity and stability [58]. When ECL is produced within thermore-
sponsive redox microgels, its intensity is correlated with the collapse of microgel 
particles [59]. This is a good example of the flexibility in the access to complex, 
unstable species and fine control that are achieved by triggering chemical reactions 
at the metal–liquid interfaces.

4 Charge at Interfaces
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4.5  Solid–Solid Interfaces

Potential differences develop across solid–solid interfaces, due to different mecha-
nisms: (1) electron transfer, in metals and semiconductors; (2) transfer of tribo-ions 
formed mechanochemically; (3) selective partition of adsorbed ions, especially OH−.

The first case is relevant in many areas, as in electrochemistry, corrosion, and 
microelectronics, and it is a well-developed topic that will not be further discussed 
here. The transfer of tribo-ions formed mechanochemically that was discovered 
recently is the topic of Chap. 9 in this book.

4.5.1  Selective Partition of Adsorbed Ions

Selective ion adsorption plays an important role that was first raised by the 
Whitesides group [60, 61], who described the fabrication and characterization of 
ionic electrets. These materials contain a long-lived electrostatic charge due to an 
imbalance between the number of cationic and anionic charges in the material. For 
instance, crosslinked polystyrene microspheres that contain covalently bound ions 
and mobile counterions transfer some of their mobile ions in air, in the absence of 
bulk liquid, to another contacting material. This selective transfer of mobile ions 
yields microspheres with a net electrostatic charge. A typical charge density is 1 
elementary charge per 2000  nm2, close to the theoretical limit imposed by the 
dielectric breakdown of air. It increases in an atmosphere of SF6, compared to N2. 
Other ionic electret materials are functionalized glass or silicon with covalently 
bound ions and mobile counterions. Charge patterns are built in these materials, 
using soft lithography [62].

These ideas have been extended to many other situations, because most solid 
surfaces contain some adsorbed water, even under low relative humidity, and water 
produces H+ and OH−. Moreover, the equilibrium concentrations of these two ions in 
pure water depend on the local electrostatic potential, under a non-zero electric 
potential. Following the presentation in Chap. 5, [H+] under a potential ϕ1 is given by

 
- éë ùû -( ) = ( )+2 30 7 1. logRT FH f

 

Thus, water in a region in space where ϕ1 = 0.2 V should have pH = 10.4. This is 
not macroscopically observed because the electric double layer formed at the aque-
ous interface shields the potential. Nevertheless, pure water contains excess concen-
tration of H+ or OH− ions, depending on the adjacent electrostatic patterns so that it 
can supply ions for adsorption, depending not only on chemical affinity but also on 
the local potential.
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4.6  Water Structures at Interfaces

The behavior of water at interfaces has been receiving great attention for many 
decades [63] with plenty of diverging results and conclusions drawn by distin-
guished authors. This is probably one of the topics where greatest disagreement is 
found, in current science. New proposals further contribute to the complexity of the 
situation and the level of conflict seems to increase continuously, adding to the 
many disputes that were already mentioned in this chapter. This is not surprising, 
considering that water itself is “The Most Anomalous Liquid” [64].
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Charge Patterns, Charge Separation
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5.1  Charge Patterns: From Molecules to Bulk Matter

Charge patterns are observed in matter in our environment, from neutral atoms, 
molecules and up. In the former, positive charge is concentrated in the dense nuclei 
while negative charge spreads over the electrosphere.

Neutral molecules also display complex charge and potential patterns, according 
to direct experimental observation and to the results of theoretical calculations. 
As an example, Fig. 5.1 shows the electrostatic potential in the outer regions of the 
molecule, 3-amino-5-hydroxypyridine [1]. This is how the latter is ‘seen’ by an 
approaching reactant, and it is a guide to the reactivity and non-covalent interactions 
of this molecule.

There is thus an asymmetry in the association between charge and mass in atoms, 
where positive charge is associated with heavier matter than negative charge. This 
asymmetry persists in some macroscopic systems like metals while in other cases 
the heavier part is negative, as in most silica and silicate particles [2] that make a 
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large part of the Earth’s crust. These particles are formed by a stiff negative matrix 
formed by Si, O and eventually some metal ions, together with H+ and dissociable 
metal counter-ions. Acknowledging these differences is important, for understanding 
the various mechanisms for charge separation and the coupling between mass and 
charge transfer.

Anisotropy is a frequent cause for charge separation that occurs in every interface, 
leading to charge separation by a number of different mechanisms. This will be 
discussed separately in Chap. 8 in this book.

The appearance of techniques for mapping electric charge and potential from 
macro- to nano-scale revealed pronounced contrast in most samples examined 
[3, 4], showing that local charge patterning is the rule in dielectrics (Figs. 5.2 
and 5.3). Moreover, positive and negative charges usually have a non-zero sum.

5.2  Charge Separation Within Solids, Liquids and Gases

Simple descriptions of electrostatic charging in solids assign it to the transfer of 
electrons between contacting media due to the differences in work functions. 
However, the reality is much richer than this.

This section describes basic phenomena that contribute to the multiplication of 
charged species that will finally separate producing domains with excess charge and 
thus charge and potential patterns.

Fig. 5.1 Computed electrostatic potential on the molecular surface of 3-amino-5- hydroxypyridine. 
Blue is highly negative, red is highly positive. (a) Azine nitrogen is at the top, hydroxyl group at 
right, and amino group at left showing its lone pair (blue). (b) Azine nitrogen is at the top, amino 
group at right showing its hydrogens (red) and hydroxyl group, at left. Reprinted with permission 
from [1]
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Fig. 5.2 Electric potential maps of many polytetrafluoroethylene (PTFE) and polyethylene (PE) 
samples. (a–e) PTFE rubbed with PE foam shows a reproducible macroscopic planar dipole, (f, h) 
high-density polyethylene (HDPE) film and (g) PE foam rubbed with PTFE show positive and 
negative domains only with much lower potentials than PTFE. Tribocharging times varied between 
1 and 3 s. Reprinted with permission from [4]
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5.2.1  Ionization and Ion Separation

Neutral molecules like H2SO4 and acetic acid, CH3COOH, undergo ionization when 
dissolved in water and other solvents and this is sometimes assigned to the large 
dielectric constant of water. However, these two acids also undergo self-ionization, 
in the absence of solvent, like many other substances including water itself [5].

 2 2 3H O H O

+ -+OH  

 2 3 4 2NH NH NH

+ -+  

 2 2 4 3 4 4H HSO SO HSO

+ -+  

 3 2 2HF HF H F+ -+  

 2 5 6 4PF PF PF

- ++  

 2 2 4 3N O  NO NO+ -+  

 2 3 2 4BrF BrF BrF

+ -+  

Ions are often formed in reactions between neutral molecules, as in the prepara-
tion of halonium salts [6]. The addition of methyl bromide or methyl chloride in 
sulfur dioxide at −78 °C to a complex of antimony pentafluoride and tetrafluoro-
methane in sulfur dioxide yields crystals of [CH3–X]+ [CH3SbF]−, following the 
evaporation of SO2. This salt is stable at room temperature but it is sensitive to water.

Fig. 5.3 Mechanism for contact triboelectrification of insulating polymers. Shearing the polymer 
interface heats both surfaces unevenly forming hot spots, due to forced contact on surface hills. 
Plasticization and melting take place, added to chain breakdown and fragmentation. Homolytic 
scission produces free radicals with markedly different electronegativities that are converted into 
fluorocarbanions and hydrocarbocations by electron transfer. Ions are segregated due to the chain 
size, following Flory-Huggins theory and superseding weak electrostatic interactions between 
highly spaced charges. Reprinted with permission from [4]
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Superacids [7] like carborane, H(CHB11Cl11), are important cases of substances 
showing a great stability in the ionized state. Carborane is an acid one million 
times stronger than sulfuric acid, due to the extreme stability of the CHB11Cl11

− 
anion. Carborane and other superacids are extreme cases of the asymmetry between 
charge and mass distribution, given the large difference in the sizes of H+ and the 
anions that leads to large differences, for instance, in transport properties of the 
anion and cation.

The tendency to ionization in neutral molecules and molecular bonds derives 
from the differences in electronegativity of the participating elements, following the 
conceptual valence-bond framework consolidated by Pauling [8].

5.2.1.1  Solvation

Solvation plays an important role in the ionization status of solutes. A dramatic 
example used in Physical Chemistry college teaching is the case of NaCl, where ion 
solvation by water plays an essential role in reaching a negative Gibbs energy for 
the formation of solutions from the elements (and water) [9].

This topic was recently reviewed by Cox [10], considering electrolytes and 
non- electrolytes in a wide range of solvents and showing that the dissociation 
constant of an acid changes with solvent in a direct and quantitative relationship 
with the solvation energies of all the species involved. For instance, the transfer 
of simple anions from water to non-aqueous solvents is generally disfavored 
because of the loss of the contribution of hydrogen-bond interactions with water. 
On the other hand, cation solvation is highly favorable in solvents such as 
dimethylsulfoxide, which are strong Lewis bases, but low-polarity and low-
basicity solvents such as acetonitrile and tetrahydrofuran do not make a contri-
bution comparable to water. Non-electrolytes, such as carboxylic acids and 
amines, are more stable in non- aqueous media and this is clearly observed for 
fatty acids and amines, but the solvent effects are not as pronounced as in the 
case of ions. In mixed solvents, preferential solvation by the most favorable sol-
vent component determines the dependence of solvation and dissociation con-
stants upon solvent composition.

Great progress in this area was obtained thanks to the introduction of ion- 
cyclotron resonance that allowed the acquisition of acidity data in the gas phase 
[11]. A surprising result was the finding that toluene is more acidic than water in the 
gas phase, but ca. 20 orders of magnitude less acidic in solution. The reactions of 
toluene with water follow opposite paths in the gas phase and in water: in the for-
mer, toluene reacts with OH− ion yielding C6H5CH2

− and H2O, while in water the 
benzyl anion reacts with water, forming toluene and OH−. Also, malononitrile in the 
gas phase is an acid stronger than acetic acid.

Clearly, ionization is not just an intrinsic feature of a molecule but it depends 
largely on its environment. This section showed how important are the effects of 
solvent and gas phase. The effect of interfaces will be addressed in a separate 
chapter.

5.2 Charge Separation Within Solids, Liquids and Gases
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5.2.1.2  Dielectric Rupture, Breakdown Voltage

Neutral atoms and molecules undergo charge separation under electric fields or 
when they are hit by background electrons accelerated under an electric field. This 
is widely used, e.g. in fluorescent and other electrical discharge lamps and mass 
spectroscopy. On the other hand, it also originates unwanted electrostatic discharge 
and sparkles that may trigger fire.

Ionization is the triggering step of a dielectric breakdown event but many other 
factors are also important in different situations. In gases, breakdown voltage that is 
the voltage necessary to start a discharge or electric arc between two electrodes 
depends on the pressure and gap length, represented by Paschen’s law [12].

A special case of electrical breakdown is corona discharge produced around a 
sharp electrified tip, where the strength of the electric field is maximum. It often 
produces a glow and a sizzling sound, not only in intentionally electrified equip-
ment but also in tree tops, ship masts and sharp ends in buildings. Corona discharge 
is used in ozone production and in polymer surface treatment when the treated 
materials acquire excess charge. This is used to make electrets [13] that are dis-
cussed in Chap. 10.

5.2.1.3  Ionizing Radiation

Ionizing radiation carries sufficient energy to extract electrons from atoms, mole-
cules, particles and macroscopic matter. The required minimum energy also depends 
on the chemical substance involved, since ionization potentials for the elements 
range from 3.9 eV for cesium metal to 24.6 eV for helium.

The relevant magnitude in solids is the work function that ranges between 2.1 
for Cs and 5.9 for Se, Os and Pt, considering only metals and semi-metals. The 
work function depends not only on the involved element but also on the solid 
surface properties including its contaminants. A striking verification of these 
ideas is plasmon-induced electron transfer from gold nanodots into TiO2 [14] 
allowing the separation of charges under visible light radiation, and thus increas-
ing the photocurrent in TiO2 films [15]. This follows previous developments on 
the photosensitization of wide-band gap nanocrystalline semiconductors by 
adsorbed dyes [16], bringing the radiation energy level required for charge sepa-
ration and electron withdrawal down to the center of solar spectrum at Earth 
surface.

On the other extreme of the energy scale, cosmic rays are high-energy particles 
impinging on Earth and provoking air showers [17], this means, extensive cascades 
of ionized particles and electromagnetic radiation. It has been suggested that 
cosmic- ray-induced air showers in combination with runaway breakdown may initi-
ate lightning [18].

5 Charge Patterns, Charge Separation
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5.2.1.4  Mechanochemistry, Tribochemistry

Mechanical action on insulators provokes the appearance of a triboplasma [19, 20] 
containing a large number of non-equilibrium, high-energy species including free 
radicals and ions. The primary species decay to more stable entities producing many 
species that are not obtained by thermal or electrochemical reactions but have some 
similarity with the products of radiochemical reactions. The involved phenomena, 
mechanisms, and their consequences are treated in Chap. 8, in this book.

5.2.2  Charge Segregation

The previous section showed that ionized matter is widespread, under equilibrium 
and non-equilibrium conditions. A related question concerns the separation of 
charged components of matter in domains carrying excess positive or negative 
charge and the thermodynamic or kinetic stability of these domains. The following 
sections describe two main groups of mechanisms for charge segregation: differen-
tial mass transfer and self-assembly.

5.2.2.1  Differential Mass Transfer

There is no correlation between the mass of ions, charged macromolecules and 
particles and their charge, large or small, positive or negative. There are also not any 
broad correlations between charge sign and amount and chemical composition, 
although some statements can be made, like “elements at the left of the periodic 
table form cations while halogens and chalcogens form anions”.

This creates many possibilities for charge segregation triggered by mass transfer, 
under equilibrium or transient conditions. The two following sections describe the 
cases of sedimentation and streaming potential, liquid junction potential and mem-
brane potential.

5.2.2.2  Sedimentation Potential and Streaming Potential

Sedimentation and streaming potentials are two electrokinetic phenomena depend-
ing on the formation of electric double layers at interfaces. This kind of charge sepa-
ration takes place when water and other liquids contact charged particles, 
macromolecules or macroscopic solid or liquid bodies [21]. Charging at interfaces 
is treated in this book, in Chap. 6.

5.2 Charge Separation Within Solids, Liquids and Gases
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Sedimentation potential is also known as the Dorn effect, since it was first 
reported in 1879 by Dorn, who observed the appearance of a vertical electric field 
while glass beads were settling in water. Streaming potential is the electric potential 
developed when an electrolyte flows across a porous medium with charged walls 
and it was also first observed long ago by Quincke, in 1859.

Sedimentation potential was used by Tolman [22] to determine ion transport 
coefficients in electrolyte solutions. It was also used to understand the effect of low 
ionic strength on the low MW determination results for proteins using sedimentation- 
diffusion equilibria. In this case, the unshielded repulsion between charged protein 
molecules, for instance, prevents them from reaching the concentration gradients 
predicted by the sedimentation equilibrium equation.

Streaming potential is also important in research, e.g. in zeta potential determi-
nations. In geology, it contributes to the spontaneous potential measured between 
two electrodes down boreholes for the evaluation of formations, for oil and gas 
production, mineral exploration, dam seepage and other groundwater investigation. 
The large amount of data logging in oil exploration probably makes the Earth crust 
the most intensively mapped environment, concerning electric potentials.

The existence of sedimentation potentials, by itself, shows that electroneutrality 
is not expected along any solution contained within a tube undergoing centrifuga-
tion. Simple extension of Tolman’s equations to larger solutes or particles dispersed 
in a liquid shows that electroneutrality should not also be expected along the depth 
of any water body where charged particles (clays, sand, humic matter) are dispersed, 
settling under gravity. Recent contributions from Levine and Ohshima [23] devel-
oped a theory for concentrated suspensions of spherical particles.

Considering that sedimentation of charged particles and fluid motion through 
porous media are widespread phenomena in important natural environments like the 
atmosphere, oceans and the solid crust, we should expect contributions of sedimen-
tation and streaming potentials to all the surrounding electric patterns on Earth’s 
surface.

5.2.2.3  Liquid Junction Potential and Membrane Potential

Liquid junction potential (LJP) is a concept familiar to electrochemists, electro-
physiologists [24] and to any person that uses a combined glass-reference electrode 
for pH measurement. It appears when a liquid–liquid junction is made, contacting 
two liquids with different concentration and chemical composition of electrolyte 
solutes [25], or even two different liquids [26].

It is easily understood considering that the diffusion coefficients of the cation 
and anion in an electrolytic solution are usually different, as well as their electro-
phoretic mobilities and transport numbers as shown in Fig. 2.3. The magnitude of 
junction potentials cannot be overlooked and it has been demonstrated that LJPs 
formed in microchannels can induce appreciable electrophoretic transport of 
charged species without the use of electrodes or an external power supply [27].

Membrane potential is observed whenever a membrane separates two electro-
lytic solutions. This is important in various natural and technological processes and 
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it has been widely used in chemical analysis, in the glass electrodes [28] for pH and 
other ions measurement and various membrane electrodes that were developed for 
a large number of analytes [29]. Moreover, it is a basic concept in cell biology [30]: 
ions may flow across the membrane by active and passive mechanisms and the 
changes in the membrane potential trigger important physiological phenomena.

Liquid junction and membrane potential are components of the “spontaneous 
potential” that appears during drilling operations in the oil industry. It was one of 
the first logging measurements ever made and it was discovered by accident, since 
it caused perturbations on the electric logging systems. It records the naturally 
occurring voltage produced by the interaction of connate water, drilling fluid, and 
shale. Its usefulness was soon realized, and it remains as a useful logging mea-
surement, after many years [31]. In this case, the “membrane” is a layer of shale 
or sand.

5.2.2.4  Self-Assembly

Self-assembly creates several mechanisms for charge segregation and this section 
will examine the interesting case of micelle formation.

Other important cases of the interplay between electrostatic and hydrophobic 
interactions are biological systems like proteins, nucleic acids, viruses and cell 
membranes, where complex charge patterns are part of elaborate 3D structures, 
contributing to their stability. This topic is treated in Chap. 10.

5.2.2.5  Supramolecular Structures, Micelle Formation

Amphiphilic substances dissolved in water form different types of supramolecular 
aggregates: spherical, cylinder, lamellar and other micelle types. This is a remark-
able case of formation of clusters of positive or negative ions driven by hydrophobic 
interactions. Micelle charge is compensated by the overall charge of counter-ions 
distributed within the diffuse part of the double-layer [32].

5.3  Pattern Propagation

Electrostatic forces are long-range, as compared to all other types of intermolecular 
interactions. Moreover, they follow simple additive rules, represented by the super-
position principle. Consequently, an electrified object creates non-zero electric 
potential at great distances as testified by hair-rising on top of tall buildings and 
mountains, when storms approach.

Electric potential modifies the chemical potential of ions, changing their reactiv-
ity and tendency to migrate. The chemical potential is an important thermodynamic 
quantity that carries nearly all the information required for making predictions on 
the transformations underwent by a chemical substance within any system, under 
given pressure, temperature and chemical composition [33].

5.3 Pattern Propagation
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The sum of the chemical potential and the electrical potential energy for any 
component of a system is the electrochemical potential:

 D D Dm m fi
el

i iz F= +  

This equation shows that applying a non-zero potential on any ion will increase 
its electrochemical potential, if both have the same sign. This will bring the ion to a 
non-equilibrium state and it will migrate away toward an area with lower potential, 
or it will react thus decreasing μi or both, to recover equilibrium.

These effects are rather pronounced in electrolyte solutions but they may also 
have a strong effect on auto-ionizable substances like pure water, including vapor 
and ice. Writing,

 D D Dm fi
el

i iz F= +m  

for two different states 1 and 2, ∆μi el = 0 requires,
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This means that a difference of potential equal to 58 mV leads to a change in the 
activity of ion i, by one order of magnitude, and vice versa. This is the basis for 
membrane and action potentials in biophysics [34], for potentiometric measure-
ments including pH, for enhanced reactivity in micelle solutions [35] and it plays an 
important role in electrochemical kinetics.

Most often, this equation is applied to stable ions dissolved in water. However, 
water itself undergoes ionization, although to a rather limited extent expressed in 
the pKw = 14. This means, pure water at room temperature contains equal concentra-
tions of H+ and OH− ions, 10−7 mol/L. Water under positive potential is thus enriched 
in OH− ions and depleted from H+ ions, transforming itself in a domain with excess 
negative charge. This has been proven by producing water with excess positive or 
negative charge and by imparting net charge to hydrophilic solids, a topic presented 
in detail in Chaps. 6 and 8.

Thus, water is the essential agent of a powerful mechanism for the propagation 
of electrostatic patterns, in space and time, since it is found is most natural and 
anthropic Earth environments.

5.4  Stability and Decay Rates of Charge Patterns

5.4.1  Systems Under Equilibrium

Many systems under thermodynamic equilibrium display charge patterns at various 
size ranges, as for instance contacting metals, micellar solutions, water surfaces and 
Langmuir-Blodgett films. These charge patterns are persistent, provided their ambi-
ent does not change.
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http://dx.doi.org/10.1007/978-3-319-52374-3_6
http://dx.doi.org/10.1007/978-3-319-52374-3_8


63

However, potential differences within these patterns seldom exceed few tenths of 
a volt. This is sufficient for producing large biological effects but still orders of 
magnitude lower than the potentials in patterns that create the most spectacular 
displays of electrostatic phenomena.

5.4.2  Non-Equilibrium Systems

Dielectric rupture, ionizing radiation, corona discharge and mechanochemical reac-
tions are powerful agents of charge separation producing large electrostatic poten-
tial in many systems. Potential half-lives vary widely depending on various factors, 
especially the nature of charge together with electrical conductivity and relaxation 
mechanisms in the solid.

Solids carrying steady excess charge form one class of electrets that will be fur-
ther discussed in Chap. 7.

The main acknowledged mechanism for potential dissipation in electrified solids 
is electric current flow to the ground, bringing the potential on the solid down to the 
reference potential. However, we recall that the “ground” itself is not really at zero 
potential (see Chap. 1). Recent work showed that moist atmosphere is also effective 
in dissipating charge (see Chap. 6).
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6.1  Water Vapor Sorption in Solids

Water sorption and desorption are very important in nature, since the survival of any 
species largely depends on water availability. Wherever water is scarce, the atmo-
spheric vapor becomes an important source of water. The success of a species in 
these places depends then on developing strategies for using condensed water or for 
adsorbing it from the air.

“Non-rainfall” water on soil is important in arid zones, where dew can be the sole 
source of water for plants. Dew formation and direct water vapor adsorption are 
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effective mechanisms for supplying water to the soil. Depending on surface 
temperature, water vapor adsorption is the only mechanism for water uptake by 
the soil [1].

Water vapor adsorption on solids is also a matter of great practical interest for 
many important products like pharmaceuticals, food, clothing and electronic ware 
whose production, durability and performance may be strongly affected by adsorbed 
water.

6.1.1  Water Vapor Adsorption Isotherms

Water vapor adsorption is known among practitioners as a broad, complex topic. 
Its difficulties are indeed expected, considering the relative contributions of vari-
ous types of intermolecular interactions leading to the tendency of water mole-
cules to cluster [2]. Another important factor is the pronounced amphoteric 
character of water that strongly contributes to its interactions with many solids.

An important feature is the size of water molecule that is smaller than the widely 
used N2. For this reason, it was used instead of nitrogen to determine the pore struc-
ture in solids many years ago, using BET isotherms and especially t-curves that 
yield the statistical thickness of water films. A main advantage is that many impor-
tant adsorbents have a significant part of their pore systems inaccessible to nitrogen 
but accessible to water vapor [3].

Other isotherms were used for different systems. For instance the Dubinin- 
Radushkevitch equation [4] has been widely used to quantitatively describe the 
adsorption of gases and vapors by microporous sorbents, as for instance carbon. 
This equation is based on the assumption that pore-filling is the relevant mecha-
nism, rather than multilayer surface coverage. In one recent work, the modified 
Dubinin–Astakhov equation was used in the cases of activated carbon and alumina 
while the Langmuir equation was used in the case of carbon impregnated with 
CaCl2, yielding good agreement with the experimental data [5].

Beyond isotherms, the structural properties of adsorbed water are by them-
selves a challenging topic. This is illustrated by a recent publication [6] on water 
vapor adsorption on single-wall nanotubes: water molecules form a thin (1–2 
monolayers) adsorption layer created by lateral hydrogen bonds among mole-
cules bound to the nanotube by van der Waals forces. The authors did not find 
evidence for charge transfer and the nanotubes coated with water are macro-
scopically hydrophobic. Following this paper and a large part of the literature on 
water vapor adsorption, electrostatic interactions do not play a role in water 
adsorption or desorption at the solid–gas interfaces. However, this role has now 
been demonstrated in many cases that are described in the following sections of 
this chapter.

6 Hygroelectricity: The Atmosphere as a Charge Reservoir
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6.2  Charging Cellulose Under High Humidity

Conventional wisdom says that electrostatic charge tends to disappear under high 
atmospheric humidity. For this reason, the results reported by Soares et al. [7] were 
rather surprising and they are among the first recorded evidence showing charge 
build-up under high humidity.

This work used a simple but well defined set-up that produced highly reproduc-
ible experimental results. Essentially, the positive electrostatic potential of an elec-
trified acrylic sheet was measured under controlled relative humidity (RH) values, 
using a Kelvin electrostatic voltmeter. A sheet of filter paper that is essentially a 
cellulose film was then quickly introduced between the electrified solid and the 
electrode, while the Kelvin instrument readings were recorded, decaying toward 
zero. Then, the acrylic sheet was quickly withdrawn and the voltmeter readings 
became negative, showing that the paper had accumulated excess negative charge 
under the positive potential of the acrylic. The negative potential of the paper which 
was dissipated decayed again back to zero, following a curve symmetrical to that 
observed in the first step of the experiment, when the acrylic sheet was introduced. 
This is shown in detail in Fig. 6.1.

Fig. 6.1 Potential vs. time (at 10% RH and with one sheet of paper). The inductor was periodi-
cally introduced beneath the electrode during the experiment. The quasi-square waves to the left 
were recorded when the inductor was introduced and removed while the paper sample was with-
drawn. The spikes in the central part show potential readings when the paper sample is positioned 
beneath the electrode. Positive potentials were observed when the inductor was introduced and 
near-zero or negative potentials were obtained while the inductor was withdrawn. Reprinted with 
permission from [7]
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The effect of increasing relative humidity is shown in Fig. 6.2. Cellulose displays 
a significant shielding ability for DC and low-frequency AC fields, under RH equal 
or larger than 50%.

Fig. 6.2 Potential vs. time curves recorded for paper sheet under nitrogen, 10–70% relative 
humidity. Details are as in the legend of Fig. 6.1 Reprinted with permission from [7]

6 Hygroelectricity: The Atmosphere as a Charge Reservoir
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Figure 6.3 is a schematic representation of the main events in these experiments, 
showing how the accumulation of negative ions on cellulose under the positive 
potential of the charged acrylic sheet produces zero reading in the electrometer.

These results could not be explained using the usual induction models that are 
adequate for metals or semi-conductors, based on charge displacement across the 
insulator. They are also different from what would be expected if the shielding 
effect was solely based on water dipole orientation, because this is a much faster 
phenomenon with relaxation times in the microsecond range.

On the other hand, they are consistent with the hypothesis of sorption of atmo-
spheric water on the insulator and its electrification, based on the effect of the 
applied electric potential on the electrochemical potential (μi = μi° + RT ln ai + zFV). 
This produces excess concentrations of the ions formed by water adsorbed on cel-
lulose, H(H2O)n

+ and OH(H2O)n
−.

This also helps to understand the nature of space charge associated with dielec-
trics in the presence of even minute amounts of water. Space charge is often 
 mentioned but it is hardly identified with definite chemical species. These results led 

Fig. 6.3 Schematic representation of the mechanism proposed for the observed potential changes. 
Left: the poled inductor is introduced beneath the electrode that reads the potential created by all 
charges in the vicinity, both in the inductor as well as in the atmosphere. Center: the sample is 
introduced between the poled inductor and the electrode. The accumulation of charged water clus-
ter ions in the sample surface leads to a decrease in the potential read by the electrode. Right: the 
poled inductor is withdrawn and the voltmeter reads a potential generated by the excess negative 
charge at the sample surface. Black circles are negative ion clusters and the white circles are posi-
tive charges. The potential vs. time plot in the center of the figure shows the points corresponding 
to the three states. Reprinted with permission from [7]
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thus to a new model for electrostatic charging of dielectrics, based on excess 
H(H2O)n

+ and OH(H2O)n
− ions formed and trapped within the solid surface and bulk.

Estimates of the concentration of excess charge from potential measurements 
yield very low charge densities. For instance, in an experiment of charge induction in 
paper sheets [7], carried out at 10% RH, 500 V were detected at the electrode probe. 
The calculated charge concentration is 1 × 10−2 unit charge/μm3, only. Concentration-
wise this is low but it is significant, as far as the resulting voltage is concerned.

6.3  Charging Metals with Atmospheric Humidity

In 2010, Ducati et  al. [8] showed that the exposure of isolated metal samples to 
water vapor leads to the deposition of excess charge on the metal, measured using a 
Faraday cup.

A typical set of results is in Fig. 6.4, showing how periodic change in relative humid-
ity produces the accumulation of negative charge on chrome-plated brass tubing.

Fig. 6.4 RH, charge per 
area, and charge change 
rate vs. time plots for a 
chrome-plated-brass (CPB) 
tubing during dry-wet-dry 
N2 cycles. Reprinted with 
permission from [8]

6 Hygroelectricity: The Atmosphere as a Charge Reservoir
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Experiments like these were performed using many different metals and the 
accumulated results for aluminum, stainless steel, nichrome, brass, chrome-plated 
brass and copper are in Fig. 6.5. Copper and brass acquire little charge, nichrome 
and stainless steel become positive while aluminum and Cr-plated brass become 
negative.

CPB is not a usual laboratory material but it was important for the discovery of 
hygroelectricity, since it acquires higher charge than any other material tested so far. 
This kind of tubing was acquired by a student in the author’s laboratory, who was in 
a hurry to build a Faraday cup and did not want to wait for delivery of the copper 
tubing. Instead, she found this tubing in a store selling building and home repair 
materials, and acquired it. If the student would build a more standard Faraday cup 
using copper metal, hygroelectricity would not have been discovered, probably.

Charging isolated metals within shielded and grounded containers without 
resorting to any source of electricity shows that the atmosphere can transfer charge 
to the metals. Thus, it is a charge reservoir for both positive and negative charge. 
Since the positive or negative current entering the otherwise electrically isolated 
metal is strongly dependent on the relative humidity, it is assigned to OH− and H+ 
ions transfer to gas−solid interfaces, producing net current. The electricity buildup 
dependence on humidity, or hygroelectricity, acts simultaneously but in opposition 
to the well-known charge dissipation due to the increase in surface conductance of 
solids under high humidity. Indeed, metal charging by adsorption of water vapor 
ions beats surface conductance.

The reason for obtaining positive or negative charge is assigned to specific 
adsorption on the metal surface or else, on the oxide layer coating the metal: if this 
adsorbs preferentially OH− or H+, it will acquire excess negative or positive charge. 
This is represented in Fig. 6.6.

Fig. 6.5 Charge change 
rate dependence on 
increasing RH for NiCr, 
stainless steel (SS), 
aluminum (Al) and 
chrome-plated- brass 
(CPB). Rates for brass, 
copper, silicone- coated 
aluminum and stainless 
steel are negligible in the 
scale shown here. 
Reprinted with permission 
from [8]
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This phenomenon holds the potential to produce power by scavenging electricity 
from the atmosphere. Hygroelectricity cells were built in the author’s group, com-
bining aluminum as the negative electrode using stainless steel and carbon as the 
positive electrode. This is an asymmetric capacitor, self-charging to 0.7 V spontane-
ously under 80% RH. Unfortunately, repeated charge/discharge cycles of the capac-
itor are accompanied by aluminum oxidation, which is highly undesirable. 
Consequently, practical use of hygroelectricity as a way to scavenge energy from 
the ambient still depends on finding more durable materials. Nevertheless, a group 
in Indonesia concluded that “... Indonesia has the potential to harness hygroelectric-
ity to solve the energy crisis and environmental issues” [9].

6.4  The Effect of Humidity on Surface Charge Patterns

6.4.1  Water Vapor Adsorption and Desorption Modifies Charge 
Patterns

The discovery of the effect of changing relative humidity on the excess charge in 
metals and cellulose came soon after the independent discovery of charge patterns 
in almost any dielectric particles and films that were examined by scanning probe 
electric microscopies. For this reason, Kelvin micrographs were acquired from dif-
ferent materials under high and low humidity, starting with films of non-crystalline 
silica and aluminum phosphate fine particles [10], followed by many other solids.

Fig. 6.6 Mechanism for charge transfer from the atmosphere to the metal surface. (Top) Formation 
of positive charge over a basic oxide. (Bottom) Formation of negative charge over an acidic oxide. 
Neutral water molecules are amphoteric, reacting differently with different oxides according to 
their acid–base properties. Reprinted with permission from [8]
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In every case that was examined, the electrostatic potential patterns change with 
the relative humidity, within an electrically shielded and grounded environment, as 
shown in Figs. 6.7 and 6.8, obtained for aluminum phosphate and Stöber silica 
nanoparticle films.

Moreover, the observed change is not uniform, across the samples. Potential 
adjacent to the particle surfaces is always negative and Fig. 6.9 shows potential 
gradients in excess of 10 MV/m, parallel to the film surfaces.

The examination of many other solids with known acid–base character [11] 
showed that the electrostatic potential at the surface of acidic solids becomes more 
negative under higher relative humidity (RH), while basic solids acquire a more 
positive potential at high RH, using the Kelvin method at the nano- and macroscales, 
see Table 6.1.

Images acquired in the Kelvin microscope under low and high humidity are in Fig. 
6.10, together with the corresponding potential traces. Silica, iron oxide on iron and 
cellulose show parallel traces evidencing that the surface is uniform, concerning its 
acid–base character. On the other hand, aluminum oxide on metal is rather non- uniform. 
Moreover, changes on silica are highly reversible but on cellulose they are not.

Table 6.1 sums up the results obtained for nine solids. The average potential 
variations, ΔV for iron oxide on iron and calcium oxide are very large and the uni-
formity parameter R = (ΔVm)2/(ΔV)2

m approaches unity for a few solids but it is 
only 0.4 for MgO, showing that this has a very non-uniform surface.

Fig. 6.7 Line-scans from the five consecutive KPM images from aluminum phosphate particles. 
Reprinted with permission from [10]

6.4  The Effect of Humidity on Surface Charge Patterns
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This provided a basis for the selectivity of H+ or OH− adsorption from water 
vapor: acidic surfaces adsorb OH− while basic surfaces adsorb H+. Thus, the key 
factor for predicting the effect of changing humidity on KFM microscopy is the 
Brønsted acid or base character of the solid under examination. Kelvin microscopy 

Fig. 6.8 Line-scans from the five consecutive KPM images from Stöber silica particles. Reprinted 
with permission from [10]

Fig. 6.9 Electric potential gradients calculated as a function of the sample position for Stöber 
silica particles after equilibrating for 90 min. (a) 30% RH (solid line, initial condition) and 70% 
RH (dot line). (b) 70% RH (solid line) and 30% RH (dot line, final condition). Reprinted with 
permission from [10]

6 Hygroelectricity: The Atmosphere as a Charge Reservoir
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under variable humidity also provides information on the spatial distribution of 
acid–base sites, which is currently inaccessible to any other technique.

These results enlarged the scope of Kelvin force microscopy (KFM) that was 
then identified as a powerful, sensitive, and convenient technique for the detection 
and characterization of acid and base sites on solid surfaces, including adsorbents 
and catalysts. It shows many positive characteristics:

 1. The only reagent used is water vapor. Thanks to its amphoteric behavior, water 
detects both acidic and basic sites;

 2. The activity of the reagent water vapor is easily changed by changing the relative 
humidity;

 3. Detection sensitivity is very large, especially when compared to widespread sur-
face analytical techniques, since it is based on charge and potential 
measurements;

 4. Uniformity (or not) of acid − base sites is easily detected, with a spatial resolu-
tion in the 10–20 nm range;

 5. Standard noncontact atomic force microscopy (AFM) micrographs are acquired 
simultaneously with Kelvin images, revealing concurrent changes in the solid 
morphology, if any;

 6. Kelvin microscopes are currently commercially available from many suppliers 
as attachments to AFM instruments.

Many perspectives are now open to this technique, since measurements can be 
done on different time scales in the range of many minutes and up, allowing the 
acquisition of kinetic information. Moreover, the spatial resolution can probably be 
improved in very smooth surfaces, such as those in well-defined single crystals, 
using high-resolution Kelvin microscopy [13].

Table 6.1 Average electrostatic potential variation (∆Vm) and the mean square (∆V)2
m for the 

analytical solids, following an increase in humidity (from 30% RH to 70% RH) [11]

Compound ∆Vm (∆Vm)2

R = (∆Vm)2/
(∆V)2

m Assigment

Iron oxide −0.464 ± 0.004 0.217 ± 0.004 0.99 Acid
Magnesium sulfate −0.229 ± 0.008 0.063 ± 0.009 0.83 Acida

Silica −0.172 ± 0.015 0.033 ± 0.005 0.90 Acidb

Cellulose −0.104 ± 0.007 0.011 ± 0.001 0.98 Acid
Aluminum oxide −0.055 ± 0.016 0.004 ± 0.002 0.76 Acida

Calcium oxide +1.657 ± 0.115 2.811 ± 0.335 0.98 Baseb

Magnesium oxidec +0.195 ± 0.062 0.096 ± 0.021 0.40 Basea

Nickel oxide +0.060 ± 0.017 0.005 ± 0.002 0.72 Base
Aluminum 
phosphate

+0.039 ± 0.007 0.002 ± 0.001 0.76 Baseb

aData taken from [12]
bData taken from [8]
c30–50% RH only. This cannot be measured at 70% RH because of excessive water absorption
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Many more additional parameters can be examined: sample temperature cycling 
effects, the presence of other gases [14] in the surrounding atmosphere (including 
hydrocarbons, alcohols, ammonia, pyridine, and CO2), and the effect of pressure, 
within the limits defined by the available instrumentation.

To conclude, KFM that was initially designed to map electric potential holds an 
unmatched potential to advance knowledge on the acid − base behavior of solid 
surfaces, producing hitherto unavailable analytical information on important chemi-
cal systems.

Fig. 6.10 KFM images and line-scans from the same area of iron oxide on metal, aluminum oxide 
on aluminum metal, silica and cellulose. Successive changes in the relative humidity (RH) were 
made prior to image acquisition, as indicated at the top of the figure. Darker areas are more nega-
tive than the brighter areas. The observed changes are at least partly reversible, except in the case 
of cellulose. Reprinted with permission from [11]

6 Hygroelectricity: The Atmosphere as a Charge Reservoir



77

6.4.2  Charge Build-Up on KFM Calibration Samples

Kelvin probe or Kelvin force microscopes (KFM) and other types of scanning probe 
instruments derived from the atomic force microscope have been playing a key role 
in the progress in discovering electrostatic patterns in surfaces in the last 20 years. 
This in turn led to radical revision of some widespread ideas that lacked strong 
experimental basis.

To make sure that the measurements made on a Kelvin microscope are mean-
ingful, it requires calibrations as any other instrument. Calibration of x, y and z 
cartesian axis is done using standards that are verified by many other instruments, 
including the electron microscopes. To calibrate the electric potential measure-
ments, a silicon wafer is oxidized forming a thin silica layer where a set of inter-
digitated electrodes made of evaporated gold is mounted, using microlithography 
techniques. The electrodes are connected to a precision DC voltage source and 
the potential on the electrodes is read using the Kelvin microscope set-up. During 
this calibration work, Rubia Gouveia noticed, in the author’s laboratory, a pro-
nounced effect of relative humidity shown in Fig. 6.11: the electric potential over 
silica is steady, under 10 or 30% but it changes pronouncedly with time, under 
70%. Potential vs. time plots obtained during these experiments are shown in 
Fig. 6.12 [15].

The comparison of results obtained using the same protocol but under 10 or 70% 
relative humidity show marked differences and many intriguing points that were 
discussed in the paper. Most relevant to the present discussion is the pronounced 
difference between the potential vs. time plots for the silica surfaces, that was inter-
preted using the mechanism schematically depicted in Fig. 6.13. Electrode bias pro-
duces fast changes within times well-below 1 s followed by slow changes extending 
for many minutes.

Potential vs. distance plots were also acquired after the electrodes were short- 
circuited and grounded, at each RH. These are shown in Fig. 6.13, and they are also 
strongly dependent on the relative humidity. Line-scans measured at 70 and 50% 
RH show local potentials down to −1.2 V over silica and up to 0.3 V at the metal 
borders, forming regular, persistent patterns. The curves recorded under low RH 
also show deviations from zero but much smaller. This confirms that fixed charges 
are produced on silica while the electrodes are biased, and this is increasingly more 
pronounced at high RH.

All these observations are explained assuming the model presented in Fig. 
6.14. Steep potential changes are observed following electrode connection to the 
power supply, followed by the formation of excess negative ion concentration in 
the surrounding atmosphere followed by the events described in the caption of 
Fig. 6.14.

6.4  The Effect of Humidity on Surface Charge Patterns
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Fig. 6.11 KFM micrograph of a silica-on-wafer thin film partially covered with interdigitated 
electrodes. Successive changes in the state of electrode polarization and relative humidity of the 
surrounding atmosphere were made while the image was acquired, as indicated at the sides of the 
figures. Brighter areas are positive; dark areas are negative. Reprinted with permission from [15]

6 Hygroelectricity: The Atmosphere as a Charge Reservoir
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6.4.3  Excess Charge Decay Through the Atmosphere

Water is usually seen as a passive agent for charge dissipation due to its low (but 
non-zero) electrical conductivity, following, for instance, the conclusions of Erwin 
Schrödinger’s doctoral thesis [16]. It follows that charge elimination by surface 
conductance is the most often used mechanism for explaining the spontaneous 
decrease of charge under high humidity.

Saever [17] did detailed examination of this subject, in an attempt to explain the 
discrepancies reported in the literature, concluding that the surface resistivity of 
insulators is a measure of the amount of adsorbed water. Consequently, the relative 
humidity, temperature and the adsorption equilibrium of oxide pollutants and salts 
in the local atmosphere are all relevant variables responsible for the disparity in 
results obtained in different laboratories. It is important to keep in mind that surface 
water films are often discontinuous, due to dewetting phenomena [18, 19].

The role of the atmosphere as a source and sink of ions that was introduced in 
Sect. 6.2 contributes another path for charge transfer coupled to adsorption and 
desorption of H+ and OH− bound to water molecule clusters. Direct verification of 
the effectiveness of charge transfer to the atmosphere was obtained by following the 
discharge of corona- and tribocharged materials as a function of time and relative 
humidity. Quadruplicate samples were charged and allowed to discharge under 

Fig. 6.12 (a) Potential difference applied to the metal electrodes. (b) Measured KFM potential 
over the biased electrode surface. (c) Measured potential over the grounded electrode. (d) Measured 
potential over the silica insulator in between the two electrodes. Left: 10% relatively humidity. 
Right: 70% relatively humidity. Reprinted with permission from [15]

6.4  The Effect of Humidity on Surface Charge Patterns



80

 controlled relative humidity, while potential maps were recorded using a scanning 
Kelvin electrode, yielding potential half-lives.

Recorded curves for adjacent areas are uncorrelated, showing that charge surface 
motion is not the dominating mechanism for discharge. Relevant data are in Fig. 
6.15. It shows half-lives of electric potential as a function of position for LDPE 
samples previously charged with positive and negative corona [20]. There are 
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Fig. 6.13 Potential vs. distance along horizontal lines drawn in Fig. 6.11. Solid line: profiles 
acquired immediately after electrodes were grounded. Dash line: profiles acquired 10 min after 
electrodes grounding. Dash dot line: profiles acquired 30  min after electrodes grounding. (a) 
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Reprinted with permission from [15]
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 significant differences between potential half-lives within any given sample, they are 
shorter for negative samples and highly dependent on the relative humidity.

An unexpected finding was that all the potential vs. time curves converge to low 
negative values (−4.6 ± 0.7 V). This non-dissipated potential was then called equi-
librium potential [20] and it was observed for other hydrophobic polymers.

The following mechanism is consistent with these results:

 1. OH− ions from the vapor bind to surface sites SOH on LDPE with rate vdp = [OH−]v 
[SOH].

 2. H+ ions from the vapor bind to surface sites SOH on LDPE with rate vdn = [H+]v [SH].

Since vdp > vdn, K = vdp/vdn = [SOH]/[SH] > 1, provided the [OH−]v/[H+]v ratio is approxi-
mately equal to 1. This assumption is consistent with the symmetry for formation of posi-
tive and negative ions from water that was observed in other sections in this chapter.

Fig. 6.14 Schematic representation of the model for the behavior of water molecule in the elec-
trodes and silica surface, as well as of the silanol groups on silica. (a) In the initial state, the water 
film is neutral. At the gas–solid interfaces, (b) when an electrode set is biased, surface ions migrate 
to electrodes carrying potential of opposite signal; (c) silanol groups are slowly converted to sili-
cate while H+ ions are discharged at the grounded electrode; (d) when the electrodes are all 
grounded, ions at the surface film migrate reforming a neutral water layer; (e) silicate groups bind 
H+ ions from water layer; (e) silicate groups bind H+ ions from water and they are thus neutralized. 
Reprinted with permission from [15]
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This mechanism explains all the experimental observations made in this experiment, 
placing it within a simple conceptual framework that is familiar even to high- school 
students. Moreover, it is consistent with the idea of specific OH− adsorption on hydro-
phobic surfaces [21, 22].

The importance of surface conduction as the prevalent mechanism for discharge 
is also dismissed by experimental results on the discharge of tribocharged materials. 
The successive potential maps recorded on rubbed PTFE (see Fig. 6.16) show faster 
decay of positive pixels and no indication of charge neutralization at the separation 
between positive and negative areas [23].

6.5  Flow Electrification: The Position of Water 
in the Triboelectric Series

Liquid charging during flow within a pipe is well known as flow electrification (FE) 
that is a known oil pipeline hazard. It was also recently observed for many other 
liquids, including water. For instance, ultrapure water used in the fabrication of 
semiconductor chips can cause electrostatic discharges in electronic components 

Fig. 6.15 Maps showing the half-lives of electric potential decay as a function of the position on 
LDPE pieces under variable relative humidity. Reprinted with permission from [20]
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[24]. Other reports show that pure water flowing through hydrophobic materials 
such as polytetrafluorethylene (PTFE) becomes positively charged [25, 26]. 
However, there is only limited information on flow electrification of water with dif-
ferent surfaces [27].

A simple and robust apparatus provided reproducible results on excess electric 
charge acquired by water flowing through different materials [28]. The experimen-
tal setup is in Fig. 6.17a and a summary of results is presented in Fig. 6.17b. Water 
acquires a net positive charge against all solids tested and the charge magnitude 
follows most triboelectric series [29]. Acquisition of excess positive charge in water 
may be understood as a case of electrosmosis that is explained considering the pref-
erential adsorption of OH− ions at the solid surfaces. This produces an electric dou-
ble layer with negative ions trapped at the Stern layer while the positive H+ ions in 
the diffuse layer move with bulk water. This is represented in Fig. 6.17c.

This may also be related to the exclusion-zone formed on the vicinity of various 
hydrophilic surfaces [30, 31] that displays a negative net charge.

A recent report shows that water collected from various different places and 
placed within common containers (e.g. polyallomer centrifuge tube) is always nega-
tively charged [32], in apparent disagreement with the results in Fig. 6.17. However, 
these measurements were made using a Faraday cup containing the whole system, 
water plus its recipient, not just water itself.

6.6  Water Dropping from a Biased Needle

Water with excess charge is obtained by connecting to a biased electrode and it can 
be stored in a Faraday cup [33].

Water dropping from an electrically biased needle acquires excess charge as 
shown in Fig. 6.18a. The charge sign is the same as the sign of the needle potential 
and it modifies the water surface tension, decreasing it pronouncedly, as in Fig. 6.18b. 

Fig. 6.16 Electrostatic potential variation on PTFE tribocharged with PE foam. (Left) Potential 
map of PTFE abraded with PE foam. (Right) Electrostatic potential of the selected pixels measured 
during 63 h at 60% relative humidity. Reprinted with permission from [23]
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This was verified by using the drop shape and drop volume/weight measurement 
techniques. The drops are distorted as the potential increases until the drops stretch 
into streaks of electrified liquid, at V > 9 kV, showing that electrostatic repulsion 
overcomes surface tension. Under high tension, sessile water drops resting on top of 
biased needles undergo Columbic explosion, sending smaller droplets upward.

Measuring charge, potential and surface tension of the electrified liquid provides 
all the information usually obtained from electrocapillarity experiments. This has 
been a limited topic of study due to the scarcity of conducting non-reactive liquids 
that made electrocapillarity virtually exclusive to the mercury electrodes that are not 
popular due to toxicity and environmental problems. However, the experimental 
protocols used by Santos et al. [33] are adaptable to most common liquids at room 
temperature and this brings feasibility to the study of electrocapillarity. One impor-
tant outcome of these experiments is the demonstration that potential drop at the 
water–air interface is a few tens of volts only, when the water drop is biased in the 
kV region. This is the first estimate of potential drop within the electric double layer 

Fig. 6.17 (a) Experimental setup used to measure electric charge of water acquired by flowing 
through different materials; (b) Charge per unit weight of water following contact with different 
materials; (c) Schematic charging mechanism: neutral water enters the tubing where OH− ions are 
adsorbed while H+ ions remain within water. Reprinted with permission from [28]
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Fig. 6.18 (a) Water exiting the tip of a biased needle, showing Taylor cone formation, drop elon-
gation, and Coulombic explosion at high V. Water flow: 64.1 mL/h. Distance from needle tip to the 
nearest grounded surface was ∼10 cm. Pictures were chosen from a recorded video to represent 
interesting features, and time interval between them is not uniform; (b) Drop radius and calculated 
surface tension as a function of needle electric potential. Error bars are always plotted, but in some 
points they are smaller than the symbol. Minimum distance between needle tip and surrounding 
grounded surfaces was 1.1 m, to minimize electric field strength; (c) Coulombic explosion of a 
water sessile drop when the supporting needle is biased to −8000 V. Notice the faint streak on top 
of the photo. Parts of this figure are reprinted with permission from [33]

6.6  Water Dropping from a Biased Needle
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at a gas/liquid interface, ever. On the other hand, water density and viscosity are 
unaltered, showing that charges are accumulated at interfaces only and do not affect 
bulk properties.

6.7  Spontaneous Electric-Bipolar Nature of Aerosols

Aerosols are widely found on the Earth’s atmosphere and have paramount impor-
tance in atmospheric phenomena [34], including a large number of chemicals dis-
charged in the atmosphere by natural and anthropic phenomena. Aqueous aerosols 
are particularly relevant for cloud formation, stability and rain precipitation, while 
clouds are also important as precursors of atmospheric aerosols formed by other 
chemical substances [35, 36]. Many authors in this area relate atmospheric electric-
ity to liquid water or ice particles and assign its formation to ice particle breakdown 
within storm clouds, while others give great importance to air ionization due to 
radiation.

Aerosol formation, properties and stability are often related to important practi-
cal problems in industrial, energy and health contexts. For this reason, there is 
excellent information on charge in aerosols [37] but this is not shown in the litera-
ture in atmospheric chemistry, as frequently as in the literature on colloidal sols, 
where zeta potentials or particle charge data appear in nearly every paper.

A robust and reproducible method to generate a current of aerosol is a nebulizer 
used for domestic inhalation. Charge in aerosol is detected by targeting the flowing 
aerosol to the interior of a Faraday cup while simultaneously measuring the electro-
static potential of the nebulizer with residual water, using a macroscopic Kelvin 
electrode [38], as shown in Fig. 6.19a. Moreover, aerosol electrophoresis is done by 
passing the aerosol in between two parallel copper disks connected to a high voltage 
power supply, as in Fig. 6.19b. These two procedures do not give detailed informa-
tion on particle size and charge distribution but they yield information on particles 
as they leave the aerosol source, with minimal particle manipulation [39].

When aerosol from deionized water stemming out of a nebulizer passes through 
the inner electrode of the Faraday cup it produces initially highly variable positive 
current (Fig. 6.20a), changing to a time series of sharp positive and negative current 
peaks. When the aerosol is made using an aqueous NaCl solution, a similar result is 
obtained but the initial current is negative (Fig. 6.20b). The positive and negative 
peaks show that the aerosol is bipolar, this means, it contain both positive and nega-
tive droplets.

Observation of aerosol motion within an electric field confirms the bipolar charg-
ing behavior: when the aerosol enters the inter-electrode volume, it divides into con-
vective streaks that migrate separately toward each electrode. Some suggestive frames 
are shown in Fig. 6.21. In control runs, aerosol flows undistorted in between grounded 
electrodes. Aerosol from deionized water deviates largely toward the negative elec-
trode but a significant amount migrates to the positive electrode. Aerosol from NaCl 
solution also deviates, but the bulkier stream moves toward the positive pole.

6 Hygroelectricity: The Atmosphere as a Charge Reservoir
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Fig. 6.19 Setups to measure aerosol charging and electrophoresis. Reprinted with permission 
from [39]

Fig. 6.20 Electric current between the electrodes of a Faraday cup, produced by passing aerosol 
from (a) deionized water and (b) sodium chloride solution (1 mmol L−1) measured at a high-speed 
acquisition rate (800 readings/s). Reprinted with permission from [39]
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These results show that liquid fragmentation by dropping, splashing and other 
frequent phenomena introduces electrostatic charge into the environment, where it 
is absorbed or adsorbed in the surrounding objects. This shows that the atmosphere 
is always filled with ions derived from water, salt and other common substances. For 
this reason, the often-quoted ionization caused by high-energy particles crossing the 
atmosphere is not essential for the appearance of atmospheric electricity [38, 39], 
even though it certainly makes a contribution.

The new understanding on charge bipolarity in aerosols may contribute to prog-
ress in scavenging electrical energy from the atmosphere and to increase safety 
while handling liquids in industrial environments. Finally, enlarging current knowl-
edge on aerosol charging phenomena and mechanisms will probably contribute to a 
better understanding of atmospheric charge formation and stability.

6.8  Conclusion and Prospects

Water plays a dual role in electrostatic phenomena. It contributes to discharging by 
surface and bulk conduction thanks to the mobility of its ions, H(H2O)n

+ and 
OH(H2O)n

− but it also plays the opposite role, acting an electrifying agent through 

Fig. 6.21 Aerosol electrophoresis. Liquid is deposited on both electrodes, revealing that both posi-
tive and negatively charged droplets coexist in the aerosol. Reprinted with permission from [39]
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different processes: adsorption of vapor on metals and insulators and partition dur-
ing phase transition. Given its ability to partition and transfer ionic charge, water 
can also store charge reaching high potential. This has not yet been exploited for 
charge storage but the possibility is obvious with the perspective of achieving high 
energy density.

The electrification processes cover quite different potential ranges, from a few 
hundreds of millivolts to thousands of volts. Most relevant, charge transfer associ-
ated with mass transfer has a unique feature: it depends on the geometrical distribu-
tion of charge. This means, if a set of particles is charged to a given potential and 
then particles are brought to close proximity while maintaining their individual 
charges, the potential reached by the particle assembly will largely exceed the 
charging potential. This is at the core of functioning of the Pelletron high voltage 
machines but it is probably also related to the creation of hazardous conditions in 
handling powders and liquids.
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Chapter 7
Excess Charge in Solids: Electrets

7.1  Charge in Surfaces and in Bulk Solids

A frequent statement on charged materials is that “electrostatic charge is located at 
the surface”. This is a logical outcome of the repulsion among charged particles, 
either positive or negative and it is observed in metals, in liquids (as shown in 
Chap. 6) and whenever electrons or ions are more or less freely mobile to migrate, 
driven to minimum Gibbs energy state.
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However, when charge excess is formed within some phase where charge transfer 
is hindered due to low mobility of the charge carriers, it remains trapped for as long 
as any charge suppressing phenomena are prevented.

Moreover, Chap. 6 in this book shows that the atmosphere is a charge reservoir due to 
charge transfer concurrent with water vapor adsorption–desorption due to H+ or OH− parti-
tion during adsorption. That contributes positive or negative charge to the surface and thus 
to the overall solid, depending on the properties of the solid surface. The mobility of water 
vapor in the atmosphere is very high but the rates of water adsorption-desorption are not. 
Consequently, charge build-up and dissipation through water exchange with the atmo-
sphere is dependent on the nature and properties of the solid surface.

Solid surfaces are by themselves a complex topic and real surfaces show a huge 
variability that is not often acknowledged. Some aspects of solid surfaces relevant 
to electrostatic behavior are presented in the next section.

7.2  Relevant Features of Solid Surfaces

Material surfaces display some common features whose knowledge is essential to 
understand some problems found in electrostatics. For instance, it is quite common that 
the chemical composition of the solid surface differs from its interior, pronouncedly. 
Two examples are window glass and low-density polyethylene (LDPE) film used 
for packaging.

7.2.1  Glass and Other Hydrophilic Surfaces

Window glass is a non-crystalline sodium and calcium silicate, containing variable 
amounts of other components, especially magnesium and aluminum. It is produced 
and processed at high temperatures that remove even strongly bound water that is 
normally found in its precursors: sand, lime and sodium carbonate. Moreover, the 
ions in glass do not have significant mobility, below the glass transition tempera-
ture: diffusion coefficients and electrophoretic mobility are negligible. For these 
reasons, silicate glasses are strongly insulating and they are widely used to make 
insulators used in power transmission lines.

However, glass surfaces are quite different: they adsorb water from the surround-
ing atmosphere, including rain and aerosol. Water adsorption increases with the 
relative humidity but it is observed even under low humidity. The siloxane bonds 
that abound in the glass bulk are hydrated, forming the weakly acidic silanol groups, 
akin to silicic acid. Sodium and calcium ions can also hydrate, acquiring increasing 
mobility to the point of dissolving in the surrounding water, leaving behind a nega-
tive silicate surface.

Silica and silicate surfaces adsorb water, even under low relative humidity (RH). 
Silicate glass is highly variable but there are relevant data on well-defined silica 
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glass surfaces: average thickness on silica glass under 20% RH corresponds to a few 
water molecule layers that are easily detected using infrared spectra, growing to 
1 nm thickness at 60% RH [1]. Judging from the IR spectra, water mobility at 20% 
RH is very low, justifying the “solid-like” designation often used in the literature. 
Under 60% RH the adsorbed water is a “liquid-like” layer, as shown in Fig. 7.1. Its 
thickness allows it to form a conductive electric double-layer with mobile ions. For 
these reasons, silicate glass surface is expected to show a completely different 
behavior from bulk glass, concerning electric conductivity.

The peculiar surface properties of glass surfaces contribute an interesting depen-
dence of its electric behavior on the relative humidity. This is evidenced in Fig. 7.2 
that shows electrostatic potential variation across a glass surface fitted with two 
parallel electrodes, under different values of the relative humidity. At 3% RH the 
electrostatic potential varies linearly on the region comprising the electrodes, as 
expected for a capacitor formed with two parallel electrodes. However, potential in 
the interelectrode space changes pronouncedly under higher relative humidity, 
becoming negative. When the electrodes are grounded, potential across the glass 
surface is nil, within experimental error. This result is analogous to a similar experiment 
that was done at a microscopic scale [2].

The observations made on glass cannot be simply extended to other hydrophilic 
solids and the consequences of the presence of adsorbed water also vary: surface 
water strengthens silica glass toward abrasion, but not copper oxide on copper.
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Fig. 7.1 Adsorption isotherms for water adsorption on silicon dioxide and complementary 
ATR-IR spectrum of O–H stretching region (inset): dotted line in the adsorption isotherm indicates 
thickness of adsorbed water in solid-like state as indicated by IR signal at 3230 cm−1. Reprinted 
with permission from [1]
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Still, surface properties are easily modified by intentional chemical modification, 
heating and other treatments including exposure to the atmosphere. Recently 
washed glass is highly wettable and liquid water easily spreads over it, but it 
becomes hydrophobic under even shorter exposure to the atmosphere. This is due to 
adsorption of oil that is always found in urban air or the terpenes found in the atmo-
sphere of regions with dense vegetation.

7.2.2  Polyethylene and Other Hydrophobic Solids

Polyethylene (PE) surfaces undergo autoxidation, upon exposure to air. The oxi-
dized products thus formed are hydrophilic hydroxyl, carbonyl, carboxylic and 
other polar groups that increase PE tendency to adsorb water. Consequently, PE 

Fig. 7.2 Electrostatic potential of glass biased under ±184 V. In (a) relative humidity was kept at 
3%. The electrostatic potential map (b) shows that charge varies linearly in between the electrodes 
but it moves to lower potentials when the relative humidity is increased (c) to 40% (red curve) and 
then to 80% (blue curve)
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should become more and more wettable with time, but this is not usually observed. 
The reason is the mobility of the surface groups, driven by Marangoni effect: the 
oxidized PE chains contribute to increase PE surface tension and they are thus spon-
taneously covered by non-oxidized chains migrating from sub-surface layers. This 
phenomenon was studied in detail by Baszkin and Saraga [3] and its knowledge is 
essential to understand the variability of polymer surface properties.

7.3  Charge Trapping During the Formation of Solids

Excess charge is found in the interior of some solids due to their structural features 
coupled to the fabrication processes. This is the case of polymer latexes, a large 
family of materials showing this feature that has been studied in great detail.

Persulfate ions are initiators of the emulsion polymerization process used to make 
latex so that the chain ends contain residual sulfate groups, contributing a negative 
charge. Polymer particles formed during emulsion polymerization grow up to many 
hundreds of nanometers and they are thus much larger than the typical radii of gyra-
tion of the individual polymer chains. The charged sulfate chain ends tend to locate 
at the particle–water interface but many are prevented to do so due to their size and 
they remain trapped within the emulsion polymer particles.

For this reason, the dry particles are spherical multipoles, as evidenced in 
Fig. 7.3, with a negative core whose charge derives from residual sulfate chain ends 

Fig. 7.3 Kelvin force micrograph (KFM, left) and elemental maps obtained by electron spectros-
copy imaging in the transmission electron microscope (ESI-TEM, right) for potassium and sulfur. 
The sample is poly (styrene-co-hydroxyethylmethacrylate) (PS-HEMA) latex. The two kinds of 
images are completely independent: KFM maps electric potential while ESI-TEM provides ele-
mental maps, but both provide the same information: the particles are core-and-shell particles, with 
negative cores and positive shells. Reprinted with permission from [4]
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and a positive shell formed by the counter-ions [4]. The observed charge segregation 
is the result of a delicate balance between electrostatic interactions between the 
sulfate anions and potassium counter-ions, van der Waals interactions between 
uncharged polymer chains and hydrophobic interactions that separate water from 
the hydrophobic polymer chains.

An interesting consequence of negative charge trapping in the interior of latex 
particles is their ability to form thermoplastic solids stained with cationic dyes, like 
methylene blue [5]. Methylene blue does not dissolve in polystyrene, but it is incor-
porated within the polymer provided it is first adsorbed in the dispersed latex parti-
cles and these are later aggregated forming solid, blue polystyrene.

7.4  Electrets

The most prominent topic in this chapter is electret formation and stability, given 
the enormous importance of these materials in various applications and its role in the 
development of condensed matter physics [6]. As for the applications, electrets are 
reportedly present in products of the following industry sectors: materials and steel, 
automotive, chemical manufacturing, electronics, IT and software, telecommunica-
tions, and aerospace engineering.

Electrets are the electrostatic analogs of permanent magnets, possessing the ability 
to create permanent electric field in their vicinity. In practice, electrets are not abso-
lutely permanent but the electric fields produced by them are sufficiently stable to 
guarantee their performance during a given time period. Electrets are different from 
piezo or flexoelectric materials that are electrically polarized but only under tension 
or compression and undergo fast relaxation, in the absence of mechanical action [7].

The possibility of the existence of electrets was already discussed by Faraday and 
the term “electret” was coined in 1885 by Oliver Heaviside [8]. In 1925 Prof. Mototaro 
Eguchi from the Japanese Naval College described the first permanent electret, made 
of an artificial membrane of beeswax, Brazilian palm gum (carnauba wax) and rosin 
[9]. By heating this mixture to a molten state and polarizing it within an electric field, 
charge was maintained for a long time afterward. This device was extensively used by 
the Japanese during World War II, in condenser microphones. Today, electrets are 
used not only in microphones but also in air filters, radiation dosimeters, electropho-
tography, inkjet printing and other applications [7]. A promising new application of 
electrets is distributed power microgeneration [10] using devices that scavenge 
mechanical energy from the environment converting it into electricity.

There are two main types of electrets: dipolar electrets and space-charge electrets. 
The dipolar electrets produce an electric field following the orientation of the 
molecular dipoles, thus they do not depend on excess charge. Dipolar electrets can 
be made from waxes or polymers.

Polarization is obtained on waxes heated above the melting point or on polymers 
at a temperature above the glass transition temperature (Tg) but well below the melt-
ing point. Melting is not necessary, because polymer chains are mobile above the Tg.

7 Excess Charge in Solids: Electrets
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In space-charge electrets, electric charges are added to the surface or the bulk of 
a material by different techniques [11] and the stability of the electret depends 
essentially on charge immobilization.

The performance of polymer foams as electrets is remarkable [12], due to the 
unique possibilities for charge separation within the foam [13]. In fact, polymers are 
extremely versatile materials and develop complex charge patterns, being ideal for 
the design of energy harvesting structures [14] such as shown in Fig. 7.4.

The charged polymer foam contains large quasi-macroscopic dipoles within the 
foam cells, that in turn account for piezoelectric constant as high as 250 pC/N, much 
higher than the widely used PVDF and close to one-half the figure for PZT. As an advan-
tage, the foam electrets are very lightweight and flexible, as opposed to the heavy and 
brittle PZT [8]. Thanks to these characteristics, excitation of 15.2 cm square sample at 
60 Hz and displacement of ±73 mm delivers 6.0 μW to a 1 mF storage capacitor. This 
reaches 4.67 V in 30 min that is suitable to supply power to low-consumption devices.

7.4.1  Thermally Stimulated Discharge

Electret stability depends largely on the immobilization of separate charge carriers 
or oriented dipoles that are in turn achieved by keeping the electrified solids in the 
crystalline or glassy states. Heating the samples allows charge motion that can be 
measured as current between the electret opposite faces as a function of temperature 
and time. For this reason, a prevalent technique to study electrets is the measurement 
of thermally stimulated discharge, TSD [15]. Initially developed for R&D in electrets 
including quality control, the technique spread to other areas like thin films, photo-
conductors, electro-optical devices and ice microcrystals [16].
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Fig. 7.4 Schematic representation of non-symmetrical piezoelectric samples (a) PVDF mem-
brane film, (b) porous PP and (c) piezoelectric PZT fiber embedded in an epoxy with copper clad 
electrodes etched on to the inner surface of the laminate which act as electrodes. Reprinted with 
permission from [14]
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7.4.2  Bioelectrets

Many biomaterials display the ability for charge and polarization storage. Moreover, 
biological functions are always performed in the presence of water that is often 
referred to as holding special properties, in biomaterials and contributes to materials 
charging, in many different ways as discussed in Chap. 6.

Electret applications in biological systems include anti-thrombogenic surfaces, 
the stimulation of tissue growth in bone and special artificial membranes [17].

7.5  Charging Mechanisms

7.5.1  Unintended Charging of Solids, Following Mechanical 
Action and Radiation

There are many situations where charges can be formed in bulk solids following 
mechanical action, either by implantation or trapping as part of the relaxation mech-
anisms. Free energy of mechanically stressed solids is higher than in the relaxed 
state and excess mechanical or elastic energy may produce structural faults, espe-
cially of the dislocation type [18]. When sufficiently large gradients of the chemical 
potential are created, the excess energy may trigger the formation of a triboplasma 
[19], a collection of high-energy chemical species. These further evolve through a 
host of parallel and consecutive reactions taking place in the surface but also in the 
interior of the solid, analogous to reactions triggered by high-energy particles and 
radiation [20].

Sample charging in electron microscopes and photoelectron spectrometers is 
familiar to practitioners of these techniques and special measures are taken to avoid 
undesirable effects. For instance, samples for scanning electron microscopy are 
often coated with carbon or metal thin films. Transmission electron microscope 
samples are supported on metal grids and isolated particles are held on thin carbon 
films, to facilitate the dissipation of the electron current. Photoelectron spectrome-
ters are usually fitted with ion flooding devices, to avoid charge build-up on dielec-
tric samples that introduces errors in the energy scale of the acquired spectra.

Mechanochemical and radiation or beam-induced reactions produce charged 
species. As a result, “charge storage effects are observed in most instances when 
solid dielectrics are exposed to penetrating radiation”, following B. Gross [21]. For 
instance, the formation of free radicals during the rupture of chemical bonds is fol-
lowed by electron-transfer reactions that lead to the formation of charged species 
[22]. The result may be one or more of various physical effects: micro-electrostatic 
discharges, triboluminescence, phonon and heat propagation [23]. This topic is fur-
ther developed in Chap. 9 in this book.

Since every material on Earth surface is constantly bombarded by radiation 
stemming from the outer space, from the atmosphere of minerals and/or is 
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subjected to various kinds of mechanical action, any material is constantly 
producing charge species in its interior. If these cannot migrate fast, the interior 
of the solid will store charge.

Many other phenomena are used to implant charges in solids, purposely. These 
are shortly described ahead and detailed information on this subject can be found 
in the book edited by Sessler and Gerhard-Multhaupt [24] and related 
publications.

7.5.2  Charging with Corona

A very successful way to inject charge carriers is corona charging. Corona is ion-
ized gas produced under an inhomogeneous electric field sufficient to provoke the 
formation of ionized, high-energy species in the gas phase but still below the 
discharge potential. The formation of unstable species is evidenced by the emis-
sion of (usually) bluish light around the electrode with the smaller area that is the 
visible “corona”. Usually, corona charging is achieved by polarizing a needle 
right above the sample surface laid over a grounded flat support. Increasing the 
potential difference also increases the rate of corona charging. If the needle is 
negatively biased, negative carriers are formed and they flow toward the dielectric 
while still undergoing further reactions. In air corona, negative species are primar-
ily CO3

− [24]. Beyond the species formed in the atmosphere further reactions may 
take place within the charged polymer, as evidenced by the improvements in elec-
tret performance when some additives are added to polypropylene and polycar-
bonate films and also when the films age [25, 26]. The simplicity of corona 
charging makes it appropriate to use in large-scale fabrication. It has been exten-
sively used in the production of electrets for microphones and is also widely used 
in xerography.

7.5.3  Direct Charge Injection from Electrodes

Charge injection is widely used in electrospinning and electrospray techniques. 
As schematically shown in Fig. 7.5, when a solution or some pure liquid is pass-
ing through a polarized metal needle (in the range of kilovolts), the electric field 
between the needle and a grounded collected plate is on the order of few thou-
sand kV per centimeter [27]. Electrospinning produces a jet of electrified liquid 
while the electrospray is a jet of charged droplets, depending on the internal 
pressure of the liquid and other factors like viscosity. Electrospinning method is 
usually applied to polymer solutions or polymer melts resulting in nanoscaled 
fibers and electrospray is a conventional technique used in mass spectrometry. 
Moreover, the charging mechanisms here are the same as described for water in 
Chap. 6.
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7.5.4  Electron, Ion and Photon Beams

The implantation of negative charges can be also done by impinging electron or ions 
beams on the sample. The incident particles contribute their own charges and also 
the charges formed by any one of the various inelastic collisions that they can 
undergo. Particles travelling through the bulk solid are thus slowed down becoming 
finally trapped and contributing their charges. Similarly, penetrating radiation like 
X-rays provokes many effects including electron ejection, leaving behind cations 
and consequently forming positive electrets.

Drum charge control in xerography is done by using visible light that triggers 
photoconduction, discharging the desired pixels and thus creating a latent image.

There is excellent literature on this topic that will not be further detailed here.

7.5.5  Electrification by the Liquid Contact Method

Charge transfer between a liquid and an insulating solid under an applied electric 
field was used in electrostatic recording and electret production with different liq-
uids and insulating materials. Charge transfer measurements and a detailed analysis 
of this method were presented by Chudleigh [28]. Water, ethanol and dilute solu-
tions of HCl and NaOH were placed in between an electrode and the dielectric 
surface of a fluorinated polymer film, while the other film side is metal-coated and 
connected to ground. A schematic description is given in Fig. 7.6.

Fig. 7.5 Schematic 
diagram of a typical 
electrospinning 
experiment. Reprinted with 
permission from [27]
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When a potential difference is applied between the electrode and the metal-coated 
surface, charge double-layers form at both solid–liquid interfaces and they are bro-
ken when the liquid is withdrawn, leaving behind excess charge on the polymer film.

For example, a polypropylene (PP) film coated on one side with aluminum was 
charged using Chudleigh’s method, by wetting its surface with cotton soaked on 
ethanol biased to the desired voltage, while the aluminum-coated surface was 
grounded [29]. The PP area was 8 × 12 cm2 divided into 5 × 5 mm2 spots that were 
contacted by the biased wet cotton for 5 s each, while this was displaced by a mechan-
ical arm. After the completion of the scan, the electrode was removed while still 
biased. Then, the region was scanned with a Kelvin electrode kept at 2 mm above the 
surface for surface potential mapping as shown in Fig. 7.7. The map shows that 
charge acquired using the liquid-contact method is highly uniform, since the surface 
potential is uniform within ±1 V.
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Fig. 7.6 Schematic diagram of apparatus for charging a polymer film using a liquid contact. 
Applying a negative charging voltage produces a negative surface charge on the polymer film. 
Reprinted with permission from [28]

Fig. 7.7 Electrostatic potential maps of PP/aluminum backside-coated films charged using 
Chudleigh’s method. Electrode was polarized with (left) +100 V and (right) −1000 V
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7.6  Charge Migration from Charged Solids

Excess charge in solids tends to migrate to surrounding environment and to the 
ground. The mechanism that has been almost exclusively considered for charge 
migration is electric conduction through the surrounding bodies but recent results 
and mechanistic proposals produced a richer picture.

Polyethylene (PE) exposed to corona discharge acquires positive or negative 
charge that may be scanned with a Kelvin probe. The resulting data are presented as 
an electrostatic potential map and successive scans show changes in the map, giving 
detailed information on charge patterns as well as on the kinetics and destination of 
charge migration. Figure 7.8 shows potential maps of corona-charged PE surfaces 
and potential vs. time plots for chosen pixels of the maps [30]. These results revealed 
some surprising information that is discussed in the following paragraphs.

Corona-charged polyethylene samples follow exponential decay and the dissipa-
tion rates are usually slower at a 3% relative humidity than at higher RH values (20, 
40 and 60%) but the values also vary with the potential sign. Negative potentials 

Fig. 7.8 Electric potential decay as a function of time on polyethylene samples: (a) and (b) at 3% 
RH; (c) and (d) at 60% RH. Averaged values with error bars are obtained from the ten different 
pixels on each PE sample. Note that (a) and (c) are initially positive and (b) and (d) are negative. 
Reprinted with permission from [30]
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decay at a slower rate than positive ones, which is especially noticeable under rela-
tive humidities higher than 20% [30]. Also, there is a difference between positive 
and negative charge decay: for positive potentials, half-lives are a few times longer 
under 3% RH than under 60% RH, while the average half-life for dissipation of 
negative potentials is only ca. two times longer at 3% RH than at 60% RH.

Moreover, when PE samples are initially charged with corona, either positive or 
negative, the potential varies with time reaching small negative values, −4.6 ± 0.7 V, 
as shown in Fig. 7.9. Thus, there is an equilibrium potential for polyethylene, whose 
generality has not yet been verified in other cases. One possible explanation for this 
non-zero potential is preferential adsorption of OH− ions from atmospheric water. 
Another possibility is H+ ion desorption from carboxylic acid groups formed by oxi-

Fig. 7.9 (a) Equilibrium potential maps of polyethylene samples washed in different ways at 60% 
RH; (b) averaged equilibrium potentials at 1 and 60% RH. Reprinted with permission from [30].

7.6   Charge Migration from Charged Solids
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dation of the polymer surface. Whatever explanation will prevail, this is conceptually 
very important because it shows that non-zero potential is the equilibrium state, as 
opposed to the common assumption of electroneutrality of pure substances.

Ieda and collaborators [31] found that corona-charged polyethylene samples 
with high potential decay more rapidly than other samples charged to a lower poten-
tial. This may be explained by considering the existence of deep charge traps on the 
surface and shallow traps in the bulk: high-energy charged species formed under 
high voltage can move easier into the bulk solid, occupying shallow traps. However, 
charged species formed at low corona voltage are unable to migrate to the bulk 
or even along the surface and are thus caught in deep surface traps [32]. The nature 
and chemical or structural features of deep and shallow traps are as yet unknown 
[33, 34] and it is likely that their identification will be achieved but only by using 
various sophisticated analytical tools, analogous to the case of the identification of 
charged species formed by friction [22].

7.7  The Costa Ribeiro (Thermo-Dielectric) Effect

Joaquim Costa Ribeiro was a pioneer in Brazilian physics, interested in the study of 
electrets. During his experiments, he discovered that an electret may be formed in 
the absence of an external electric field, during melting or crystallization [35] of 
carnauba wax, the same material that was used by Eguchi. This unexpected result 
showed that charge partition takes place during phase transitions. Ribeiro’s first 
publication in 1943 was written in Portuguese and it was virtually ignored outside 
Brazil. It was later published in English, at the same time of Workman and Reynolds 
publication [36] on electret formation during ice solidification. In this case, potential 
differences as high as 230 V were observed during freezing.

This effect was interpreted by Gross [37], as follows: when the interface is dis-
placed during solidification or crystallization, a charge gradient is created producing 
a potential different across the interface. The excess charges are then trapped in the 
solidified material, transforming it in an electret.

The thermo-dielectric effect was also related by Reynolds to charge separation in 
thunderstorms [38]. It is especially important in the case of dendrite formation from 
super-cooled water [39] and it may be seen as part of the broader topic of charge 
separation during phase transition [40].

7.8  Conclusion

Solids acquire excess charge following many different mechanisms that are 
largely dependent on the chemical and structural characteristics of the solids 
involved. Charge is found in the interior of the solids as well as at their surfaces, 
thus the overall charge depends on the surface properties of the solid, that are 

7 Excess Charge in Solids: Electrets



105

highly variable, in many important cases as e.g. in thermoplastics. The abatement 
of the charge measured on a solid and of the electric potential measured in its 
vicinity may reflect the migration of charge carriers away from the solid but per-
haps more often it is the consequence of the adsorption of ions from the atmo-
spheric water.
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8.1  Introduction

Friction and electricity are closely related and the latter is a common outcome of the 
former, as much as wear. Attractive forces between rubbed solids have been noticed 
since ancient times and many scientists claim that triboelectrification (electrifica-
tion by friction) is the oldest known manifestation of the electrical sciences. On the 
other hand, although both tribology and electrostatics are related to everyday phe-
nomena, many basic issues are still matters of debate and did not receive much 
attention during most of twentieth century. However, a surge of progress has been 
observed in both cases for the past few decades and the mutual feedback between 
friction and charging is now clear.

Tribology and electrostatics are inherently complex sciences, thus it is not sur-
prising that the their mutual relationships are also complex. The conception that 
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friction must be related to attractive forces seems to be very intuitive: whenever two 
bodies are mutually attracted, it must be difficult to slide one of them over the other. 
In 1734, Desaguliers observed that when metals were polished, this could increase 
friction due to adhesive forces. However, his observations contradicted the 
Amontons’ law that was then already established. This law states that friction coef-
ficients are independent of the contact area or, in other words, friction forces are 
only dependent on the normal load and proportional to it. Although Desaguliers’ 
experimental findings were correct, he could not explain why friction coefficient is 
independent of the contact area while adhesion is dependent.

Much later in 1950, Bowden and Tabor clarified this apparent contradiction by 
introducing the concept of real contact area that is the summation of the areas of 
numerous microscopic regions where asperities from both contacting surfaces form 
contacting junctions. These contacting sites may be more or less numerous, depend-
ing on surface roughness and they are the only sites for atom-to-atom contact [1]. 
These authors showed that the frictional force is strongly dependent on the real 
contact area and increasing the normal force also increases the number and extent 
of contacting sites. They could thus explain why adhesive interactions contribute to 
frictional forces, although real area of contact was then more a qualitative notion 
than a measurable property of the system.

8.1.1  Adhesive Contact Models: JKR, DMT and Maugis

In his model for mechanical contact, Hertz [2] assumed that only compressive 
stresses at the interface were responsible for the contact between solid elastic bodies 
and he found that the area of contact varies non-linearly with the normal force since 
it is proportional to F2/3. At the contact zone, a pressure distribution is created that 
elastically deforms the interface. Moreover, this pressure distribution p(r) is given by 
Eq. 8.1. It is semielliptical over the contact area peaking at its center:

 
p p r ar( ) = −( )0

2 2
1

21 /
 

(8.1)

where a is the radius of the contact zone, r is the distance from the center of the 
contact to the point being considered (r2 = x2 + y2) and p0 is the maximum pressure. 
The Hertz analysis is fairly universal and routinely used in the analysis of tribology 
experiments. On the other hand, interactions between solids, particularly between 
colloidal particles, were later established as the result of interatomic forces, espe-
cially of van der Waals forces. It was then found [3] that an extra force is needed to 
separate two solids in close contact. Although Bowden and Tabor could experimen-
tally verify that adhesion contributes to friction due to elasto-plastic deformations at 
the interface, it was only during the 70s that a great effort was made to understand 
the contribution made by adhesive forces to Hertzian contact.
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In a very elegant work, Johnson, Kendall and Roberts [4] (JKR were capable to 
include elastic deformations arising from the adhesive forces to the contact equilibrium 
between elastic bodies. They assumed that adhesive forces (at the interface only) 
increase the contact area and change both penetration and stored elastic energy. So, if a 
tensile stress induced by pulling forces is added to Hertzian compressive stress, the 
total normal stress p(r) at the interface is:

 
p r p r a p r a( ) = −( ) + −( )′ −
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(8.2)

In the Hertzian theory, a negative value of p0
′  was rejected because tension could 

not be sustained under negative loads. The first term in Eq. (8.2) is positive, while 
the second, the tensile stress induced by surface forces, is negative. So, in the pres-
ence of adhesive forces the tensile stress deforms the edges of the interface and 
consequently increases the contact area. JKR theory is especially successful with 
elastic bodies under low loads. On the other hand, it fails under high loads, when the 
experimental results are well fitted by Hertz theory. This observation suggests that 
short-range surface forces only become important when the normal load tends to 
zero, for the contact of elastic materials. The surface stress distribution predicted by 
Eq. (8.2) is such that stress goes to infinity at the edge of the interface. On the other 
hand, this very high stress is predicted but not observed, because JKR theory implic-
itly assumes that surface forces act over an infinitesimally small distance exactly at 
the interface and not outside the contact area [5].

Both theory and successful verification of the original JKR theory are based on 
short-range attractive forces and it is thus especially valid for smooth surfaces with 
low elastic modulus because these short-range surface forces are not significant at 
distances exceeding some nanometers. Moreover, soft materials (in the original 
work the authors used rubber over gelatin) can be flattened to fill in asperities, form-
ing a very intimate interface. On the other hand, for more realistic conditions as 
when the interface is not much deformed and materials are sufficiently rigid, the 
stress profile can be assumed as Hertzian.

In fact, Derjaguin, Muller and Toporov [6] (DMT) realized that for rigid materi-
als, adhesive forces cannot overcome elastic modulus and consequently the inter-
face is not the result of deformed surfaces. Then, adhesive forces are taken into 
account but they must be computed outside the contact area so that the normal load 
is the result of the external load and the adhesion force. In practice, the adhesive 
force measured with an indenter is:

 
F RWadhesion( ) = 2p

 
(8.3)

where R is the spherical indenter radius (for a sphere-on-flat geometry) and W is the 
work of adhesion. F(adhesion) is then added to the Hertz contact equation (Eq. (8.1)). 
Many practical situations fit well within DMT theory. For instance, the Quantitative 
Nanomechanical mode (QNM®) of AFM, recently developed by Bruker, uses the 

8.1 Introduction
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DTM theory to calculate the Young modulus of materials during force-curve mea-
surements. Figure 8.1 shows the topography, adhesion and DMT modulus mappings 
for a plasma deposited nickel-nitrate (Ni-N) film. The adhesion mapping is obtained 
from pull-off force. On the other hand, the Young modulus is obtained by fitting the 
retract curve to the DMT model. Note that in Fig. 8.1, most regions where adhesion 
is high also show a high DMT modulus, as well.

Although controversy and heated debates on the applicability of both theories 
were entertained for some years, Tabor [7] realized that the two theories represent 
the opposite extreme cases of mechanical contact: JKR is more applicable to large 
radius, compliant solids with strong adhesion while DMT is more indicated for 
small radius, rigid solids with low adhesion. Later, using a Dugdale (square well) 
potential model to describe attractive forces, Maugis [8] derived analytical solutions 
to show the transition between both theories and he was capable to handle interme-
diate cases. Figure 8.2 shows a comparison between some important models. In 
practice, the Hertz analysis and JKR-DMT theories are the most used models 

Fig. 8.2 Description of contact mechanics models. While the Hertz model does not consider the 
adhesion in contact, the JKR model includes only a short-range adhesion in the contact area and is 
a function of the work of adhesion Δγ. The DMT model shows a long-range surface forces and the 
Maugis-Dugdale (MD) model considers the square well potential to describe attractive forces. The 
Muller, Yushenko and Derjaguin (MYD) uses a Lennard-Jones potential to include both the short- 
range and long-range forces. Reprinted with permission from [10]

Fig. 8.1 Application of DMT theory. Quantitative nanomechanical mode (QNM) for plasma- 
deposited nickel nitride (Ni-N) film. The Young modulus is calculated from DTM analysis
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because they use simple equations relating the normal stress with the radius of the 
contact zone. For more precise work, the Maugis-Dugdale (MD) or even the Muller, 
Yushchenko and Derjaguin (MYD) model [9] (which describes the adhesion force 
via Lennard-Jones potential) can be used [10].

There are many articles and books where all derivations of the above-mentioned 
models and equations can be found in detail. In this chapter, we only describe briefly 
the main features of the most widely used theories to contextualize tribocharging 
within the main problems in contact mechanics.

Study in this area produced outstanding results of the direct measurement of van 
der Waals forces acting between surfaces, thanks to the famous Surface Forces 
Apparatus (SFA) developed by Tabor, Winterton and Israelachvili in the early 
1970s.

At this point, it is worth stressing that friction does not correlate directly with 
adhesion. This seems contradictory, but there are many examples of bodies with 
high friction coefficients but having low adhesive forces, and vice versa. On the 
other hand, since friction is an energy-dissipation process it actually relates well to 
adhesion hysteresis [11], a concept introduced by Israelachvili [12]: the work 
required to separate two surfaces is typically greater than the work done when con-
tacting them. Adhesion hysteresis is the difference between both and friction can be 
predicted from the adhesion hysteresis curve.

8.2  From Macro to Nanoscale

For macroscopic objects, forces such as gravity tend to be more significant than 
those forces (van der Waals or Coulombic) that arise from intermolecular interac-
tions. Also, friction has many factors other than surface forces, like cohesion, rough-
ness, viscoelasticity, hardness, lubricated conditions, elasto-plastic deformability 
and perhaps still others.

The basic laws of friction established by Amontons and Coulomb are three 
empiric laws:

first law: friction is proportional and perpendicular to the normal load;
second law: friction is independent of the apparent contact area;
third law: kinetic friction is independent of sliding velocity.

Although these laws may appear simplistic and they are not derived from funda-
mental principles, they are extremely valuable for solving real life problems. 
Moreover, the relationships stated by these laws are the result of many important 
interfacial, molecular and materials phenomena that are by themselves rather com-
plex or not fully understood.

Amontons already noticed that uneven surfaces have higher friction coefficients 
than smooth surfaces. Roughness is thus an important variable that lead many 
authors to think that friction was originated only from roughness and nothing else. 

8.2 From Macro to Nanoscale
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On the other hand, after Bowden and Tabor introduced the concept of real contact 
area, the comprehension of friction phenomena reached a higher level. Today, it is 
accepted that friction has two basic factors [5]:

 1. The adhesion force needed to overcome attractive interactions developed through 
the outermost parts (tips of the asperities) of the surfaces;

 2. The plowing force that is observed when one surface is significantly harder than 
the other. In this case the softer surface is plowed by the asperities on the harder 
one [13].

Friction force can be written as:

 
F F F= +adhesion plowing  

(8.4)

Both adhesion and plowing force are by themselves the result of many important 
surface phenomena. Attractive interactions (van der Waals forces), mechanical 
shearing, elasto-plastic deformations, contaminants, water adsorption, cohesion 
(weakly bound layers [14]), and presence of third bodies [15] (material transfer) are 
only some of many factors that can influence the adhesion and plowing forces. On 
the other hand, at the nano (or micro) scale surface forces can overcome many of the 
energy dissipating mechanisms so as to become more important than these as well 
as gravity.

Progress in the relevant instrumentation, SFA and AFM allowed the demonstra-
tion of the importance of coulombic interactions between surfaces to friction across 
interfaces under relative motion, at the microscopic level.

Salmeron and collaborators applied bias voltage to a n-type Si(100) wafer with 
stripes of highly B-doped p-type semiconductor, to control friction forces mea-
sured while passing the AFM tip over the wafer surface. They could thus change 
friction as the result of interactions between excess charge in the wafer and the 
tip [16, 17].

Reduction of friction forces on high-temperature superconductors was achieved 
due to the underlying atomic-scale electronic and phononic mechanisms [18, 19]. 
Instead, when the resulting forces across the interface are attractive, friction is 
raised and persists even under negative loads [20].

It is expected that forces from asymmetric fluctuating electric fields that are 
formed as the result of triboelectrification of moving bodies dissipate energy by 
dragging charge along the surface and thus increasing friction losses [21]. This 
statement has not yet been experimentally proven.

8.3  Electrostatic Contribution to Friction

Coulombic interactions are long-range forces that extend farther than other surface 
forces. Usually, van der Waals forces do not extend beyond few tens of nanometers 
falling as d−7 with the separation distance, d. On the other hand, electrostatic forces 
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are felt even at macroscopic distances and they should not continue to be neglected 
in contact mechanics and friction. Considering that the electrostatic field developed 
at dielectric interfaces can be as high as to produce air dielectric breakdown, static 
electricity effects must be included in comprehensive atomic-scale treatment of fric-
tion, especially when insulating materials are involved.

The only explanation for the current neglect of Coulombic interactions in friction 
is the enormous complexity introduced by considering electrostatic forces. First, 
there is still a widespread lack of understanding of the mechanisms and patterns of 
electrostatic charging of materials, at the atomic-molecular level, that is discussed 
in other chapters in this book. Also, electrostatic interactions at the solid–gas inter-
face are strongly dependent on many ambient factors, including its water content 
[22] that in turn depends on the relative humidity. Moreover, even approximate 
amounts of charge carriers formed or exchanged during contact are hardly known, 
when one of the contacting bodies is an insulator [23].

Nakayama and collaborators [24] have shown that the extremely intense electric 
fields generated due to tribo-physical and –chemical phenomena produced by slid-
ing contacts create sites with high energy density, where a triboplasma is formed. A 
spectacular demonstration of the formation of high-energy species was made by the 
Putterman group, showing the emission of Bremsstrahlung X-rays [25] produced 
under intense electric fields that were in turn the result of surface charging by break-
ing adhesive bonds.

Budakian and Putterman investigated the effect of charge transfer in stick-slip 
friction at metal–insulator interfaces [26]. They found that charge transfer accompa-
nying the slip events is proportional to the force jumps, pointing toward a common 
origin for triboelectrification and friction, at least in their system. The effect of tri-
boelectricity on friction coefficients of metals was also demonstrated in different 
systems [27–29] but not in insulator–insulator interfaces, where quantitative infor-
mation on the amount of charge and its distribution is hardly available.

8.3.1  Macro Experiments Relating Surface Charge 
and Friction Coefficients

Surprisingly, the effect of triboelectricity on friction coefficients was only recently 
quantified, for two dielectric solids at the macroscale and under well-defined condi-
tions. This was only possible when the author’s group had already accumulated 
15 years of experience in the investigation of electrostatic charging of materials, 
including techniques for potential and charge mapping from the nano- to the macro- 
scale [22].

This allowed the production and assessment of insulator surfaces with fairly uni-
form charge density [22, 30]. Sliding felt wool over a PTFE sheet produces nega-
tively charged surfaces with lower local variations than most other systems. Half-life 
for potential decay in these surfaces is in the range of a few days so that samples can 
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be prepared, and surface static potential distribution can be mapped. Most uniform 
samples covering a range of charge densities are thus selected for friction measure-
ments, as shown in Fig. 8.3.

The experiments to determine the coefficient of rolling resistance (CoRR) of 
glass beads on PTFE as a function of the electrostatic potential in the latter (previ-
ously mapped with a Kelvin probe) are straightforward: glass beads are placed at a 
chosen height (in this case, h = 1.25 mm) on an aluminum smooth ramp with a suit-
able inclination angle (10°) and then allowed to roll down onto a flat tribocharged 
PTFE surface. The distance roamed by each sphere on the PTFE surface, d, is used 
to calculate the coefficient of rolling resistance, CoRR = h/d.

Figure 8.4 shows that rolling friction of glass spheres increases with electrostatic 
potential on charged PTFE surfaces [31]. The electrostatic potential goes from val-
ues close to 0 V to −3300 V in the various samples (Fig. 8.4a). Neutral glass spheres 
released from height h roll over charged PTFE but they quickly stop, after moving 
for only a fraction of the distance observed in uncharged PTFE. This shows that 
charge on the films introduces a powerful mechanism for mechanical energy dissi-
pation. These experiments allow the calculation of the coefficient of rolling resis-
tance (CoRR), as shown in Fig. 8.1b, as a function of the average potential on the 
film. CoRR increases many-fold in charged PTFE, in a potential range that is easily 
achieved by rubbing this polymer with glass and other common materials.

The effect of tribocharging on sliding friction was examined by sliding polyeth-
ylene (PE) pellets on PTFE film, when they are immobilized by triboelectrification. 
The experimental setup can be seen in Fig. 8.5: PE pellets were randomly placed 
on PTFE surface and shaken on a reciprocating table for 5 min. Then, the holder 

Fig. 8.3 Coefficient of rolling resistance on tribocharged surface setup. PTFE was supported on 
an aluminum holder and rubbed with felt wool (14 × 14 cm2) with pressure adjusted to 1.0 ± 15 kPa 
that was slid for 4 cm at the speed of 1 cm s−1. CoRR measurements followed the ASTM Standard 
(G194-08)
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Fig. 8.4 Determination of CoRR of glass beads rolling on tribocharged PTFE surfaces. (a) The 
potential map for each plate used. (b) CoRR vs. average surface potential of tribocharged PTFE 
plates. Vertical error bars are mean standard deviations from ten replicate measurements while the 
horizontal bars are standard deviations of average potential for all the pixels on each plate. 
Reprinted with permission from [31]

Fig. 8.5 Friction angle on tribocharged surfaces setup. Uncharged PTFE sheets framed on a thick 
aluminum sheet, carrying 30 PE pellets randomly placed on its surface were shaken for 5 min on a 
reciprocating table and then mounted on the swinging arm of the inclined plane, gradually raised 
in 5° steps and the number of pellets sliding at each angle was recorded
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supporting the PTFE film and the pellets was mounted on the swinging arm of an 
inclined plane that was gradually raised in 5° steps, while recording the number of 
pellets sliding at each angle. Static friction coefficients μs = tan θ were then calcu-
lated and the histograms of pellet number vs. sliding friction angle are in Fig. 8.6. 
Friction angles of uncharged PE pellets over PTFE peaks at 40° but for the tribo-
charged pellets they spread toward much higher and also to lower angles (>90° 
down to 30°), after a short sliding time. This shows that tribocharging produces very 
large friction coefficients but some pellets have lower friction coefficients than the 
neutral ones.

In these experiments, the electrostatic measurements were done ex-situ, apart 
from the friction measurements. Thus, they do not give a real-time perspective on 
charge exchange and friction modification. Burgo and Erdemir [32] overcame this 
issue by doing in-situ experiments where charge exchange is measured online, con-
current with friction measurements. They used a rigorous setup in tribology, the 
ball-on-disk geometry, to record the macroscopic friction force while  simultaneously 
measuring the current generated at the metal–insulator interface, as shown in 
Fig. 8.7. The results pointed out to a strong correlation between the macroscopic 

Fig. 8.6 Tribocharging effect on friction angles of PE pellets on PTFE. (a) Control measurement 
using unshaken pellets (top) and the distribution of values obtained by averaging the results of 13 
shaking runs using 30 pellets each (bottom). Potential maps of: (b) PE pellets on clean PTFE prior 
to shaking, (c) pellets shaken for 300 s on PTFE and (d) PTFE after removal of PE pellets. Error 
bars are standard deviations of the average. Reprinted with permission from [31]

8 Friction and Electrostatics



117

Fig. 8.7 Tribocurrent at metal–insulator interfaces. (a) Friction force fluctuations and tribocurrent 
generation at the metal–PTFE interface and (b) schematic representation of the underlying mecha-
nism. Reprinted with permission from [32]

friction force and the electrostatic charge exchange at the interface. Figure 8.7a 
shows friction force and tribocurrent that were recorded simultaneously by sliding 
a steel ball on a PTFE surface under nitrogen atmosphere. The tribocurrent signal is 
always accompanied by a transient increase in the friction force signal, producing 
stick-slip behavior, as schematically described in Figure 8.7b.

Friction force fluctuations are often observed in tribological tests and Singer et al. 
have shown that this effect is generally caused by the presence of third bodies [15]. 
The micrograph in Fig. 8.7c was acquired after the tribological experiments and it 
shows macroscopic flake residues of PTFE adherent to the metallic surface, but only 
on the “tail” of the sphere, which means that the PTFE sticks to metal right after the 
ball slips on the surface. In fact, material transfer has also been pointed out as playing 
a key role in triboelectrification [23] and here we can state that friction force fluctua-
tions are always followed by two tribocharging steps: first, an extra flow of electric 
charge from the ball to PTFE and then back. This can be understood recalling that 
during mechanical stress, electrons flow from compressed regions to extended ones, 
so that the Fermi level remains the same [33–35]. Consequently, extended regions 
have a negative charge density, when electrons are injected on PTFE, evidenced by 
the negative signal of the electric current. On the other hand, PTFE (which has a 
tendency to acquire negative potential in contact electrification) transfer negative 
charge back to the metal ball, mostly by material transfer and producing the positive 
current signal measured by the electrometer. Van der Waals and Coulombic interac-
tions operate at the interfaces while chemical reactions also take place during the 
displacement of the metal ball on PTFE.  Together, they change the contact area, 
reflecting directly on the macroscopic friction force.

8.3 Electrostatic Contribution to Friction
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8.3.2  AFM Experiments (LFM, Force-Distance 
and Nanomechanical Mode)

Tribocharge patterns are fractal [36] and they should thus display symmetry of 
scale. For this reason, the influence of electrostatic charge on friction should be 
observed at any scale, including the nanometric range. This assumption was experi-
mentally verified using AFM in many modes and at least two different equipment 
configurations. Friction force microscopy (FFM) that is also called lateral force 
microscopy (LFM) has been invaluable in providing friction data with high spatial 
resolution. This technique is derived from contact mode imaging and it measures 
the lateral bending of the cantilever probe as it scans a surface. Results of FFM 
measurements on tribocharged surfaces are in Fig. 8.8, showing that the lateral force 
is close to zero on uncharged PTFE but it largely increases when the polymer sur-
face is previously tribocharged. Compared to neutral PTFE, the friction signal 
increases roughly sevenfold when PTFE is tribocharged. A consequence of this 
result is that tribocharged PTFE is no longer a low surface energy material but it 
becomes a high surface energy solid, easily sticking to other materials.

Actually, the effect of electric charge on adhesive forces is better viewed with 
force vs. distance (Fd) curves and adhesion maps that are conveniently recorded 
using the PeakForce Quantitative Nanomechanical mode (PKQNM) [37]. Fd 
curves yield information on surface interactions, adhesion, elasto-plastic and many 

Fig. 8.8 Friction force signal on neutral and tribocharged PTFE.  Friction signal profiles were 
extracted from FFM images. Reprinted with permission from [31]
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other properties, which makes this a fundamental tool in surface science. Again, 
the results for neutral and previously tribocharged PTFE are markedly different. Fd 
curves [31] seen in Fig. 8.9 show that tip interaction with neutral PTFE is negligi-
ble until a short distance is attained and van der Waals attraction is observed. On 
the other hand, when PTFE is electrostatically charged, tip attraction during tip 
approach is observed at distances greater than 500 nm. Also, the pull-off force 
(or adhesion force) increase by at least a factor of 5, close to the change measured 
for friction signal.

The nanomechanical mode (PKQNM) has been successfully applied to the study 
of complex polymeric structures and relevant biological systems. PKQNM images 
are composed by acquiring a large number of Fd curves (commonly, 3 Fd curves per 
pixel) using the tapping mode in an AFM instrument. Thus, one of its capabilities is 
to provide adhesion maps and this was applied to explore surface properties of 
PTFE rubbed with a metal ball, as in the ball-on-disk tribology experiments. As 
seen in Fig. 8.10, the adhesive force on clean PTFE is less than 10 nN, but the adhe-
sion on tribocharged PTFE reaches 150  nN in most pixels, due to electrostatic 
charge. This force range is the same as that observed for high-energy surface materi-
als or even in geckos [38], explaining why charged PTFE strongly sticks to other 
materials [32].

Thus, Coulombic interactions due to surface charge may supersede all other 
contributions to macro and micro friction coefficient, at the macro and nanoscales. 

Fig. 8.9 Force–distance curves on neutral and tribocharged PTFE. Fd curves for approach and 
retraction of a silicon nitride tip from neat, uncharged PTFE and tribocharged PTFE. Average 
potential measured over the polymer with a macroscopic Kelvin electrode is −192 V. Reprinted 
with permission from [31]
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This raises a new question: How can the electrostatic charge be included in models 
for contact mechanics? Is it possible to add a Coulombic force contribution, sim-
ply? To answer this question, we need to recall that details of contact electrification 
are still poorly known, in almost every dielectric material; there are even large dif-
ferences between single contact, multiple contacts and sliding contact (rubbing) 
[35]. Also, when an insulator is part of the interface there is an inherent unpredict-
ability [39], due to the chaotic nature of the micro [40] and macro [30] mosaics of 
charge developed during contact electrification. So, the answer to this question can-
not be highly positive for every material, at the present time.

A Coulombic force contribution can be added in the cases of metals or semicon-
ductors, when charge transferring follows work function properties and surface 
charge density is expected to be uniform. However, neither overall charge or charge 
density are more or less easily calculated for dielectrics and they can only be 
obtained from experimental measurements. So, the introduction of charging effects 
on contact mechanics experiments depends on previously acquiring the surface 

Fig. 8.10 Adhesion maps on neutral and rubbed PTFE. Topography (top) and adhesion (bottom) 
maps of pristine and tribotested (N2, 2 N load, and 50 cm s−1) PTFE obtained using the PeakForce 
Quantitative Nanomechanical mode (PKQNM). Reprinted with permission from [32]
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electrostatic maps (with macroscopic or microscopic Kelvin probes) and then using 
these samples in contact experiments, designed to minimize further charging or 
charge pattern modification. At this point, this seems to be the only way to proceed. 
Beyond, it is necessary to recall that most metal surfaces are coated with some oxide 
that is often a dielectric itself. So, even for metals strong fluctuations of charge den-
sity are to be expected.

8.4  Conclusions

There is a powerful interplay between friction and tribocharging: friction produces 
surface charge that in turn modifies friction coefficients that in turn affect friction 
forces. These mutual effects are mediated by chemical reactions added to mass 
transfer among the surfaces in contact. Moreover, tribocharge in dielectrics follows 
complex, fractal geometrical patterns that make its effects on friction quite com-
plex. For this reason, they can only be assessed by well-designed experiments, in 
the absence of established theories. The mutual effects of friction and surface charge 
are certainly relevant to contact mechanics and materials wear but surface charge is 
not included in the relevant theories. Its inclusion is highly desirable but it will not 
be an easy task.
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9.1  Contact Charging and Electrostatic Adhesion

Many years ago, Deryagin and colleagues presented and strongly defended the 
importance of electrostatic adhesion [1], largely based on the ubiquity of electrical 
double layer formation at interfaces, followed by Coulomb attraction. However, 
the conceptual spread and acceptance of electrostatic adhesion by researchers in the 
field of adhesion were impaired by disputes on the supporting experimental evidence 
that were probably largely due to well-known difficulties in making reproducible 
electrostatic measurements and to the lack of clear understanding of the mechanisms 
for insulator electrostatic charging.

The status of electrostatic adhesion can be assessed by examination of the widely 
used Handbook of Adhesion, by Packam [2]. It contains a short chapter [3] on electrical 
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adhesion, discussing electrostatic precipitation of dust, photocopying machines, electri-
cal effects on flowing powders and electro-gelation of fluids. In the handbook chapter on 
the Surface Forces Apparatus, the reader learns that “one of the few conclusive measure-
ments indicating the validity of the electrostatic theory of adhesion” was described by 
Horn and Smith [4] that detected force of adhesion between sapphire and mica well in 
excess of the calculated work of adhesion, showing that charge had transferred between 
the two materials in contact. Finally, the chapter on Theories of Adhesion sums up the 
situation: there are some phenomena that cannot be explained without considering elec-
trostatic forces, but the theories that had hitherto been advanced had been strongly criti-
cized [5], leading many researchers studying adhesion and practitioners developing 
adhesives to belittle the importance of electrostatic contribution to adhesive joints.

Hays did a careful analysis, in his chapter within the “Fundamentals of Adhesion” 
book edited by Lee [6]: he examined the charging requirements for the onset of sig-
nificant electrostatic adhesion while recognizing the difficulties to assess an essential 
parameter that is the surface charge density. Following his calculations, the electrical 
component of the adhesive force between planar surfaces of solids becomes impor-
tant if the charge exchange density corresponds to 16,000 microcoulombs per square 
meter, or more, about 1% of all surface atoms. At this time, the maximum density 
measured upon separation of contacting materials was only one- tenth as much. 
However, charge density measured following surface separation is probably much 
lower than that existing during contact, that could not be measured directly.

More recently, there has been great progress in detecting electrostatic contribu-
tions to adhesion, in several systems, largely thanks to new experimental develop-
ments together with new models for charge build-up in solids. Great impact was 
made by the development of various implementations of scanning probe microsco-
pies that provide maps of electric potential and electric charge on solid surfaces, 
with nanometric and even atomic resolution [7]. These receive various names and 
the most often used is Kelvin Force microscopy (KFM) [8] that revealed hitherto 
unsuspected electric patterns in every dielectric surface that was examined. Another 
development was the development and commercialization of practical Kelvin elec-
trodes and electrometers. This topic is further developed ahead in this chapter and 
in Chap. 14 of this book, on Instrumentation.

The importance of electrostatic contribution to adhesion is now acknowledged in 
a number of important situations discussed in the following sections, from wide-
spread technologies to biological systems. As for its role in adhesives, it competes 
with other various mechanisms (van der Waals forces, acid–base, chain entangle-
ment, occlusion) that have greater or smaller importance in different systems.

9.2  Electrostatic Adhesion in Soft Materials

Even though the importance assigned to electrostatic attraction in adhesion has var-
ied with time and authors, it plays a decisive role in many technologies or techno-
logical problems that are discussed in Chap. 13.
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It also has paramount importance in biological systems making a decisive contri-
bution to the stability of complex conformation in proteins, ribosomes and other 
important biological materials that are not discussed in this book.

9.2.1  Rubber and Other Latexes

Both natural and synthetic polymers are widely used in the formulation of adhe-
sives and coatings, often compounded with many other materials. In a related 
context, different polymers are combined with other polymers to make polymer 
blends or with glass, ceramic, various powders and metals to make polymer com-
posites. Interest in combining polymers with other materials has grown continu-
ously due to the increasing demand for more diverse and complex functional 
materials displaying the desired combinations of electrical, mechanical, chemical, 
barrier, thermal and optical properties. This requires the control of interfacial ten-
sion and rheology between the diverse constituents of multiphase particles, fibers 
and films, to achieve the desired practical adhesion [9]. In many cases, this is 
achieved by creating the conditions for the establishment of electrostatic adhesion 
even though this is hardly acknowledged in current literature [10]. This negli-
gence in intriguing, because the simple existence of an already causes charge 
separation [11].

9.2.2  Layer-by-Layer Fabrication

A remarkable case of application of electrostatic interactions in materials fabrica-
tion and modification is the “layer-by-layer” nanostructure formation that has pro-
duced outstanding results, especially in biological systems [12]. Schematically, 
this works by immerging a substrate within solutions of oppositely charged poly-
electrolytes and annealing the adsorbed layer. As a result, layers of alternate 
charge are obtained forming a multilayer or laminate macrocrystal that can be 
used as nanoparticle carrier. For instance, nanotubes were fabricated through the 
layer-by-layer (LbL) assembly of poly-L-lysine hydrochloride (PLL), poly-L-
glutamic acid (PGA) and magnetic nanoparticles within the pores of polycarbon-
ate templates with subsequent removal of the template [13]. The method was 
applied to nanoparticle coating [14] as a means of generating drug-releasing sur-
faces for biomedical applications, from small molecules to biological drugs and 
nucleic acids [15].

This is now sufficiently developed to be present at the basis of some technologi-
cal applications [16].

9.2 Electrostatic Adhesion in Soft Materials
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9.2.3  “Saltation” and Dust Adhesion

“Saltation” is used for some authors to refer to wind-blown sand. This is an impor-
tant geological process, as the primary source of atmospheric mineral dust aerosols. 
Classical saltation theory neglects the electrostatic charging of particles and it shows 
significant discrepancies from measurements, but these discrepancies can be 
resolved by the inclusion of sand electrification in a physically based saltation 
model (Fig. 9.1) [17, 18]. Following this work, electric forces enhance the concen-
tration of saltating particles and cause them to travel closer to the surface, in agree-
ment with measurements.

Moreover, these results show that sand and other aerosol particles often carry 
charge that contributes electrostatic interactions to adhesion with photovoltaic glass 
panels [19] and other surfaces, largely impairing their performance on Earth and 
also in space research [20]. This also helps to understand the interest in electrostatic 
procedures [21] for particle removal and surface cleaning.

9.3  Microchemical Evidence for Electrostatic Adhesion 
in Materials

Experimental limitations for assessing double layer and other charge distribution 
patterns in solids were alleviated following the introduction of new microscopy 
techniques and progress in instrumentation for electrostatic measurements. Scanning 

Fig. 9.1 Left: Schematic representation of saltation, showing the logarithmic wind profile U (z) to 
the left of a sand particle bouncing along the surface. Inset: charge distribution in the particle over 
the positively charged soil surface. Right: Hypothesized charge distribution in a dust cloud (i.e., a 
dust devil). The small dust particles move upward through convection or turbulent diffusion, while 
the heavier saltating particles stay closer to the surface producing large electric fields. Reprinted 
with permission from [17]
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probe techniques were introduced, based on the atomic force microscopy (AFM), 
especially the Kelvin force microscopy (KFM) and electric force microscopy (EFM) 
and they became commercially available in the mid-90s, producing much new and 
then unexpected information on the distribution of electric charges and potentials 
across insulator surfaces [22, 23]. Moreover, micromanipulation techniques have 
contributed to recognition of the importance of electrostatic adhesion that was evi-
denced by detailed mathematical modeling [24].

On the other hand, the increasing availability of electron spectroscopy imaging 
(ESI) based on energy-filtered transmission electron microscopy (EFTEM) has pro-
duced detailed elemental maps and it is now producing molecular maps of soft 
materials like polymer blends and nanocomposites, showing how different constitu-
ents of a sample are distributed in its interior and thus providing much unprece-
dented microchemical information with high spatial resolution [25, 26]. The 
combination of scanning electric probe techniques and EFTEM produced detailed 
pictures of ionic component distribution in polymer-clay bonds [27–31].

Microscopy techniques were invaluable in revealing the complexity of natural 
rubber nanostructure [32]. Natural rubber contains a number of inorganic and 
organic components beyond the base poly(cis-1,4-isoprene) and these were found to 
account for its still unmatched properties, due to different mechanisms. First, the 
rubber frequently contains nanosized particles formed by many elements: Al, Ca, S, 
P, O and others (Fig. 9.2) [33]. Moreover, calcium is often found associated with gel 
domains inside rubber particles in the latex and later in the dry rubber, evidencing 
that it has a cross-linking role based on electrostatic interactions [34].

The participation of electrostatic adhesion is essential in rubber-clay nanocom-
posites prepared by mixing rubber latex and aqueous sodium bentonite and sodium 
montmorillonite [35, 36]. This type of procedure is now known in the literature as 
the latex route for nanocomposite preparation and it has some advantages over the 
well-established techniques that require clay surface modification prior to mixing 
with the polymer. Nanocomposites of natural rubber latex and layered silicates can 
be prepared by a mild dispersion shear blending process and the results of X-ray 
diffraction (XRD, in Fig. 9.3) and transmission electron microscopy (TEM, in Fig. 
9.4) show that clay particles are well dispersed in the dry latex where the platelets 
have a preferential orientation, forming translucent nanocomposites [37]. Moreover, 
contact between clay platelets and rubber is flawless and this is a strong evidence for 
strong adhesion. Otherwise, the two phases would be separated when they were 
sliced.

The nanocomposites show tensile mechanical (Fig. 9.5) properties analogous to 
those obtained with vulcanized rubber as well as an increased solvent resistance, 
which is expected considering that there is significant adhesion between clay lamel-
lae and rubber. Nanocomposite swelling is anisotropic. Natural rubber properties 
are thus strongly modified by nanocomposite formation producing unprecedented 
combinations of properties.

The adhesion between rubber and clay is also evidenced in the analytical TEM 
images in Fig. 9.6, acquired from a sample obtained by drying a dilute dispersion 
containing clay and rubber latex particles. There is strong superimposition between 

9.3 Microchemical Evidence for Electrostatic Adhesion in Materials
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the clay particles (that are evidenced morphologically and also in the Si elemental 
map) and rubber that is also evidenced by the elemental C map.

Key adhesion mechanisms in this process are capillary adhesion during disper-
sion drying followed by electrostatic adhesion mediated by counter-ions, schemati-

Fig. 9.2 Bright-field and elemental images from dialyzed rubber latex film, average thickness 
63 nm. The dark spots in the bright-field image are inorganic particles containing Al, P, S. C map 
shows that the polymer adheres strongly to these particles. Scale bar is 150 nm [33]
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cally described in Fig. 9.7, for the formation of nanocomposite films of Stöber silica 
and an acrylic latex [38].

This has an interesting consequence: the mechanical properties of the nanocom-
posites are strongly dependent on the intervening counter-ions [39] that are found in 
the clay or in the latex used as raw materials. This means the nanocomposite proper-
ties can be tuned by changing the counter-ions, which are minor and chemically 
inert components of the material. Moreover, the removal of hydration water 
strengthens the nanocomposite, shown in Fig. 9.8. As expected, the effect is most 
pronounced in the case of Li+ ions that hydrate more extensively than sodium or 
potassium.

A schematic description of latex-clay nanocomposite formation including the 
removal of the hydration shell is in Fig. 9.9.

The adhesion of synthetic latex to aluminum polyphosphate nanosized particles 
and aggregates is another case of strong adhesion that was attributed to electrostatic 
adhesion [40].

A generalization is then possible: when particles from different phases dispersed 
in water are wettable and suitable counter-ions are present, dispersion drying pro-
duces strong capillary adhesion first, followed by electrostatic adhesion that makes 
strong contribution to materials cohesion and bond stability.

Fig. 9.3 X-ray diffractograms of natural rubber-montmorillonite nanocomposites. Clay concen-
trations are in per hundred ratio (phr). The diffraction line shown for pure clay corresponds to the 
distance between lamellae that increases due to polymer insertion within lamellae stacks or tac-
toids. Reprinted with permission from [37]
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Fig. 9.5 The strength of natural rubber-montmorillonite nanocomposites. Changing the clay con-
centration (given in phr, per hundred ratio) produces large increase in the initial modulus, while 
increasing the energy required for breaking the material. Reprinted with permission from [37]

Fig. 9.4 TEM bright field micrographs from 5 (top) to 30  phr (bottom) thin cuts of rubber- 
montmorillonite nanocomposites. The cut were made normal to the nanocomposite film plane 
showing that lamellae are roughly aligned along the plane. Reprinted with permission from [37]



133

One earlier result of the application of microscopy techniques to elucidate bond 
formation was in the case of natural rubber adhesion to float glass sheets. Rubber 
films formed by casting latex on glass were easily peeled off, while films prepared 
with latex modified with sodium polyphosphate were strongly adherent [41]. KFM 
images from fracture surfaces (Fig. 9.10) show a charge sandwich at the rubber–
glass interface that was interpreted as the outcome of colloidal phase separation in 
the latex, forming large mobile positive and negative charge domains. The glass 
negative surface was covered with a thin layer of positive domains that contribute to 
glass–rubber adhesion, adding to other ubiquitous factors like van der Waals and 
hydrogen-bond interactions.

Fig. 9.6 Transmission electron micrographs from samples prepared by drying droplets of rubber- 
clay aqueous dispersion on top of thin carbon films: (a) bright-field image; (b) carbon map obtained 
by energy-filtered TEM; (c) silicon map. In the maps, the bright areas show the presence of the 
mapped element. Reprinted with permission from [37]
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134

9.4  Theoretical Estimates

Model calculations have shown that electrostatic interaction energy in the clay- 
rubber bonds is in the 105  kJ/mol range, comparable to covalent bonds [39]. 
Mechanical energy for elastic deformation of the nanocomposites was determined 

Fig. 9.7 Schematic description of the successive events involved in the adhesion of Stöber silica 
to styrene-acrylic latex, forming a nanocomposite film. Reprinted with permission from [38]
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experimentally and Table 9.1 shows that the measured values agree with the values 
calculated using an electrostatic model, thus confirming the decisive role of electro-
static interactions in the properties of these materials. An interesting outcome of 
these calculations is that stable electrostatic bonds may not be electroneutral, since 
the minimum free energy is obtained when the overall charge summation is non- 
zero. This is an interesting case for the spontaneous onset of excess charge during 
the approximation to thermodynamic equilibrium, a topic that was extensively dis-
cussed in early chapters.

9.4.1  Gecko Adhesion

Geckos walk on walls and hang from ceilings with the help of setae, hierarchical 
fibrils on their toe pads. Recently, they inspired the design and fabrication of fibrillar 
dry adhesives. The unique fibrillar feature of the toe pads of geckos allows them to 
develop an intimate contact with the substrate when the toe setae have the possibility 
to exchange significant numbers of electric charges with the substrate, producing 
contact electrification. Electrostatic contribution to the dry adhesion of geckos has 

Fig. 9.8 Drying effect on the mechanical properties of clay-acrylic nanocomposites prepared with 
ion-exchanged clays. Each pair of plots allows the comparison of air-dried (25 °C) and oven-dried 
(120 °C) nanocomposite films. Reprinted with permission from [39]
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not been considered in the literature but recent measurements of the magnitude of 
the electric charges and adhesion forces showed that contact electrification contrib-
utes to gecko adhesion, superseding the van der Waals or capillary forces which are 
conventionally considered as the main source of gecko adhesion [42].

9.4.2  Bacterial and Cell Adhesion

Bacterial adhesion plays an important role in the strategies of any living being and 
mammalian cells contain a complex apparatus that is used to establish or to evade 
adhesion. The initial stages of bacterial adhesion to a model-surface of sulfonated 
polystyrene can be described using hydrophobic and electrostatic parameters and 
further work was done using different model surfaces: (a) glass, as a model for 
hydrophilic and natural surfaces of silicates and oxides, (b) polystyrene coated with 
proteins, as a model for a surface coated with an organic layer, and (c) river Rhine 

Fig. 9.9 Schematic representation of the role of positive counter-ions (small circles) on the adhe-
sion between clay lamellae and polymer. (a) Latex and clay dispersion, (b) polymer—clay parti-
cles approach during dispersion drying, (c) hydrated counter ions bridging clay and the dry 
polymer matrix, and (d) dehydrated counter ions bridge clay lamellae and the polymer matrix. 
Reprinted with permission from [39]
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sediment, as an example of a natural surface. Electrostatic interactions dominate 
adhesion to glass, while adhesion to polystyrene coated with various types of pro-
teins depends on protein type and the surface characteristics of the bacteria. The 
authors related van der Waals interactions to hydrophobicity of the interacting 
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Fig. 9.10 AFM (top) and scanning electron potential microscopy (SEPM) bottom images from the 
NRLPP film/glass joint fracture surface. Glass is at the left lower side and the rubber- polyphosphate 
composite is at the right upper side. In the lower micrograph, notice the brighter domains close to 
the glass surface. Reprinted with permission from [41]
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species, interpreting the adhesion of bacteria to the three types of surfaces used, 
including the river Rhine sediments, with the help of the DLVO-theory that is widely 
used in the study of colloidal stability. Thus, the conceptual principles of the DLVO- 
theory are suitable to describe, at least qualitatively, the initial processes of bacterial 
adhesion to a wide range of surfaces [43].

9.4.3  Biomolecules

Electrostatics plays a major role in determining the tertiary structure and the func-
tion of biomolecules. For this reason, it is a major focus of experimental, theoretical 
and computational studies of macromolecules, including the effects of the solvent 
and ions surrounding the biomolecule. There are many coexisting computational 
approaches that have been critically examined, from time to time [44].

9.5  Electroadhesion

A biased electrode inducing opposite charge on an adjacent surface will adhere to it. 
Since this depends on the electrical field but not on any electrical current, the elec-
trode may be blocked, this means, separated from the surface by a compliant insula-
tor that self-accommodate to the roughness of the neighbor surface. This was 
initially used for robotic grippers, in the microelectronics industry and in space 
application later extending to other fields. Electroadhesion will be discussed in 
detail in Chap. 13, on Electrostatic products and processes. However, it should be 
mentioned here that its performance may depend on ambient humidity, as indicated 
in a recent report from NASA and SRI International [45]. The combination of elec-
troadhesion and electrostatic actuation was recently demonstrated [46].

Table 9.1 Elastic deformation work for rubber-clay nanocomposites. Reprinted with permission 
from [38]

Work for 1% 
deformation (J)

Difference between 
nanocomposite and 
rubber (J)

Moles of ions 
in the test 
sample

Elastic 
energy per 
mole of ions 
(J/mol)

Rubber 0.386 × 10–3 − − −
Rubber − Li+-
MMT

2.17 × 10–3 1.78 × 10–3 2.43 × 10–5 73.7

Rubber − Na+-
MMT

4.97 × 10–3 4.58 × 10–3 4.91 × 10–5 93.4

Rubber − K+-
MMT

4.66 × 10–3 4.27 × 10–3 2.99 × 10–5 143
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9.6  A Valuable Tool for “Green” Fabrication

Electrostatic adhesion is now acknowledged as a valuable tool in the making of soft 
materials and it is especially well suited for soft materials derived from biomass.

This chapter showed how electrostatic adhesion is important in water-based pro-
cesses performed at room temperature or in its vicinity, at ambient pressure. 
Recognizing its importance, we can probably improve material properties consider-
ing some desirable applications.

One interesting possibility is to achieve better understanding of the stability and 
durability of adobe used for construction, made with the soil or mud available in 
different places [47]. Making adobe has many features in common with the latex 
process for nanocomposites that was mentioned in this chapter. It is not unlikely that 
this can lead to safer use of adobe, alleviating building costs in many places. The 
same argument applies to water-based coatings and adhesives.
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10.1  From Disorder to Order

Science and engineering students are often led to believe that equilibrium is reached 
when the system under study reaches maximum entropy and thus it is maximally 
disordered. Accordingly, any material transformation of a system should bring it 
closer to chaos, in the sense of maximal disorder.

Students of chemistry, chemical engineering, biochemistry and related disci-
plines are vaccinated against the views expressed in the previous paragraph. This is 
because they soon learn that minimal Gibbs energy is the correct criterion for spon-
taneity of material transformations under the relevant conditions in our environ-
ment: constant P and T or better, contact with a pressure and temperature reservoir, 
like the surrounding atmosphere. Recognizing this spares researchers and engineers 
from endless and fruitless discussions on the final destination of matter.

Biologists are still readier to accept that ordering may be the spontaneous outcome 
of natural processes because their objects of study are more and more complex 
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structures that have been formed from common matter, by evolutionary processes 
through ages.

Turing [1], Prigogine [2] and many other scientists made important contributions 
showing how orderly structures are formed during spontaneous processes, this means: 
dissipative structures are formed spontaneously in thermodynamic systems far from 
equilibrium. For instance, the Liesegang rings that are concentric rings formed when 
a precipitation reaction takes place simultaneously with reactant diffusion, within a 
system approaching equilibrium [3]. Structures that may have been made by pro-
cesses like those modeled by Turing are frozen in beautiful mineralogical specimens 
as in Fig. 10.1 [4]. The formation of complex structures can also be modeled by cel-
lular automata [5] that have an interesting feature: some automata grow to a point and 
stop growing at some definite step, in a way reminiscent of living beings.

The creation of more and more elaborate and/or well-defined material structures 
in the laboratory is a natural step for the chemists that progressed through chemical 
synthesis to supramolecular and macromolecular structures, now moving toward 
chemical biology. It is also natural within materials laboratories that made high- 
purified silicon, followed by complex heterostructures and more recently self- 
supporting semiconductor membranes [6], by design.

Self-assembly is the autonomous organization of components into patterns or 
structures and self-assembling processes are common throughout nature and tech-
nology [7]. They take place in the absence of direct human intervention, within 
many scales: from molecular and ionic components forming crystals to planetary- 
scale processes in the atmosphere and oceans. Much of the work in self-assembly is 
done on molecular systems but its attractiveness to nano- and micro-fabrication is 
obvious. For this reason, many of the most interesting applications of self- assembling 
processes are found at larger sizes, from nanometers to micrometers (Fig. 10.2) [8, 

Fig. 10.1 Various forms of Liesegang rings at the Motoyama outcrop. Reprinted with permission 
from [4]

10 Self-assembly
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Fig. 10.2 Plates and hexagons made from self-assembled Cr(∼OH)|Au(∼CH3)|Cr(∼OH). The 
scale bar refers to 10 μm, and shading refers to the location of adhesive on each piece. Reprinted 
with permission from [8]

10.1 From Disorder to Order
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9]. Working with these larger systems also offers better control of the components 
and over the interactions among them.

Many types of interactions and mechanisms participate from self-assembly and 
this concept is used in many disciplines, adapted to their peculiarities.

10.1.1  Structure Formation: Thermodynamics and Kinetics

Structure formation within a system depends on driving forces and on the available 
paths for minimization of the system Gibbs energy. As a general rule, structures 
may be formed whenever chemical reactions and mass transfer phenomena are cou-
pled or interdependent. This was first shown by Turing [1] and had important impli-
cations, later. For instance, it explains why seeing two or more bands in some 
electrophoresis, sedimentation or chromatography experiments does not always 
mean that the experimenter has two or more components in his sample: expected 
single band for a pure protein may divide in two (or more) bands, depending on the 
occurrence of association reactions involving the protein molecules [10].

Mass transfer limitations may trap a system in non-equilibrium states, in other 
ways. One example relevant for the present discussion is the difference between the 
outcomes of diffusion or reaction-limited aggregation (DLA or RLA) phenomena 
[11], shown in Figs. 10.3 and 10.4.

Another interesting case is that polymers precipitated from solution often show 
the initial formation of crystals that are not the most stable ones, but are kinetically 
favored. The stable crystalline form eventually substitutes for the initial crystals, 
creating tension within the polymer solid [12].

Self-assembly in the nanoscale is the outcome of the formation of contacts 
between molecules, particles and ions and this may be represented by changes in 
surface and interfacial tensions, whenever the involved contact areas are significant. 
A simple classical example is Adam’s [13] description of a macroscopic experiment 
whose implications for small-scale systems are easily perceived: a block of wax is 
molten on top of hot water that is cooled back to room temperature. Then the block 
is removed from the container and the experimenter verifies that its upper surface, 
which solidified in contact with air is not wetted by water, while water spreads on 
the lower surface. The minimization of Gibbs energy in the molten block was 
achieved by accumulating hydrophobic molecules at the upper surface, while hydro-
philic carboxylic acid and fatty alcohol accumulated in the interface with water.

An important practical example of the effectiveness of surface tension to direct 
self-assembly in materials processing is the fabrication of float glass [14]. In the 
industrial process, molten glass is poured and solidifies over a pool of molten metal, 
forming flat surfaces that dispense with polishing techniques that were previously 
used to make glass windows. It is highly probable, although it has not been explic-
itly demonstrated in the literature, that molten glass and metal acquire opposite 
charges in the process, that contribute to the formation of a smooth, flat surface.

10 Self-assembly
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10.2  Range and Specificity of Electrostatic Forces

Self-assembly depends on all intervening forces when molecules, ions and particles 
change place within a system. It differs from the other intermolecular forces by act-
ing at longer distances, producing attraction as well as repulsion. For this reason, 
patterns of fixed or matching charges, positive and negative, may account for 
extremely strong and specific interactions. One case that has been studied in great 
detail is the trypsin–soyabean inhibitor complex, whose association constant is 
among the higher known for any chemical reactions. The complex has an important 
contribution from salt bridges formed by charged groups on both proteins, shown in 
Fig. 10.5 [15].

Moreover, electrostatic interactions have an effect on association kinetics because 
they can produce electrostatic steering that increases association kinetic constants, 
reaching the limits of the diffusion-limited collision rates [16].

10.3  Biological Systems

The three fundamental noncovalent bonds in biomacromolecules are electrostatic 
interactions, hydrogen bonds, and van der Waals interactions [17]. The importance 
of electrostatic forces in biological systems is now well established and this was 
strongly stated by Politzer et al. [18] as follows: “Noncovalent interactions are pre-
dominantly electrostatic in nature. It follows that an effective tool for their 

Fig. 10.3 Typical DLA 
with 104 particles and the 
size of particles varying 
from 1 to 5. Reprinted with 
permission from [11]

10.3 Biological Systems
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investigation and elucidation is the electrostatic potential on the molecular surface.” 
These authors developed an approach to obtain a variety of condensed phase mac-
roscopic properties, expressed in terms of site-specific and global statistical quanti-
ties that characterize the surface potential. This was initially done on studies on 
dioxins, anticonvulsants and tetracyclines, the nucleotide bases and reverse tran-
scriptase inhibitors.

Chertsvy [19] recently reviewed many DNA systems where electrostatic interac-
tions play a dominating role. On the other hand, protein engineers can now use the 

Fig. 10.4 Part of the 
morphological diagram for 
different configurations of 
total number of particles N 
and maximum radius of 
particles rmax varying from 
1 to 5. Reprinted with 
permission from [11]

Fig. 10.5 Salt-bridges and inter-molecular hydrogen-bonds in trypsin–soyabean inhibitor com-
plex. Salt-bridges and H-bonds are shown with their side-chains, colored by atom type. Trypsin is 
to the left. Reprinted with permission from [15]

10 Self-assembly
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principles of electrostatics and computational protein modeling to stabilize protein 
interfacial residues and to develop new proteins, targeting biomedical and biotech-
nological applications [20].

This is now a huge topic and ongoing work goes to great depth that will eventu-
ally be used in synthetic nano-sized structures.

10.4  Ionic Surfactants and Polyelectrolytes

“Micelles form to minimize unfavorable hydrocarbon-water interactions” [21]. 
However, micellization of ionic surfactants forces their headgroups into close prox-
imity creating repulsion. This leads the surface structure of micelles into a compro-
mise: less than half of the hydrocarbon surface in sodium dodecylsulfate (SDS) 
micelles is covered by polar headgroups leaving room for considerable contact 
between hydrocarbon and water.

Thus, coulombic interactions contribute to create micellar structures that are 
more complex than simple schematic pictures, showing the inner hydrocarbon 
chains shielded by the head groups.

Other effects of electrostatic interactions are observed in surfactant self- assembly. 
For instance, the system formed by sulfobetaine/pentanol/toluene/water and 
poly(diallyl-dimethylammonium chloride) (PDADMAC) shows a complex phase dia-
gram, where a transition between phases was explained by a change of curvature of the 
sulfobetaine surfactant film due to Coulombic interactions with the polycation [22].

Self-assembled polyelectrolyte systems involving lyotropic liquid crystalline 
and hydrophobic polyelectrolytes, i.e. block polyelectrolytes, associating polyelec-
trolytes and polysoaps were reviewed [23]. In these cases, self-assembly is created 
by interactions between the polyelectrolyte and the surfactant molecules, in dilute 
or semi-dilute solutions, in gels or the solid state, with the participation of both 
attractive and repulsive Coulombic interactions.

10.5  Colloidal Crystals, Macrocrystals and Co-crystals

Many authors have described the formation of ordered arrays of uniformly sized 
polymer or silica particles. Poly [styrene-co-(2-hydroxyethyl methacrylate)] forms 
core and shell latex particles that easily undergo self-arraying forming colloidal 
crystals or macrocrystals, evidenced by the iridescence of dispersions and dry sol-
ids that is in turn due to Bragg diffraction of light ordered particles, whose sizes are 
in the same range as the wavelength of light [24]. Different crystallographic arrange-
ments coexist in the dry latex and fracture surfaces (Fig. 10.6) [25].

The ease of particle self-assembly in the latex dispersions and dry solids obtained 
therefrom is assigned to two factors: (a) the existence of repulsive interactions 
among particles together with attractive interactions between the particles and the 
liquid, driving particle ordering at long distances within the dispersion, while par-
ticle diffusion throughout the dispersion is still possible; (b) the hydrophilic surface 

10.5 Colloidal Crystals, Macrocrystals and Co-crystals
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layer, which allows for strong capillary adhesion during the latex drying process, 
according to Nagayama’s model [26].

Electrostatic self-assembly drives co-crystal formation of apoferritin protein 
cages with poly(amidoamine) dendrimers (PAMAM), with very large crystal 
domain sizes. PAMAM dendrimers with generations from two to seven were used 
to produce the co-crystals, whose crystal structure and lattice constant showed a 
dependency on dendrimer generation. Co-crystals currently show a great potential 
for making protein-based mesoporous materials, nanoscale multicompartments and 
metamaterials [27].

10.6  Micro- and Nano-fabrication Through Electrostatic 
Self-assembly

Surface patterning based on electrostatic adhesion has been used with great success 
and many beautiful examples come from the Whitesides group. Patterned surfaces 
were successfully used to assemble 10-μm diameter gold disks on planar and curved 
substrates. Surface charge patterns were first generated either by microcontact print-
ing or by photolithography. Gold disks fabricated by electroplating into photoresist 

Fig. 10.6 Secondary electron scanning micrographs of PS/HEMA latex film showing fracture 
surfaces. HCP and FCC crystalline domains are marked in micrograph c. The bars represent the 
scale in micrometers. Reprinted with permission from [25]

10 Self-assembly
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molds were coated with charged self-assembled monolayers. Adding disk suspen-
sions to the patterned surfaces led to the deposition of aggregates of disks with posi-
tive charge on phosphonate-, carboxylate-, and SiOH-terminated surfaces but not on 
trimethylammonium-and dimethylammonium-terminated surfaces. Negative disks 
showed the symmetric behavior, and methyl- and trifluoromethyl-terminated sur-
faces resisted deposition of disks of either charge. Disk deposition was selective and 
dense in methanol, ethanol, 2-propanol and dioxane but it was nonspecific in water 
(Fig. 10.7) [28].

Nanocomposite structured materials made from structured gold 
nanoparticle/polyhedral oligomeric silsesquioxane (POSS) showed an interesting 

Fig. 10.7 SEMs of 
HPO3

−-terminated gold 
disks, assembled onto 
patterned gold wafers. (a) 
Assembly in ethanol was 
selective. (b) Assembly in 
water was not selective. 
Reprinted with permission 
from [28]
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outcome of self-assembly: the increase in spacing within the nanocomposite influenced 
the surface plasmon resonance band of the larger gold particles. In this work, particles 
were functionalized with carboxylic and quaternary ammonium groups that provided 
the opposite charges necessary to form well-organized arrays [29].

10.6.1  Microfabrication Coupled to Microfluidics

Microfluidic techniques allow the control of kinetic aspects of the self-assembly of 
molecular amphiphiles by the adjustment of the hydrodynamics of the fluids. 
Several reports show one-step direct self-assembly of different building blocks with 
a range of products without templates, showing the possibilities of microfluidics for 
application in various areas like micromotor fabrication and controlled drug delivery 
[30] (Fig. 10.8).

A review [31] of methods that have been developed for improving microscale 
assembly, the basic assembly theory and modeling methods proposes three basic 

Fig. 10.8 (a) Scheme of a two-step microfluidic synthetic procedure for the assembly of multi-
functional nanoparticles/fluorescent silica sphere assemblies. RITC rhodamine isothiocyanate, Cit, 
citrate. (b) and (c) TEM images of SiO2*–Au–γ-Fe2O3 nanostructures. Reprinted with permission 
from [30]
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assembly strategies (tool-directed, process-directed, and part-directed) for catego-
rizing these methods. It reports progress in using fluidic forces including surface 
tension and external fields (magnetic, electric, light) to aid microscale assembly.

A versatile dynamic assembly methodology was recently described, giving birth 
to a new generation of self-assembled nanostructures [32]. Capsule-forming com-
ponents are directed to accumulate to the droplet interface, using electrostatic inter-
actions. Charged copolymers are thus selectively partitioned with the help of a 
complementary charged surfactant, followed by supramolecular cross-linking done 
using cucurbit[8]uril. This process is employed to selectively form hollow, ultrathin 
microcapsules and solid microparticles, from a single solution. The ability to dictate 
the distribution of a mixture of charged copolymers within the microdroplet is the 
basis of the single-step fabrication of core-shell microcapsules (Fig. 10.9).

10.7  Conclusions

Electrostatic forces make decisive contributions to the self-assembly of elaborate 
functional structures in biological systems and in the nanostructured materials that 
have been created in many laboratories throughout the world, in the past two 
decades. Given the breadth of the occurrence of self-assembly in natural 

Fig. 10.9 Formation of microcapsules from microfluidic droplets. (a) Transmission optical image 
of the generation of monodisperse water-in-oil microdroplets at a microfluidic flow-focusing junc-
tion. (b) A schematic of supramolecular microcapsule formation between charged copolymers at 
the interface of a microdroplet. (c) Transmission image of partially collapsed, ultrathin polymer 
microcapsules. Reprinted with permission from [32]

10.7 Conclusions
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phenomena, it can be speculated that electrostatic phenomena may also take place 
in self- assembly within large-scale systems in the planetary scale, as for instance 
the oceanic currents.
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11.1  Introduction

Electrostatically driven motors and generators have been described since the seven-
teenth century, preceding the electromagnetic equipment that is part of current life. 
Electrostatic devices participate from many important technologies; they are attrac-
tive for hobbyists and ideal for introductory science classes. Even simple equipment 
produces voltages in excess of 1000 V, with impressive effects. On the other hand, 
the current and power obtained from electrostatic machines are much lower than 
those supplied by electromagnetic power supplies.

An early electrostatic storage device was the Leyden jar invented in eighteenth 
century, a capacitor used in some experiments in electricity that reached some prac-
tical use. The early development of the electrical telegraphy [1] was in great part 
done using static electricity stored in Leyden jars to send messages, until they were 
replaced by electrochemical devices and later by electricity from the grid. Faraday 
worked intensely to understand the mechanisms whereby charge was accumulated 
in Leyden jars. He concluded that it was stored in the glass and not in the water, as 
believed before. Leyden jar was an essential part of the setup built by Hertz to verify 
Maxwell’s theory of electromagnetism. In 1886, Hertz noticed that discharging a 
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Leyden jar through one coil of a Riess spiral produced a spark in the other coil [2]. 
This was the basis of the spark-gap transmitter used by Hertz to prove Maxwell’s 
concepts.

Another device that had practical use was the Wimshurst machine, an electro-
static generator based on a rotary disk. A Wimshurst machine is shown in Fig. 11.1. 
It is one of the so-called influence machines that produce electricity by induction, 
different from the electrostatic friction machines. It was the first electrostatic device 
that could produce continuous current at the voltages needed for the development of 
commercial X-ray [3] generators. The latter were in turn simple and robust tools for 
producing radiation and they were used by many important scientists and Nobel 
Laureates as Rutherford and Lenard. Nowadays, technical applications that require 
high voltages rely on electronic and electromagnetic equipment.

When electrostatic machines were becoming popular in Europe, William Thomson 
(later Lord Kelvin) was already working intensely in his electrostatic experiments. 
Among many other important things, he invented methods to measure static electric-
ity still widely used today, as the Kelvin vibrating capacitive sensor. He measured 
atmospheric electrical parameters, contributing to a long-standing active research 
area in geosciences. He idealized a very simple but robust apparatus to investigate 
charges in the atmosphere, the water-dropper equaliser [4] and the famous Kelvin 
water dropper [5], also referred to as the “Kelvin thunderstorm”. He could then 
prove the existence of charge in the atmosphere even during fair weather, discovering 
the permanent electric field gradient at the Earth surface, as high as 100 V/m. The 
Kelvin water dropper itself is a type of electrostatic generator and its miniaturization 
into a microfluidic device [6] was proven suitable for certain micro applications.

Fig. 11.1. Wimshurst 
machine used in a teaching 
laboratory in the Physics 
Department in the Federal 
University of Santa Maria
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11.1.1  Particle Accelerators: Van De Graaff and Pelletron 
Generators

Amazing scientific discoveries were made at the beginning of the twentieth century 
and the structure of atoms was then established, based on particle physics. Charged 
particles were accelerated by large electric fields and they were made to collide with 
other particles or targets, affording powerful tools for nuclear science and other fun-
damental problems in the study of matter. Although great progress was made with 
the electrostatic machines available at that time, they were far from reaching the 
ever-increasing desired voltages and this was a limiting factor for progress in high-
energy physics, requiring the development of more powerful particle accelerators.

It was well known that the mechanical transmission belts used in conveyor systems 
could produce electrostatic discharge, building undesirable high voltages. This is the 
reason why nowadays these belts contain anti-static materials as carbon black and 
they move on grounded conductive rollers [7]. Having this in mind, in 1931 the physi-
cist Van de Graaff, then working at Princeton University, developed an electrostatic 
generator to supply suitable potentials for nuclear research with a simple and inexpen-
sive design [8]. It was built from a moving endless belt made with silk, rubber or 
electrical insulation paper, accumulating electric charge on spherical conductive ter-
minals supported by insulating columns [9]. The Van de Graaff generators could eas-
ily reach 5 million volts across the isolated terminals [9] and they were successfully 
employed for research on resonance disintegrations and multiply charged ions [10]. 
They also were used for many applications as in food preservation and the sterilization 
of various biological materials [11, 12], treatment of water and sewage [13]. They are 
still valuable today for scientific experiments [14] and electrostatic demonstrations.

An improvement over the Van de Graaff type generator was made using a chain 
rather than regular belts. The newer Pelletron generators were made of chains of metal 
pellets, joined by insulating nylon links, that are charged by induction [15] dispensing 
with the rubbing contacts or corona discharges used in Van de Graaff generators. 
Pelletron generators reach 25 million volts, producing highly uniform ion beams [16] 
and they have been used for producing secondary beams of unstable nuclei [17], to 
investigate silicon–germanium heterojunction bipolar transistors (SiGe HBTs) [18] 
and other applications of ion beam interactions with materials and atoms.

The Van de Graaff and Pelletron generators were the last in a long series of his-
torical and successful electrostatic machines that were superseded by electromag-
netic generators as power sources.

11.2  Energy Harvesting and Scavenging

The relationships between magnetism and electricity discovered following the 
observations made by Hans Christian Orsted and others since 1820 [19] and the 
theory of electromagnetism by James Clerk Maxwell provided powerful methods to 

11.2  Energy Harvesting and Scavenging
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convert mechanical energy to electricity. Electromagnetic generators operate at high 
power efficiency rates, they produce stable voltage, large current and commercially 
significant amounts of electric power that the electrostatic generators never matched.

On the other hand, electrochemical batteries became the main devices for elec-
tricity storage. This now has a fast-growing demand from portable electronic ware 
and electric autos, which is being largely answered by lithium batteries. However, 
battery pricing and availability drives the search for new methods to produce and 
store energy. For this reason, energy-harvesting techniques are actively investigated 
to provide alternatives to batteries in electronic devices [20].

Energy-harvesting devices show promising features to enable the operation of 
low-energy consumption devices. Smart skins [21], wireless sensors with zero−/
low-power operation and the implementation of the Internet-of-Things (IoT) and of 
machine-to-machine (M2M) communication [22] could largely benefit from self- 
powered systems operating continuously for as long as the materials last.

Electromagnetic generators powered by mechanically wasted energy have been 
created in order to harness energy available in the environment. Vibration energy har-
vesting has been considered in many applications for wireless and self-powered 
microsystems [23]. For instance, El-Hami et al. developed a device capable of gener-
ating electrical power from mechanical energy in vibrating environments [24]. 
Schematically shown in Fig. 11.2, the design utilizes an electromagnetic transducer 
and its operating principle is based on the relative movement of a magnet pole with 
respect to a coil; it is capable of producing more than 1 mW within a volume of 
240 mm3 at a vibration frequency of 320 Hz. Beebly et al. produced an electromag-
netic generator that operates from a vibration level of 60 mg, delivering 46 μW to a 
resistive load of 4 kΩ when the device is shaken at its resonant frequency of 52 Hz 
[25]: 30% of the power supplied by the environment is converted to electrical power 
in the load. Moreover, even the human motion is being considered as a power source 
for microgenerators, where energy is captured into the system by the inertia of a mov-
ing mass within the generator frame [26]. In this case, mechanical motion is used to 
generate electrical energy through an electric or magnetic field, or a piezoelectric 
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Fig. 11.2. Experimental setup for generating electrical power from mechanical energy in a vibrat-
ing environment. Reprinted with permission from Ref. 24
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material [27]. An early demonstration of the concept were wristwatches that collected 
mechanical energy from the user’s motion.

Piezoelectric materials have been pointed out as potential candidates for energy- 
harvesting devices. There is rich information on the development and modeling of 
piezoelectric transduction for vibration-to-electric energy conversion. Roundy and 
Wright developed a device (1 cm3 in size) capable of generating a power output of 
375 μW from a vibration source of 2.5 m s−2 at 120 Hz. This is sufficient to power 
a custom-designed 1.9 GHz radio transmitter [28]. Piezoelectric devices have also 
been tested in the fabrication of a shoe capable of generating and accumulating 
energy dissipated during walking [29, 30]. Although piezoelectric devices can pro-
vide an alternative power source to operate certain types of sensors/actuators, telem-
etry and MEMS devices, the energy produced is far too small to directly power most 
portable electrical devices or to recharge batteries [31].

Thermal energy is another energy source for microgenerators. A thermoelectric 
microconverter was fabricated using thin films of bismuth and antimony tellurides 
[32]. Using temperatures ranging from 27 to 36  °C found in different parts of a 
body, a simple thermoelectric microconverter step-up circuit with 1 cm2, provides a 
power output of 18 mW, successfully applied to individual electroencephalogram 
(EEG) modules composed by an electrode, processing electronics, and an antenna 
[32]. A microgenerator composed of n-type and p-type Bi2Te3 nanowire array ther-
moelectric material was designed to power miniaturized microelectromechanical 
systems, MEMS [33]. Seebeck coefficients for the p-type and n-type Bi2Te3 nanow-
ire arrays are about 260 and −188 μV/K separately with the nanowire diameter ca. 
50 nm at 307 K, making these attractive energy sources for MEMS and lab-on-a- 
chip devices [33].

Finally, some groups have also been proposing multifrequency energy con-
verters where power is generated by conversion of radio-frequency (RF) waves 
to electrical energy. A modified form of existing CMOS-based voltage doubler 
circuit achieved 160% increase in output power over traditional circuits [34]. 
Another promising method for RF energy converting was proposed by Mi et al. 
[35], who used multiple energy-harvesting antennas in the same area to increase 
the power/area ratio: increasing area by 83% increased power output by 300%. 
The energy harvested by RF converters is in the range of a few μW/cm2 [36]. On 
the other hand, although the power output generated by RF energy harvesting 
techniques is small, it is enough to drive low power consumption devices, inde-
pendent of the grid.

11.3  A New Age for Electrostatic Generators

The development of electrostatic generators was a dormant research area until the 
2000s, analogous to many other topics in electrostatics. Then, many scientists and 
engineers focused their attention on electrostatic phenomena bringing new concepts 
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and design [37] to circumvent the problem of low power output. This brought rapid 
progress to this field that soon reached a new level of maturity.

Major developments are in small-scale energy harvesting, based on piezoelectric 
and electrostatic transducers that are well suited for microelectromechanical sys-
tem (MEMS) implementation [20].

Micropower generator devices based on electrostatic [38] or electromagnetic 
[39] forces to convert mechanical energy into electricity have relative advantages 
and disadvantages but at small scales electrostatic forces tend to be superior to elec-
tromagnetic forces [40]. A major difference is that electrostatic forces have signifi-
cant effects not only on conductors but also on dielectric materials.

Usually, electrostatic generators used to convert pressure variations to energy 
provide higher density of power than the electromagnetic devices [41]. Many types 
of systems integrated in footwear, in the floor, attached to human body or set on an 
environment have been described as capacitor or battery chargers. Using a variable 
capacitor, Miyazaki et al. fabricated an electrostatic generator with a power output 
of 120 nW and conversion efficiency of 21% [42]. This is a self-sustained power 
generator that could scavenge the energy of vibration such as found in small build-
ings. This vibration-to-electric energy is achieved with a variable capacitor formed 
by a plate and a fixed electrode. The plate is mounted on a wall that resonates due 
external vibrational forces, resulting in a periodic change in the capacitance. Another 
variable-capacitance-type generator was proposed to supply electrical power to a 
heart pacemaker, its design is shown in Fig. 11.3 [43]. This device generated a 
power output of ca. 58 μW, supplied to a 1 MΩ load.

There are many other cases showing the use of variable capacitors to convert 
mechanical energy to electrical energy through changes in capacitance. These 
devices can be useful for low-power autonomous systems but they are far from 
reaching power density sufficient for standard applications.
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Fig. 11.3. (a) Fundamental structure of the honeycomb-type variable capacitor and (b) the rela-
tion between length and capacitance. Reprinted with permission from Ref. [43]
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11.3.1  Nanostructured Electrostatic Generators

Progress in micropatterning, self-assembly and other small-scale techniques created 
many possibilities to produce a wide range of assembled materials, both conductors 
and dielectrics, with smooth or very rough surfaces. A leading group is headed by 
Professor Wang, from the School of Materials Science and Engineering of Georgia 
Tech. For instance, piezoelectric zinc oxide nanowire (NW) arrays successfully 
converted nanoscale mechanical energy into electrical energy [44]. Nanogenerator 
devices were developed using vertically aligned ZnO arrays, delivering 58 V open 
circuit voltage and 12 μA/cm2 short circuit current density [45].

Triboelectricity easily affords potentials in the thousand-volts range, higher than 
piezoelectricity. One of the first triboelectric prototype devices developed in Wang’s 
group reached 230 V output voltage, 15.5 μA/cm2current density, and 128 mW/
cm3energy volume density [46]. To achieve such figures the authors used nanostruc-
tured polydimethylsiloxane (PDMS) surface with pyramidal patterns and aluminum 
foil surface with cubic patterns. As seen in Fig. 11.4a, the nanotribogenerator is 
based on an arch-shaped assembly where PDMS and Al are fixed at the opposite 

Fig. 11.4. Working principle of the polymer–metal-based tribogenerators. Reprinted with permis-
sion from Ref. [46] that describes the detailed authors’ explanations
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sides. When the device is pressed (Fig. 11.4b–d), there is contact electrification of 
the two surfaces and charge is transferred to the Al electrode. Thus, mechanical 
energy is converted to electrical energy.

Using the same principles, Wang’s group also described a flexible triboelectric 
generator with patterned surfaces but now using only polymers for contact electrifi-
cation. In this case, polymer films made of Kapton polyimide and polyester 
 (polyethylene terephthalate-PET) [47], as shown in Fig. 11.5. Deformation of this 
device drives electrons toward the external load by changes in capacitance of elec-
trodes fixed at the back of the polymers (details of the charging mechanism will be 
addressed in the next section). Contact electrification results in a flow of electrical 
current with an output voltage of up to 3.3 V at a power density of ~10.4 mW/cm3.

This work was followed by extensive publication describing many different 
devices: transparent triboelectric generators [48]; generators triggered by human 

Fig. 11.5. Schematic illustration of the structure and working principle of Wang’s triboelectric 
generator. Reprinted with permission from Ref. [47] that describes the detailed authors’ 
explanations
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footfall [49] or based on sliding electrification [50], for harvesting wind energy [51] 
and a hybrid piezo/triboelectric generator [52]. Progress in device performance is 
outstanding, regarding both output power surface density and energy conversion 
efficiency. A thin-film micro-grating triboelectric generator produced 50 mW/cm2 
with conversion efficiency of 50%; other devices reached 85% energy conversion 
efficiency, when operated at low frequency [53]. Many other groups developed new 
types of tribogenerators, often based on the setups developed by Wang’s group, 
contributing to the large number of recent publications [54–60].

11.4  Some Fundamental Aspects of Tribogenerators

Most tribogenerators operate according to the principles of influence machines, 
which means that electrostatic charges generated by friction, induce (“influence”) 
charge in a conductor positioned somewhere close to the electrostatic source, like 
the Wimshurst and Van De Graaff generators.

The new nanotribogenerators share some features with the classical influence 
machines. They produce charges by friction (or contact) and the electrostatic poten-
tial is used to induce charge in electrodes. They only differ from traditional electro-
static influence machines in the way they transfer charge to the power output [61].

In the earlier triboelectric generators, surface roughness plays an important role, 
inspiring nanopattern designs that enhance the real contact area and consequently 
the effectiveness of triboelectrification, as in the patterned polydimethylsiloxane 
(PDMS) used in many tribogenerators [46, 56, 58].

The operation of nanotribogenerators requires effective coupling of contact 
charging and electrostatic induction: for this reason, contacting materials are chosen 
from opposite ends of the triboelectric series and mounted on separated metal sheets 
or plates connected to a capacitor.

There is still much room for further progress in the development of nanotribo-
generators, because many authors have not yet benefited from the recent informa-
tion showing nonhomogeneous triboelectric patterns in polymer surfaces. It is now 
clear that the electrostatic patterns developed after rubbing or contacting dielectric 
surfaces are never homogeneous, both at macro- [62] and nanoscales [63]. 
Tribocharges are far from being uniformly distributed in most dielectric surfaces, 
different from what is as often shown in schematic drawings, positive on one sur-
face and negative on the other. Even though a net charge is observed in tribocharged 
surfaces, this is an algebraic sum of coexisting positive and negative charges and the 
overall charge density is thus less than density in small areas. Consequently, induced 
charge in the collecting conductors is also lower than what could be obtained by 
achieving an effective spatial separation of positive and negative charges. This is 
perhaps a next step in improving nanotribogenerators: controlling and perhaps using 
charge mosaic formation in the contacting surfaces, maximizing charge separation 
and thus energy conversion efficiency.
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However, at this point in time this is more easily said than done, because in most 
systems that were studied in detail the mosaics formed are chaotic-deterministic 
[62, 63]. Even so, nanotribogenerators are now a bright reality and research in this 
area will probably yield many new exciting results followed by their practical 
applications.
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Chapter 12
Accidents and Losses Caused by Electrostatic 
Discharge

Fundamental aspects of this subject and a wealth of practical information are pre-
sented in many specialized books. Taylor and Secker [1], Luttgens and Wilson [2], 
Kaiser [3], Jones, King and Yablonski [4] authored books on the industrial problems 
caused by static electricity. They cover the basic electrostatic theory, describing the 
initiation of electrostatic phenomena, measurements of field, voltage and charge 
and finishing with a detailed chapter on electrostatic discharges. A recent book is 
devoted to the static ignition hazards in chemical operations [5] and further specific 
references are given in Sect. 12.6.1, on dust explosions.
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This chapter brings complementary information, largely from recent publications. 
It also benefits from the information on charging mechanisms that was produced 
during the last 20 years, with an emphasis on the contribution made by ions to 
charge accumulation on insulators.

12.1  Electrostatic Discharge in Contacting Points

Electrostatic discharge (ESD) refers to the sudden and often unwanted transfer of 
static charge between objects at different electrostatic potentials. It is largely associ-
ated with high voltage but many experimenters have observed that it can take place 
under low voltages. This was explored in a systematic study on very low voltage 
electrostatic discharge done using a small storage capacitor of 2.2 pF and a small 
relay. The authors analyzed contact discharge current waveform and estimated 
parameters such as contact resistance, line inductance and total capacitance, identi-
fying the contact electrostatic discharge as gas-ionization discharge and tunnel cur-
rent discharge, experimentally. The corrosion effect of the contact electrodes on the 
electrostatic discharge current and the optical emission were also examined [6].

This places electrostatic discharge between electrified metal surfaces within a well-
established theoretical framework. However, mass transfer may also take place when 
one of the electrified surfaces is liquid or when it is powdered. This is seen in Figs. 12.1 
and 12.2 that show mass transfer between electrodes. In the first case, one of the elec-
trodes is a bed of carbon powder and in the second it is deionized, distilled water.

Fig. 12.1. Carbon black mass transfer. When a voltage is applied to the bottom electrode (covered 
with a layer of carbon black particles), carbon particles move to the upper, grounded electrode. 
This material transfer is done only through some channels that are formed between the electrodes
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Many accidents, especially “powder explosions” were observed with powdered 
dielectrics under relatively high humidity, for instance during ship loading operations 
with flour and grain. Under these conditions, the ejection of particles between elec-
trified bodies cannot be left out of consideration.

12.2  Electrical Discharge in the Electronics Industry

ESD belongs to a family of electrical problems known as electrical overstress 
(EOS). It poses a serious threat to electronic devices, such as microcircuits, transis-
tors, and diodes that have been examined in great detail [7]. It affects the operation 
of the systems built using these devices and most electronic companies regard all 
semiconductor devices as ESD sensitive. For this reason, ESD is a major concern in 
the microelectronic and electronic industry, in manufacture and testing. ESD is also 
a source of concern in non-electronic components such as disk drives, magnetic 
recording heads, and sensors. The emergence of the “Internet of Things” (IOT) 
placing billions of sensors and devices everywhere only adds to its importance. Its 
causes, damaging effects and how its effects can be prevented or minimized have 
been carefully examined [8].

Fig. 12.2. Electrostatic discharge in deionized water. When an electric potential is applied to a 
steel electrode (supported and molded around a plastic cuvette), electrostatic discharge occurs 
between the electrode and grounded deionized water, depending on the potential difference and on 
the distance between the electrode and water
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Electrostatic discharge protection in semiconductors underwent both revolu-
tionary and evolutionary changes to maintain pace with the rapidly scaling and 
changing environment of advanced semiconductor technologies. As a result, it is 
an area of continuous discovery in both semiconductor development and design 
and ESD remains a research and development arena for new innovation, invention, 
and initiatives [9].

ESD protection circuits often use the silicon-controlled rectifier (SCR)-based 
devices [10] in CMOS ICs but there are also practical problems limiting their use. 
This requires additional modified device structures and circuit techniques to achieve 
effective on-chip ESD protection in CMOS ICs [11].

The ESD problem has become a challenging reliability issue in nanometer cir-
cuit design. High voltages resulted from ESD might cause excessive current densi-
ties in a small device, thus requiring on-chip protection circuits for IC pads. To 
reduce the design cost, the protection circuit should be added only for the IC pads 
with an ESD current path, which arise the need of ESD current path analysis. Work 
has been done for circuit modeling as a constrained graph, decomposition of ESD 
connected components linked with the pads, and application or search procedures 
that lead to the identification of the ESD-connected components and thus the  current 
paths. An algorithm for ESD detection path is available to the public for the ESD 
analysis [12].

The effects of destructive and nondestructive electrostatic discharge (ESD) 
events applied either to the gate or drain terminal of MOSFETs with ultrathin gate 
oxide, emulating the occurrence of an ESD event at the input or output IC pins, 
respectively, were also investigated. ESD stresses may modify the MOSFET current 
driving capability immediately after stress and during subsequent accelerated 
stresses. The damage introduced by ESD in MOSFETs increases when the gate 
oxide thickness is reduced [13].

The ESD sensitivity of 65-nm fully depleted SOI MOSFETs (with thin sili-
con body) used as output buffer devices was studied in order to classify the 
observed failure modes and mechanisms leading to the proposal of a new failure 
criterion [14].

Susceptibility scanning is increasingly adopted for root cause analysis of 
system- level immunity sensitivities. It allows localizing affected nets and inte-
grated circuits and it can be used to compare the immunity of functionally identi-
cal or similar ICs or circuit boards. This methodology and its limitations are 
discussed in the literature [15].

12.2.1  Role of the Human Body

An experimental study of the ESD characteristics for the charged human body 
approaching electronic circuit packs was reported. Calculations based on measured 
capacitance coefficients provide a comparison of the relative probability and sever-
ity of the ESD events [16].
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12.2.2  ESD and RF Devices

Radio Frequency Identification (RFID) is now widely used for wireless data trans-
mission and reception in applications including automatic identification, asset track-
ing and security surveillance [17].

An extensive electrical characterization of radio frequency micro electromechani-
cal systems (RF-MEMS) switches has been carried out to identify the dynamic 
response of devices, driven in different conditions. The authors found that an opti-
mum actuation voltage must be chosen as a tradeoff between good switch trans-
mission and isolation properties and the need to avoid bouncing phenomena when 
the actuation voltage has been applied. The authors also investigated the reliability 
of the RF-MEMS switches, finding that it could be heavily affected by ESD 
phenomena [18].

12.3  ESD in Lighting Equipment

The electrostatic discharge (ESD) properties of the InGaN-light emitting diode 
(LED) were investigated and the LEDs with higher internal capacitance were found 
to be more resistant to external ESD impulses [19].

Efforts are described in the literature to obtain LEDs with improved ESD resis-
tance, by changing the GaN layer growth parameters [20].

12.4  Crushing and Milling

Comminution operations often lead to electrostatic charging in the equipment and 
in the output product, as well. An impressive report shows that electrostatic dis-
charge caused fire and explosion accidents at a sulfur factory in Shanghai. This 
work describes the test result of potential at the factory workshop, and presents 
several protective measures in order to prevent dangerous discharge [21].

12.5  Failure of Home, Office and Field Personal Equipment

Many persons have had personal or home equipment damaged with no clear indica-
tion on the relevant causes, but the literatures shows reports of systematic work on 
this topic. In one study, a comparison of the SEM EDX spectra for the metal charge 
contacts from field-returned cordless phones and for laboratory samples of fixed gap 
discharge (FGD) tests reveals similar chemical elements, suggesting that ESD is the 
possible source for cordless phone field failure [22].

12.5 Failure of Home, Office and Field Personal Equipment
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12.6  Electrostatic Charge Ignition

All explosives, under all conditions must be considered vulnerable to generation, 
accumulation and uncontrolled discharge. Energy static hazards as low as 2–3 mJ 
need to be guarded against. The hazard is normally associated with manufacturing 
and filling operations due to static charge accumulated on a person supplying energy 
up to 20  mJ.  Electrostatic sensitivity tests [23] can provide an important input 
regarding electrostatic hazards. A study of electrostatic sensitivity data of some of 
the initiatory explosives such as nickel/cobalt hydrazinium nitrate, silver azide, lead 
azide and mercury salt of 5-nitro tetrazole together with data for samples coated 
with polyvinyl pyrrolidone showed that the electrostatic spark sensitivity of primary 
explosives decreased in the order of AgN3 = NiHN > PbN6 > MNT >  CoHN > BN
CP. The polyvinyl pyrrolidone-coated samples followed the same order but with 
increased spark sensitivity [24].

ESD sensitivity of solid propellants and the adaptation of the handling and use 
procedures have always been an essential part of the safety analysis of rocket sys-
tems. However, incidents or accidents have occurred during the past decades, show-
ing that the appreciation of the risks and the knowledge of the mechanisms of 
ignition are still insufficient. These incidents always involved hydroxyl-terminated 
polybutadiene-based aluminized composite propellants. Even though much work 
was done to establish sensitivity criteria, the evaluation of the level of sensitivity of 
a sensitive propellant has remained as a difficult problem [25].

Ignition of non-aerosolized powders by ESD was investigated using a spherical 
powder of Mg, for which thermal ignition kinetics was described in the literature. 
The experimental setup was built based on a commercially available apparatus for 
ESD ignition sensitivity testing and the authors found that the ignition is primarily 
due to direct Joule heating of the powder by the spark current [26].

Another study was on titanium powder heating and ignition by an ESD or spark. 
Different ignition modes were observed for powders with different morphologies 
and placed in layers with different thickness. For both spherical and sponge Ti pow-
ders prepared as monolayers, ESD initiation resulted in fragmentation of the initial 
particles. Particle fragments were ejected from the sample holder and burned as 
individual metal droplets. Sponge powder placed in thicker layers ignited generat-
ing individual burning particles with combustion times close to those expected 
based on the particle size distribution. Spherical Ti powder placed in thicker layers 
was difficult to ignite and only a few short individual particle streaks were observed, 
corresponding to the finest particles present in the sample. When a titanium powder 
(either spherical and sponge) was placed in a layer with thickness greater than 
0.1 mm, significant fusing of the particles was observed which reduced the powder 
heating by the discharge’s Joule energy [27].

Hydrogen ignition by ESD at a ventilation duct outlet was investigated concern-
ing the effect of the outlet shape. Iron (III) oxide particles were used as the model 
dust. Grounding the ventilation duct suppresses most of the electrostatic charge, but 
not all charge generation from the mixture of hydrogen and iron oxide is removed 
by grounding only [28].

12 Accidents and Losses Caused by Electrostatic Discharge
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Textiles, leather, or other materials that are used in a pure oxygen environment are 
in serious risk of being ignited by ESD and may cause fire and even disasters or death 
of astronauts. The materials are more easily ignited at higher oxygen pressure [29].

Sadly, while this text was being written a serious accident was reported in the 
United States, inflicting permanent injury to a young student [30].

12.6.1  Dust Explosions

Dust explosions are the main topic of many recent books [31–35] and they are also 
treated on books on industrial hazards. They are highly feared in grain and flour 
storage, handling and processing, in the food industry. The first large-scale accident 
associated with electrostatic discharge was an explosion of flour, on December 14, 
1785 in Turin, Italy. Dust explosions are often triggered by ESD and the main rele-
vant parameters are the minimum ignition energy, spark duration time, feeding rate 
of ignition energy, circuit capacitance, ignition voltage, among others [36].

An extensive list of dust explosions is in a report by Yuan et al. [37] and the cases 
initiated by sparks or static electricity are abstracted in Table 12.1. A representative 
report is on the explosion and fire that virtually destroyed the Malden Mills facility 
in Methuen, Massachusetts, injuring 37 persons (Fig. 12.3) on December 1995 [39]. 
The plant produced fleece fabrics and the triggering event was likely a dust explo-
sion involving nylon flock fibers, according to reports by OSHA, the Fire 
Administration (USFA), and Massachusetts State Fire Marshal’s Office. There were 
reports of previous events when nylon fibers were ignited by static electricity, at the 
same facility, but managers and employees did not generally understand that the 
fibers were an explosion hazard before the Malden Mills explosion. Other industrial 
dust explosions investigated by the U.S. Chemical Safety Board (CBS) [38] were: 
polyethylene dust explosion in Kinnston, NC and aluminum dust explosion in the 
Huntington, IN (Figs. 12.3 and 12.4).

Table 12.1 Some examples of dust and other explosions reportedly triggered by static electricity 
[26, 27]

Date Country Material Equipment involved Types of industries Ignition source

1960 China Coal Electric locomotive Coal mine Electrical sparks
1986 Japan Chemical Weighing hopper Chemical plant Static electricity
1991 China Coal Roadway, cable Coal mine Electrical sparks
1995 US Nylon Textiles machinery Fleece fabrics Static electricity
2002 Brazil Solid fuel Launching rocket Satellite Electrical spark
2007 China Wood Packing workshop Wood products 

process
Electrical sparks

2008 China Metal Dust collection 
system

Metal fabrication Electrical sparks

2012 China Metal Polishing workshop Metal polishing 
plant

Electrical sparks

12.6 Electrostatic Charge Ignition
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Fig. 12.3 Picture taken from the site of a factory after an explosion assigned to polyethylene dust. 
Reprinted with permission from Ref. 38

Fig. 12.4 Fire triggered by an aluminum dust explosion. Reprinted with permission from Ref. 38

12 Accidents and Losses Caused by Electrostatic Discharge
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12.6.2  Electrostatic Charging Associated with Liquid Leakage

Leakage accidents of pressurized flammable liquids often occur in chemical plants. 
A study investigated electrostatic hazards due to liquid leakage by observing the 
amounts of electrostatic charge during the leakage, the electric field of the clouds 
generated by leakage, various types of pipeline design. Water and kerosene were 
used as the leaking liquids. The authors found that electrostatic charges depend on 
leakage parameters such as the type of liquid, the gasket material between flanges, 
and the pipeline pressure. In all tests, the amount of the electrostatic charges of water 
was larger than that of kerosene. The maximum value of the electric field, generated 
from the leakage liquid in this study is a safe level. No incendiary electrostatic sparks, 
such as brush and/or spark discharges, were detected in these tests [40].

12.7  Protection Against Electrostatic Discharge

Given the importance of ESD, its prevention is often discussed in the literature, in a 
number of papers [41, 42]. Given its economic and strategic importance in circuitry, 
greater attention is given to this area.

One paper considers two independent approaches for ESD protection: reducing 
the likelihood of having an ESD event and improving the robustness of the devices 
themselves. The first focuses on reducing the amount of charge that is developed 
and controlling its redistribution. The second approach reviews ways to improve the 
circuit robustness by improving individual circuit elements and by adding addi-
tional elements for charge flow control and voltage clamping [43].

12.7.1  New Materials for Avoiding Electrostatic Discharge

12.7.1.1  Textiles

Clothing and home textiles are frequent sources of electrostatic discharge, since 
they are usually insulators submitted to mechanical efforts and friction. For this 
reason, textiles have been developed to make clothing for researchers and engineers 
handling electrical and electronic devices, and subsystems, but also working in 
clean-room applications such as the pharmaceutical and optical industries. In gen-
eral, most man-made fabrics are subject to electrostatic discharge and many 
approaches were developed to overcome problems caused by such conditions. For 
instance, stainless steel/polyester woven fabrics made on a handloom were devel-
oped successfully. Stainless steel staple fibers are incorporated into these fabrics as 
conductive fillers to promote the electrostatic discharge properties of the woven 
fabric. Attenuation of the ESD for various woven fabrics is determined by an ESD 
immunity tester in a voltage range of 4–8 kV [44].

12.7 Protection Against Electrostatic Discharge
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Poly(vinyl chloride)/graphite nanosheet/nickel (PVC/GN) nanocomposites are 
other alternative candidates for electrostatic charge dissipation and electromagnetic 
interference shielding applications due to their lightweight, easy processing and 
tunable conductivity. The applicability of the nanocomposites in electrostatic charge 
dissipation was tested in terms of displaying the variation of decay voltage with 
time and its dielectric properties were investigated. This material also has adequate 
characteristics to be used in radar evasion [45].

12.7.1.2  Carbon Nanotubes and Graphene

Multiwalled carbon nanotubes (MWNTs), graphene and nanographites are 
promising alternatives for use in polypropylene (PP) and other thermoplastics 
and rubber matrices, for electrostatic discharge applications. In some cases, 
they replace the “carbon blacks” widely used in industry that are not as highly 
conductive.

In one work, the surfaces of MWNTs were modified with octadecylamine 
(ODA) via CF4 plasma-assisted fluorination and subsequent alkylamination. The 
number of fluorine groups on the MWNT surface was controlled by varying the 
CF4 plasma treatment conditions. The resulting MWNT/PP nanocomposites 
exhibited a much finer dispersion in the insulating PP matrix than was observed 
for non-modified MWNTs, leading to an enhanced electrical conductance at low 
MWNT loading (2 wt %). Furthermore, the nanocomposites showed significant 
increase in the storage modulus (G′) and complex viscosity (η*) in the low-fre-
quency region with MWNT loading, showing a rheological percolation threshold 
at 1 wt % MWNT content. This method can be applied to the fabrication of other 
carbon nanotube-based polymer nanocomposites for electrostatic dissipative 
materials with high mechanical strength and for other high-performance indus-
trial applications [46].

Powder energetic materials are highly sensitive to ESD ignition. The addition of 
small concentrations of carbon nanotubes (CNT) to the highly reactive mixture of 
aluminum and copper oxide (Al + CuO) significantly reduces ESD ignition sensi-
tivity. The lowest CNT concentration needed to desensitize ESD ignition is 
3.8  vol.  % corresponding to percolation producing an electrical conductivity of 
0.04 S/cm [47].

The great interest in graphene for nanocircuitry led to comprehensive study of 
ESD characterization of atomically thin graphene. In a material comprising only a 
few atomic layers, equivalent current density in the 108 A/cm2 range was observed, 
for very short times. Failure occurs within the graphene and not at the contacts. 
Moreover, unique gate biasing effects were observed that can be exploited for novel 
applications including new ESD protection designs for semiconductor products. 
Graphene’s robustness against high-current/ESD pulses suggests that it has great 
potential in a variety of applications [18].
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12.7.2  Devices and Equipment: Corona Electrodes

Corona electrodes produce clouds of gaseous ions, either positive or negative. 
These may be deposited on aerosol particles, increasing their collection by elec-
trostatic filters. Corona discharge is thus used as pre-charger in electrostatic 
precipitators (ESP). The involved phenomena are complex and they are only 
partially understood, due to overall status of knowledge on static charging. For 
instance, back ionization of dusts with high resistivity may take place, perhaps 
contributing to the fouling of discharge electrodes. The literature reports exam-
ples of the applications of the direct current corona with spraying discharge 
electrodes [16].

Precipitator design may broaden its applicability, as in the case of a barrier dis-
charge type ESP which gives a high removal efficiency for both NOx and particles 
generated by Diesel combustion [48].

A study with laboratory-scaled wire-to-plate electrostatic precipitator (WPESP). 
showed that the dynamic air flow velocity modifies the current density and the elec-
tric field distributions on the planes surfaces of the WPESP [49]. This result shows 
that precipitation performance is affected by the flowing gas.

12.8  Safety Codes

Given the widespread impact of ESD, great attention has been paid to reducing risk 
through best practice. Some relevant documents are listed below.

• Documents on ESD program guidance or requirements: ANSI ESD S 20, 
20–2007-Standard for Development of an ESD Control Program, ANSI/ESD 
S8.1-Symbols-ESD Awareness, or ESD TR20.20-ESD Handbook [50].

• Requirements for specific products or procedures such as packaging require-
ments and grounding, e.g. ANSI/ESD S6.1-Grounding and ANSI/ESD S541-
Packaging Materials for ESD-Sensitive Items [38].

• Standardized test methods used to evaluate products and materials, e.g. ASTM- 
257- DC Resistance or Conductance of Insulating Materials. The electronics 
industry originally relied on standards developed for other activities but today 
specific test method standards are available, largely as a result of the ESD 
Association’s activity. These include standards such as ANSI/ESDA-JEDEC JS- 
001- 2010-Device Testing, Human Body Model and ANSI/ESD STM7.1: Floor 
Materials-Resistive Characterization of Materials [38].

• ATT-TP-76306 practice on Electrostatic Discharge Control, created within 
AT&T. The purpose of this practice is to provide an overview of ESD phenom-
ena and how ESD can be controlled in order to improve the performance of 
AT&T network and to lower operating costs [51].

12.8 Safety Codes
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12.9  Electrostatics and Chaos

A complicating factor in ESD prevention is the possibility to have chaotic- 
deterministic phenomena taking place under different situations, contributing to the 
uncertainties that may contribute to electrostatic phenomena. Indeed, there are 
many reports on oscillation and chaotic behavior in systems subjected to electro-
static forces.

For instance, the formation of complex oscillations was reported for an electro-
static microelectromechanical system: upon increasing an ac voltage, a cascade of 
period doubling bifurcations took place giving rise to chaotic transition. The nonlin-
ear nature of the electrostatic force was shown to be responsible for the reported 
observations [52]. Another publication addresses chaotic behavior including its pre-
vention, in micro/nano resonators [53].

The early Kelvin measurements on atmospheric electricity already showed that 
the atmospheric electric field is a highly variable quantity at different timescales 
[54] that is suggestive of a fractal behavior. Field mill measurements are currently 
used to produce time series that contributed to the identification of maximum elec-
tric field mill values as a lightning predictor that contributes skill in forecasting the 
occurrence of lightning [55]. Interestingly, three of four predictors identified are 
sensitive to moisture.

12.10  Final Comments

ESD prevention is currently based on tested procedures that are often practiced 
by well-prepared professionals. Nevertheless, accidents reportedly assigned to 
ESD continue to happen throughout the world, taking a heavy toll in lives and 
property.

In the authors’ view, this situation is due to current status of consolidation of the 
scientific information on how electrostatic charge builds-up and dissipates, in sol-
ids, liquids and gases. The absence of consensus on the involved mechanisms places 
the accident prevention professionals in the same situation as a medical doctor who 
has to treat patients of a disease with known symptoms but an undefined etiology, or 
causation. Moreover, a large amount of careful research was done within a concep-
tual framework much simpler than what is now known about charge pattern forma-
tion in dielectrics. A good example is the large number of references in the admirable 
Greason’s book from 1992, always referring to charge transfer due to unidirectional 
electron driven by differences in work function [56]. We now know that triboelec-
tricity in insulators is characterized by charge patterns, not by the formation of 
uniformly charged surfaces. In this situation, all the preventive measures taken may 
be effective whenever the same causes are operating. However, safety procedures 
are still largely based on empirical evidence that is not accompanied from powerful 
models with strong predictive character.

12 Accidents and Losses Caused by Electrostatic Discharge
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For these reasons, it is essential that recent progress on understanding electro-
static phenomena and the intervening mechanisms continues toward a consolidation 
of current information, subjecting every piece of information to validation and test-
ing hypotheses, models and theories.

Even more important, the results of this effort need to be disseminated. This 
book contains many references to high-quality information that was just forgotten 
or dismissed, few years after the relevant papers were published. Paying due atten-
tion to this literature will increase our ability to avoid disasters triggered by electro-
static discharge.
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Chapter 13
Electrostatic Processes and Products

13.1  Industrial Applications of Electrostatics

Electrostatic phenomena are at the core of well-established technologies, like xerogra-
phy or electrophotography, electrostatic coating, and electrostatic precipitation. More 
recently, electrostatics has been contributing different solutions to the serious problem 
of glass panel cleaning in solar farms and in related equipment used in space research. 
Solutions based on electrostatics are currently being considered to face current problems 
related to pollution, energy, and resource availability as well as computer technologies.
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Masuda pointed to the characteristics of electrostatic phenomena that make them 
more or less suitable for different types of applications [1]. For instance, the magni-
tude of the Coulombic forces is usually proportional to the surface area of the object 
carrying charge. This means that the motion of macroscopic objects with low 
surface- to-volume ratios is usually dominated by their mass but electrostatic forces 
become increasingly important at higher surface areas, with a threshold at ca. 
100 μm that is easily reached in particles, sheets and fibers. This explains the 
enormous importance of electrostatic interactions in the behavior of colloidal and 
nanostructured matter.

Another important issue is the energy density of the electric field that is usually 
orders of magnitude lower than the corresponding values for the magnetic field, sug-
gesting that the electrostatic field can never be used for large-scale energy production. 
However, the current trends towards distributed energy production and environmental 
energy scavenging alleviate this limitation, impelling efforts in this direction. 
An exciting example are the nanotribogenerators discussed in Chap. 11.

Electrostatic devices perform well as acoustic-to-electric transducers since they 
handle small amounts of power. They are thus used as condenser, electret and micro-
electromechanical system (MEMS) microphones. Electrets form a widespread class 
of products that is discussed in Chap. 7.

Electrostatic forces are also used in touch displays and haptic systems [2].

13.2  Imaging Technologies

There are different types of electrostatic imaging, including electrophotography, 
electrostatic printing (as in laser printers) and ink-jet printing.

13.2.1  Electrophotography or Xerography, Laser Printers

Photocopiers and laser printers are currently widely found in homes, offices and 
industry. They work based on three phenomena: latent image formation on a photo-
conductive surface, followed by electrostatic adhesion between the charged domains 
on this surface and toner particles that are finally transferred to the paper surface [3]. 
These technologies have had an immense role in communications and information 
management, for more than five decades and they currently play an important role 
in the dissemination of cultural goods.

The relevant basic phenomena are highly reproducible but the difficulties in fully 
understanding them are well represented in the following phrase that can be read in 
the description of Schein’s book [3]: “On mastering this material, the reader will 
have a working knowledge of the physics of the complete electrophotographic pro-
cess and a detailed knowledge of what is known and not known about its most 
important subsystem development.”
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This is now a mature technology but new developments are appearing continu-
ously. For instance, in a recent patent application [4] the electrostatic image carrier 
is a photoreceptor laminated on at least one surface layer of hydrogenated amor-
phous silicon carbide or photoconductive layer. One important parameter is the ratio 
(C/(Si + C)) of the number of carbon atoms and the sum of number of Si and C 
atoms, in the 0.50–0.65 range. The defect density of the surface layer is 9 × 1018 to 
2.2 × 1019 spins/cm3. Other patents refer to various aspects of the toner composition 
[5–7]. In one specific case, the main novelty is the addition to the toner of an emul-
sion of particles of a low MW polyester, that imparts improved crease fix and lowers 
the minimum fusing temperature, enabling a reduction in fuser energy and enhanced 
fuser life. The images produced using the toner particles are claimed to have excellent 
quality [8]. Other patents address magnetic toners [9], the light scanning apparatus 
[10]. These references are a few examples of the results of an intense R&D activity: 
the Derwent database lists more than 10,000 patents or patent applications under the 
keywords “electrophotography” and “toner” only, out of which the leading compa-
nies held the following numbers, as of June 2016: Canon, 1801; Ricoh, 1480; Fuji 
Xerox, 686, Kao, 425; Konica, 381.

13.2.2  Ink-Jet Printers

Ink-jet printers also use electrostatic charging in different ways, to extract liquid 
from the container cartridge or to deflect the liquid droplets to the desired spots on 
the paper surface.

For instance, a recent patent application describes a method of driving a hybrid 
inkjet printing apparatus by applying an electrostatic voltage to ink contained in a 
nozzle, and applying an ejection voltage so as to eject the ink [11].

The surge of interest in additive manufacture and 3D printing opened a new, 
large area for the application of electrostatic devices capable to deliver and deflect 
liquid jets [12], placing the solutes or dispersed particles in the desired spots where 
they are required to build an object. Beam deflection may also have a contribution 
from associated magnetic fields [13].

13.2.3  Electrostatic Screen-Printing

Electrostatic screen-printing is used for producing marking or images on cans, bot-
tles, carton boxes and other packing goods. When an optical image is produced on 
a grid coated with photoconductive film, the grid potential from its voltage source 
appears on the illuminated portion, attracting the toner particles. The particles pass-
ing through the grid mesh is then transferred to the object to produce a pattern. A 
recent patent [14] describes an apparatus where an electroconductive screen is posi-
tioned at the target object of printing but without contacting it. A rubbing sponge is 
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set to rub powder into screen and a direct current power supply is set to supply a 
voltage to the target object and powder. The apparatus also contains an autorotation 
mechanism to rotate the rubbing sponge. The applicants target this apparatus for 
coating powder on target objects, e.g., foodstuff, claiming that the powder adheres 
more uniformly to the target. They also claim that since the structure of the electro-
static screen printing apparatus is simplified, the cost of the apparatus is reduced.

13.2.4  Electronic Paper

Electronic paper and other displays that are currently widespread are based on elec-
trostatic phenomena, especially electrophoresis [15], electrowetting [16], electro-
chromism [17], liquid–crystal alignment under a field and microfluidics [18] where 
the fluid flow may be driven by pressure but also by electrosmosis. Electronic paper 
is now widely used in e-readers and their success together with the ever increasing 
demand for display improvements propels the development of flexible, video and 
color electronic paper products [19].

This requires new development on many areas: new driving systems [20], new 
materials and better understanding of interfacial charge and its effect on wetting, 
rheological fluid and particle electrophoretic properties. An especially interesting 
development is in-plane electrophoresis [21].

13.3  Electrostatic Coating

Industrial coating processes based on electrostatics have been used for decades and 
their scope and impact have grown steadily due to the many advantages they bring 
to manufacturers and final product users as well, especially those interested in 
“greener” products and processes [22–25].

There are two main processes of application of powder coatings: electrostatic 
coating and the immersion of the objects to be coated in fluidized beds. Powder 
coating grew steadily as a finishing process due to its unique capabilities to produce 
high-quality finishes without using undesirable volatile organic compounds (VOC) 
that contaminate the finished products. It contributes to high production rates and 
lower costs. In the year 2003 powder coating already covered 15% of the industrial 
coating market of North America [26] and it has been growing steadily since this 
time, throughout the world.

In electrostatic coating, the finely ground particles of pigmented resin are dis-
pensed from an electrostatic gun and sprayed over a grounded metal part or a non-
conductive material pre-coated with a conductive primer that allows current 
discharge to the ground. The sprayed particles adhere to the substrate forming a film 
and the coated object is then transferred to an oven where it is heated. The resin 
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softens forming a nonporous matrix followed by crosslinking that imparts high 
chemical, thermal and abrasion resistance to the coating.

The adoption of electrostatic coating processes brings many economic advan-
tages to the users: venting and exhaust needs are reduced, the powder coating does 
not sag or drip and the work area can be cleaned using vacuum-cleaners. One-pass 
operations are often sufficient and powder losses are a few percent only. Moreover, 
powder recycling is often feasible, minimizing waste disposal needs.

For these reasons, powder coating holds a strong share in the appliance market 
and it is also important in the auto and transportation equipment industry as well as 
in the manufacture of furniture, architectural, urban and outdoor equipment that 
require high resistance to weather, including fence repair. It can be done in high- 
throughput production lines by mounting multiple parts in racks. Its application 
range grows steadily thanks to technological development that allows its utilization 
with a growing number of substrates and painting powders but small units for home 
use are also available.

The versatility of electrostatic coating makes it useful in diverse applications like 
forming layered materials in developmental laboratories, as an alternative to dip- 
coating, spray-coating and spreading with doctor blades.

The application of electrostatics in both powder and liquid coating can improve 
the quality of food, such as its appearance, aroma, taste, and shelf life. Coatings are 
commonly found in the snack food industry, in confectionery, bakery, meat and 
cheese processing. The most important factors influencing food coating quality are 
powder particle size, density, flowability, charge, and resistivity, as well as the sur-
face properties and characteristics of the target. The most important factors during 
electrostatic liquid coating, also known as electrohydrodynamic coating, include 
applied voltage and electrical resistivity and viscosity of the liquid. Understanding 
these factors is essential for the design of optimal coating systems [27].

Dry coating technologies are currently used also for making medicines. Powdered 
coating materials are directly coated onto solid dosage forms without using any 
solvent and then heated and cured to form a coat. It has many advantages related to 
avoidance of the use of solvents, when compared to conventional liquid coating. 
There are several dry coating technologies, including plasticizer-dry-coating, 
electrostatic- dry-coating, heat-dry-coating and plasticizer-electrostatic-heat-dry-
coating. The fundamental principles and coating processes of these technologies, as 
well as their advantages, disadvantages and commercialization potentials were 
reviewed [28].

An interesting investigation was made to investigate if electrostatic adhesion is 
significant in food coating. Different food powders were coated onto different food 
samples, both electrostatically and nonelectrostatically and the adhesion was mea-
sured, when the authors found that electrostatic coating increased the adhesion of 
most food powders onto most food targets. The effectiveness of the process showed 
some dependence on the resistivity or oil content of the target, resistivity of the 
powder and particle size. Under low relative humidity, electrostatic adhesion lasted 
for several weeks, long enough to be valuable [29].

13.3 Electrostatic Coating



190

Another implementation of electrostatic coating is electrophoretic paint, widely 
used in the production of transportation equipment. Typically, the shaped auto bod-
ies are immersed in the paint dispersion within large tanks and they are biased to a 
suitable voltage, attracting the dispersed paint particles. Both cathodic and anodic 
coating are practiced, with the prevalence of the former due to extensive use in the 
auto industry.

Electrophoretic coatings have uniform thickness without porosity, the coating 
process is suitable for complex fabricated objects with cavities, coating speed is 
high, it is applicable to wide range of substrate materials (metals, ceramics and 
polymers pre-coated with suitable primers), the process is easily automated and 
thus it is not labor-intensive, it involves lower fire risks due to the use of water as a 
vehicle for pigment and resin, coating materials utilization is highly efficient and it 
is suitable to the production of customized micro and nanostructures such as lami-
nates and functional gradients [30]. The adoption and continuous improvement of 
electrophoretic coating made a great contribution to the increase in auto body life 
that took place during many recent decades.

13.4  Electrowetting

The shape change of liquid films and drops upon the application of electrostatic 
potential is the basis for a number of recent inventions targeting a broad range of 
products and processes.

A patent assigned to the University of Cincinnati describes an electrowetting 
light valve, where light transmission is controlled by the relative positioning of two 
immiscible liquids with different light transmittance properties [31]. Figure 13.1 
[32] describes schematically the functioning of this light valve.

Another patent that is widely cited describes an electrowetting apparatus com-
prising voltage supplies connected to lower and upper electrodes and a distribution 
plate for applying electrical potentials that induce movement of the electrolytic 
droplet between hydrophobic layers of upper and lower chambers.Electrolytic drop-
let motion is useful in biochemical assays, including drug research, DNA diagnos-
tics, clinical diagnostics, and proteomics [33].

Another interesting invention is a zoom lens suitable for a miniature camera. It is 
characterized by lens control through a voltage-controlled electrowetting device 
that includes two fluids with different refractive indices and their interfaces [34].

Electrowetting is currently the basis for the novel electrowetting display devices. 
There is an impressive patenting activity related to information displays and a few 
examples are shown in Table 13.1.

Many other results target fluidic and microfluidic applications, shown in Table 13.2.
All the documents listed in Tables 13.1 and 13.2 are from the year 2016, showing 

the intensity and diversity of prospective applications of electrowetting. It is impres-
sive that the patent assignees include some current technological leaders in various 
industrial sectors.
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Fig. 13.1 Schematic diagrams of the electrowetting light valve (ELV) device in the OFF (a) and 
ON (b) states. Reprinted with permission from ref. [25]

Table 13.1 Some recent patent or patent applications referring to the use of electrowetting in 
information displays

Patent (granted or 
application) Claimed use Assignee/Inventors

US 9,348,132 B1 Pixel wall and spacer configuration for 
an electrowetting display

Amazon/Novoselov P. et al.

US2016140692-A1 Method for configuring resolution of a 
display, i.e., touchscreen display

Google/Pais M. R. et al.

JP2016080728-A Photosensitive coloring composition for 
forming colored partition wall of 
electrowetting device

Mitsubishi/Ito A. et al.

US2016124212-A1 Fluid is used for electrowetting device SNU R&DB, Samsung and 
Univ Seoul/Choi C. et al.KR2016050397-A

US9310602-B1 Color electrowetting display for use in a 
communication device

Amazon/Chung J. Y.

US2016091711-A1 Electrowetting element for 
electrowetting display device used for, 
e.g., portable, mobile device

Amazon/Tauk L.
WO2016050694-A1

US2016088692-A1 Display for an electronic device, 
includes electrowetting displays

Apple/ Weber D. J. et al.

13.4 Electrowetting
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13.5  Electrostatic Precipitation

Electrostatic precipitation was the first of the industrial applications of electrostatics 
and it is now widely used to remove particulate matter from the atmosphere and 
gaseous effluents in a broad scale range, from household air purifiers to huge sys-
tems used, e.g., in thermoelectric power plants [35, 36]. The importance of this 
technology has been growing for decades, because legislation is continuously 
reviewed becoming more and more stringent.

Electrostatic precipitation is done by passing the gas stream through a charging 
device where particles acquire electric charge, followed by a screen or a set of metal 
bars biased to high voltage, where the particles adhere. Electrostatic precipitators 
(ESP) can operate with a high collection efficiency and low pressure drop, depend-
ing on particle charging and migration velocity of charged particles and it is also 
applicable to airborne microorganisms [37].

However, their performance deteriorates by abnormal phenomena, including 
back corona for treating high-resistivity dust and corona quenching for fine dusts 
that required the development of new technologies. Complex gas-phase electro-
chemical phenomena also take place in electrostatic precipitators contributing to 
the simultaneous removal of gaseous pollutants, including dioxin, [38] which is a 
feared contaminant of gaseous effluents. This shows the possibilities of doing 

Table 13.2 Some recent patent or patent applications referring to the use of electrowetting

Patent application Claimed use Assignee/Inventors

US 2016/0129437A1 Performing assays in a closed sample 
preparation and reaction system

Genmark and Adv. Liq. 
Logic/Kayyem J. F. et al.

US2016151784-A1 Manipulating droplet of liquid or 
particles in liquid

Univ California/Chiou P. E.

US2016097087-A1 An electrowetting force is applied to 
move one fluid and a second fluid to a 
location adjacent the intake tip

Applied Biosystems/
Wiyatno W.

US2016097047-A1 The method is used for growing cells on 
a droplet actuator. Sample droplet and 
cell culture medium merge by 
electrowetting

Advanced Liquid Logic/
Pollack M. G.

JP2016050951-A Making concave Fresnel lens Panasonic/Omote A.
KR2016009796-A Electrowetting anhydrosugar alcohol 

(anhydrohexitol) in a process step
Samyang Genex/Ryu H.

US2016058272-A1 Posture control of a capsule endoscope 
by an electrowetting technique

Panasonic/Ishikawa T.

WO2016009114-A1 Electrowetting-based microfluidics-
controlled tunable coil to provide a 
tunable filter or channel selector for a 
radio

Nokia/Rouvala M. et al.

US2016016170-A1 Disposable cartridge used in digital 
microfluidics system for manipulating 
samples in liquid portion

Tecan et al./Lay T, et al.
WO2016011134-A1

13 Electrostatic Processes and Products



193

electrochemistry at the solid–gas interface, a topic that is not as familiar as elec-
trochemistry at the solid–liquid interface but has been receiving important inputs 
[39]. In a study comparing the performance of electrostatic precipitation and fil-
tration, the authors raised the possibility of conversion of mutagenic compounds 
into less mutagenic forms due to electrostatic effects during electrostatic precipi-
tation [40].

Small-sized electrostatic precipitators were developed for air purification in 
small volumes including car interiors. A portable, silent, and autonomous electro-
static air sampler targeted the collection of airborne pathogens. As much as 98% of 
airborne particles from 10 nm to 3 μm are collected [41]. Other reports describe a 
personal aerosol sampler based on electrostatic precipitation and electrowetting 
actuation of droplets [42], an integrated microfluidic electrostatic sampler for bio-
aerosol [43].

13.6  Solar Panel Cleaning

Electrostatic adhesion is often involved with surface soiling in many systems and 
environments and it is a frequent factor for reducing the transparency of window 
glass with undesirable effects (Fig. 13.2), including solar energy panel lowered effi-
ciency [44]. This led to the examination of a number of approaches for using electric 
fields to displace the electrified particles from the surfaces.

Fig. 13.2 Photographs of two samples with and without an anti-soiling coating, after exposure to 
impinging sand. Reprinted with permission from Ref. 36
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194

13.7  Electrostatic Separation

13.7.1  Waste Separation

Electrostatic separation has been widely used to separate conductors and noncon-
ductors for recycling e-waste. In a study on the effects of process parameters (volt-
age used, roller speeds) the separation efficiency of conductors and semiconductors 
(Fig. 13.3) reached 82.5% and 88%, respectively, showing the feasibility of this 
technology for recycling valuable metals [45].

13.7.2  Biomass Separation

The recovery of valuable biomass components is often a great challenge in biotech-
nology. Huge amounts of lignocellulosic materials are obtained as biomass produc-
tion residues that can be fractionated for preparing fuel. This involves crushing 
biomass comprising lignin, cellulose and hemicellulose to ultrafine powder, and 
separating fractions by electrostatic separation of ultrafine powder. This method 
(Fig. 13.4) enables environmentally friendly dry fractionation of lignocellulosic 
biomass by economical process, with reduced energy consumption [46].

One case of great current interest is in microalgae production that is intensively 
examined as a potential source of fuel oil. Microalgae cells are very small, usually 

Feed (Copper, Silicon, Woven
glass reinforced resin)

Elactrostatic
separator-1

1st stage

2nd stage
Elactrostatic
separator-2

Product C1
(Woven glass reinforced resin)

Product C2
(Silicon)

Product B1 Product A1

Product B2
Product A2

(Copper)

Fig. 13.3 Flowchart of the electrostatic separation of copper, silicon, and woven glass reinforced 
resin by a two-stage process. Reprinted with permission from Ref. 37
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less than 10 μm and they grow in highly diluted waters, typically 1 g/L. Microalgae 
concentration is thus energy intensive and the incurred high costs contribute to 
make it unsustainable for large-scale production. One particular issue is that large 
amounts of water require large energy inputs for pumping and dewatering. 
Microalgae suspension dewatering by electroflocculation requires only 0.3 kWh/
m3 as opposed to 8 kWh/m3 needed for centrifugation and it does not require large 
amounts of chemicals, as coagulation, or the large storage volumes that are required 
for sedimentation under gravity. Achieving optimal results requires careful exami-
nation of the various process parameters, including electrode voltage, flow rates 
and salinity [47].

13.7.3  Electrosorption and Capacitive Deionization

Capacitive deionization (CDI) has attracted the interest of the community investi-
gating water treatment technologies since the mid-1960s. The technology is based 
on the recognition that high-surface-area electrodes, when electrically charged, 
can quantitatively adsorb ionic components from water, thereby resulting in 
desalination. Its theoretical and technological background, the history of its devel-
opment, and attempts towards scaling up and commercialization have been 
reviewed, considering its advantages and limitations [48].

Fig. 13.4 Electrostatic (EF-T) and turbo (TF-T) fractionation technology routes developed for 
rice straw. Reprinted with permission from ref. 38
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Some companies have been involved with this technology [40], but it is still a 
young technology that will probably take some time to reach large-scale applica-
tion, analogous to what happened to reverse osmosis membranes. Considering the 
similarity between capacitive deionization systems and supercapacitors, it is not 
unlikely that a capacitive deionization unit will also have electricity storage 
capabilities.

Fig. 13.5 Operating parameters (a) of corona electrostatic laboratory separator (b). Reprinted 
with permission from Ref. 41
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13.7.4  Metal Recovery from Electronic Equipment

Printed circuit board (PCB) scrap contains as much as 28% metals, including cop-
per, lead, and tin. Moreover, the content of precious metals in PCBs is more than 10 
times that of the exploited minerals. Therefore, the recycling of PCBs is important 
not only to decrease waste, but also to the recover valuable metals and it is thus an 
important target of “urban mining.” It normally involves mechanical crushing, 
screening, and drying, to which an electrostatic separation via corona discharge 
may be added [49]. The results show that the crushing process can completely strip 
metals from base plates, accompanied by aggregation as opposed to the production 
on fine powders, concluding that corona electrostatic separation is an efficient and 
environment-friendly means for recovering metals from PCBs.

13.8  Electroadhesion

Electrostatic grippers are used in the semiconductor industry and in space opera-
tions [50] for capture, handling and docking under vacuum. Electroadhesion is 
applicable to a wide variety of materials and shapes, enabling lightweight, ultra-low 
power compliant attachment. A typical EA device for space use is made using com-
pliant materials as for instance copper-clad polyimide encapsulated by polymers 
and arranged as in Fig. 13.6.

Application of electroadhesion covers a broad range of products applicable in 
advanced manufacture and robotics, as shown in Table 13.3.

The combination of electroadhesion and electrostatic actuation was recently 
used [51] to handle a wide range of objects, including a fragile water-filled thin 

Fig. 13.6 Schematic 
representation of a 
compliant electroadhesion 
clamp. Modified and 
reprinted with permission 
from Ref. 50
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membrane balloon, a raw chicken egg, a flat sheet of paper, a Teflon tube and a 
metallic can. All these objects weighted less than 100 g. These impressive capabili-
ties are enabled by maximizing electroadhesion and electrostatic actuation while 
allowing self-sensing thanks to new dielectric elastomer actuators.

The impressive performance of electroadhesion-based devices and actuators is a 
strong indication that it will find growing application in advanced manufacture 
technology.

Table 13.3 United States Patent Trade Office (USPTO) granted patents on electroadhesion

Patent number Patent title

9,401,668 Materials for electroadhesion and electrolaminates
9,358,590 Electroadhesive surface cleaner
9,308,650 Gripper apparatus
9,302,299 Active electroadhesive cleaning
9,186,709
9,272,427 Multilayer electrolaminate braking system
9,272,425 Twisted string actuator systems
9,193,402 Structural assessment, maintenance, and repair 

apparatuses and methods9,193,068
9,130,485 Conformable electroadhesive gripping system
9,130,484 Vacuum-augmented electroadhesive device
9,093,926 Electroadhesive conveying surfaces
8,982,531 Additional force-augmented electroadhesion
8,979,034 Sticky boom noncooperative capture device
8,967,548 Direct to facility capture and release
8,861,171 Electroadhesive handling and manipulation
8,833,826 Mobile robotic manipulator system
8,665,578 Electroadhesive devices
8,125,758
8,564,926 Electroadhesive gripping
8,125,758
8,325,458
8,515,510 Electroadhesive medical devices
8,111,500 Wall-crawling robots, wall-crawling devices
7,872,850
7,554,787
7,773,363 Electroadhesion
7,551,419
6,789,679 Method and apparatus for separating particles
6,390,302
5,839,306 Electronic lock “chiplock”
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13.9  Conclusion

Electrostatic phenomena are currently used in many products and processes and 
their importance and scope is growing, reaching areas as diverse as water and 
effluent treatment, diagnostics and genomic analysis, printing, coating, robotics 
and advanced manufacture. There are many exciting new developments like the 
use of additive manufacture to make electrostatic 3D laser printers and electro-
static motors. However, the applicability of electrostatic processing largely 
depends on the capabilities of the used materials to interact with electric fields 
that in turn depends on the materials adequacy to acquire net charge or to undergo 
sufficiently strong charge induction. It is thus likely that the current developments 
and better understanding of electrostatic charging, charge dissipation and stability 
will broaden the scope of electrostatic processing. This will allow the use of mate-
rials that do not currently perform well, contributing to a number of new products 
and related processes.
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14.1  Measuring Charge, Potential, and Field

The change underwent by electrostatics in the last few decades was made possible 
by recent experimental developments, both radical and incremental. This is an area 
where the impact of new experimental tools was paramount, while theory did not 
contribute significantly.

The two most important quantities in electrostatics are electric charge and elec-
tric potential. The product of charge and potential difference is the energy required 
to transfer charge to a higher potential. Thus, charge and potential are all the electri-
cal data needed for a thermodynamic analysis of electrostatic phenomena: the first 
is an extensive property while the other is intensive. Charge and potential can now 
be measured with great accuracy and precision as shown in the forthcoming 
sections.

On the other hand, mechanical analysis of electrostatic phenomena is rendered 
easier by using the electric field that is the gradient of potential, especially when one 
desires to find the electric forces on a charged body and the resultant of all acting 



204

forces. This is essential in the analysis of their trajectories, as in mass spectrometry. 
DC field measurement is not as easily done as DC potential measurements but its 
calculation may be straightforward, depending on the overall geometry of the sys-
tem of interest.

Measurements of surface potential and charge or electric field [1, 2] are per-
formed by using induction probes, field mills, and electrostatic probes. All of them 
are based on the capacitive coupling of a conductive surface bearing the surface 
charge density to the inducing electrostatic electric field.

An example of an induction probe [3] is shown in Fig. 14.1, where a small metal 
sphere is connected to one end of a segment of coaxial cable. The external conduc-
tor of the cable is grounded, and it is encased in a glass tubing that acts as a support 
and a mounting site. The other end of the coaxial cable is connected to the input of 
an operational amplifier with high input impedance and suitable signal filtering. 
Induction probes measure the induced charge by integration of the current, and they 
require previous cancellation of the charge on the sensor, by exposing it to a zero 
voltage reference. Only short-time measurements are reliable, due to adverse effects 
of leakage currents and changing electric patterns in the environment. This problem 
is solved in field mills by using a mechanical chopper that provides a zero reference 
for the sensing surface, with a chosen frequency. The AC electric field seen inter-
nally by the sensor is easier to amplify with low noise than a DC field. Direct read-
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Fig. 14.1 (a) A simple induction probe and (b) schematic representation the experimental setup. 
Reprinted with permission from Ref. [3]

14 Instrumentation



205

ing in volts is possible but it depends on the probe to surface distance and it is 
impossible, for instance, when the field produced by a cloud is measured in instru-
ments placed on the ground.

A charge amplifier or charge-to-voltage converter is described by Blackburn [4]. Its 
output is a voltage that increases linearly with time. Commercial piezoelectric force 
and pressure sensors are available with integrated charge amplifiers that provide a low-
impedance voltage output.

Electrostatic probes like the Kelvin probe (Fig. 14.2) are fed by an integrated 
high voltage source driving the probe potential in order to cancel the electric field 
between the surface and the probe. They are well suited for non-contact measure-
ment of potential in adjacent solid or liquid surfaces but precise measurements can 
only be done under short distances between probe and sample, typically 2  mm. 
Beyond, the probe-to-ground distance has also to be taken into account to prevent 
large systematic error [5].

There are many charge detection methods, and a report on various macroscopic 
methods suitable for large quantity and volume investigations, in research and 
industrial applications was organized by Noras [6]. They are used in different groups 
of instruments: those built to satisfy some specific need of the interested research-
ers, general-purpose instruments used in research and those providing information 
relevant to safety standards. This chapter is not a comprehensive review but it con-
centrates in some relevant cases, based on their impact in current research on elec-
trostatic charging mechanisms, patterns, and consequences.

14.1.1  Comparative Advantages of Charge Detection

Detection of charged species by electrical measurements is extremely sensitive, 
compared to any analytical of physical methods based on weight or on other physi-
cal properties, including the detection of electromagnetic radiation. This is demon-
strated by mass spectrometry, electron spectroscopy, and electroanalytical 
techniques that are ultimately based on the detection of charge. A spectacular exam-
ple of the superiority of charge detection techniques is the current ascent of cryo- 
electron microscopy as a tool for structural determination of proteins and other 
complex biological structures [7]. This technique now competes advantageously 
with the hitherto standard electron diffraction but with a major difference in the cost 
of the required equipment: cryomicroscopy is done using state-of-the-art electron 
microscopes that nevertheless cost approximately 1/100th of the cost of a synchro-
tron, and it requires much smaller amounts of sample than the competing X-ray 
diffraction dispensing with the need for crystallization.

The advantages of charge detection derive from two factors. One is the accuracy 
and precision achieved in the measurement of electrical magnitudes, especially the 
electric potential, current, frequency, and capacitance. The other is the elementary 
charge (1.6 × 10−19 C) that is also expressed in the magnitude of the Faraday constant, 
96,485 C/mole [8] of individual positive or negative ions, or electrons.

14.1 Measuring Charge, Potential, and Field
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Simple lab-bench charge meters detect 10−9  C, or 10−14 moles of ions. This 
amount of monovalent sodium ions weights 2.3 × 10−13  g that is way below the 
sensitivity of microbalances. Moreover, a 10−9 C point charge produces 2.25 × 106 V 
at 2-mm distance, which is a very high voltage. Accordingly, 10−15 C that is the 
charge of 6000 sodium ions only creates 2.25 V at 2 mm, a voltage well within the 
capabilities of simple meters, was not for the need to use a meter with infinite input 
resistance and low capacitance. These limitations are overcome by using Kelvin 
electrodes or probes with the associated circuitry.

14.2  Charge Measurement and the Faraday Cup

The Faraday cup is the most often used instrument for charge measurement, in 
recent literature. It has been used in aerosol analyzers [9], radiation and particle 
dosimetry [10], mass spectrometry, high-energy physics [11], high intensity proton 
injection equipment [12], development of high-intensity high-charge state laser ion 
sources [13], tribocharging of powders and pharmaceutical granules [14], and a host 
of other instruments and systems. These devices can be built forming sets or arrays: 
two Faraday cup sensors were used as part of the integrated set of sensors used in 
the WIND spacecraft solar wind experiment [15], and Faraday cup arrays are built 
for measurements with spatial resolution [16].

The respective IUPAC definition in the Gold Book [1] is: “A hollow collector, 
open at one end and closed at the other, used to collect beams of ions.” This defini-

Fig. 14.2 (a) A parallel-plate capacitor and (b) the schematic description of a Kelvin electrode. 
Reprinted with permission from Ref. [5]
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tion reflects the main current use of Faraday cups that is measuring the current in a 
beam of charged particles. In this case, it consists of a conducting metallic chamber 
or cup, which intercepts a particle beam. An electrical lead is attached to a terminal 
of an ammeter while the other is connected to ground. Alternatively, a voltmeter or 
oscilloscope reads the voltage across a resistor inserted in the conducting lead con-
necting the cup to ground. The importance of Faraday cups to particle physics led to 
the establishment of the Faraday Cup Award [17] that is given every 2 years, “for an 
outstanding contribution to the development of an innovative beam diagnostic 
instrument of proven workability.”

A simple version for measuring charge in solids and liquids is built by mounting 
two concentric pieces of metal tubing, isolated from each other as in Fig. 14.3. The 
inner cylinder of the cup may have its lower end closed to hold solids or liquids, or 
open for flow-through measurements on charged material. The outer cylinder is 
grounded and the inner cylinder is connected to an electrometer for charge measure-
ment but also for potential, current, and other desired measurements, depending on 
the electrometer used. Time-resolved measurements are acquired using the memory 
in the electrometer or by connecting the electrometer output to a data acquisition 
board. Standard equipment allows measurements with resolution in the millisecond 
range.

More complex design has been used in especial cases, as in the measurement of 
excess charge in water samples [18].

Handling of Faraday cups requires utmost care because many surrounding dis-
turbances may add or subtract from the stored charge. The apparatus has to be 
assembled carefully, in a clean environment and it should be grounded prior to use. 
The experimenter should always recall that grounding capacitive systems is never 
instantaneous and the required time for reaching the ground voltage depends on the 
system time constant. Moreover, the experimenter needs to be fully aware about 
how easily charge is produced when any object or liquid contacts any other object. 
Just touching the Faraday cup with any surface may well impart or withdraw charge 
from it. The same happens with dust and aerosol particles.

Fig. 14.3 Different Faraday cup designs. (a) Faraday cup used for aerosol measurements and (b) 
for the measurement of charge on condensed phases, liquid or solid

14.2 Charge Measurement and the Faraday Cup
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14.2.1  Faraday Cups and Hygroelectricity

In principle, any metals can be used to make Faraday cups, but in practice the mea-
surements may be affected by specific adsorption or chemical reaction of some 
contacting substance on the metal surface. Indeed, one of the first evidences of 
water vapor ability to impart charge to a surface was obtained by using Faraday cups 
made of chrome-plated brass, as described in Chap. 6, on hygroelectricity. For this 
reason, metals with low ability for selective adsorption of H+ or OH− ions are pre-
ferred, like copper that does not show significant charge under variable humidity. 
Faraday cups used in highly sensitive instruments are often made out of gold [19], 
or gold plated.

The charge measured in a Faraday cup is actually the algebraic sum of all excess 
charges within the system used. In some cases, a small charge is measured in a 
bipolar system that carries separated particles with positive or negative charges, due 
to mutual cancellation. For instance, when an aerosol flows through a Faraday cup 
and time-resolved charge measurement is made, large positive and negative peaks 
are observed, as shown in Fig. 6.20. However, the charge of the accumulated aerosol 
is the result of cancellation of the separated opposite charges in the aerosol.

14.3  Electric Potential: The Kelvin Probe

Most important recent findings on electrostatics were made possible by the avail-
ability of practical, robust, and precise Kelvin probes and the associated measuring 
circuitry. This technique is named after its inventor [20], and it was perfected [5, 21] 
along the years. Currently, the probe is a vibrating electrode that forms a parallel- 
plate capacitor with the surface that is under examination, following Zisman [21].

The Kelvin Probe is a noninvasive analytical tool extremely sensitive to changes 
in the upper atomic layers of a sample, such as those caused by adsorption, absorp-
tion, deposition, wear, corrosion, and atomic displacement. It can detect less than 
one-thousandth of an adsorbed layer, according to results presented in various chap-
ters in this book.

Even so, surface potential measurements have been often absent from books and 
reviews on surface analysis, with the exception of the colloid and interface scientists 
studying monolayers on liquids [22, 23]. However, they are undergoing an impres-
sive renaissance in this century that was largely stimulated by the Kelvin probe 
force microscopes [24]. Recent progress is due to advances in hardware design and 
signal processing technology that improved the resolution of the instruments. It can 
now be used in many different types of environment, including vacuum. Most rele-
vant for the objectives of this book, the Kelvin probe can be used in almost any labo-
ratory as well built and open air environments, under changing pressure and 
humidity. Improvements have been made to the spatial resolution of this technique 
that is now applied to macroscopic samples with a few-millimeters spatial resolu-
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tion as well as using various modes of the scanning probe microscopes, with a reso-
lution in the 10–30 nm range.

Bibliometric data show the impressive and solid growth of the importance of the 
Kelvin electrode. In a search done on Web of Science in September 2016, using the 
search terms “Kelvin electrode” OR “Kelvin probe” NOT “microscopy” 1120 pub-
lications were reported for all years (1900–2016), growing from 26 in 1997 to 82 in 
2013, the peak year. The number of citations in the same period grew from little 
more than 200 to >2000 in 2016 and the number of average citations per item is 18, 
giving an h-index equal to 64. Main users are in the following areas: materials sci-
ence, applied physics, condensed matter physics, physical chemistry, electrochem-
istry, and related areas.

As for the nanometric scale, the corresponding numbers for the search terms 
“Kelvin electrode” OR “Kelvin probe” AND “microscopy” are: 2030 publications, 
rising from less than 10 in 1997 to 216 in 2016. In the same period, the number of 
citations rose by two orders of magnitude, reaching nearly 5000 in 2015, with 17 
average citations per item, h-index 80. Main users are in the same areas that are 
important for the macroscopic probes but with the addition of “nanoscience and 
nanotechnology.”

Kelvin probes responds to the work function of metals and semiconductors 
including organic conducting polymers. They have provided relevant information in 
sensor research [25] and allowed to understand how a metal oxide gas sensor works 
[26]. Other applications are in the study of organic electroluminescent devices, e.g., 
to understand enhanced carrier injection [27].

Kelvin probe measurements on insulators allow the identification of domains 
with fixed charge, and they are an essential tool for measuring potential and there-
from calculating charge on insulating solids and liquids. These probes held a major 
role in showing the coexistence of domains with opposite charge adjacent to each 
other, in common thermoplastics and rubbers.

Most important, charge measurements made using Kelvin probes show reason-
able agreement with results from Faraday cup measurements. This was experimen-
tally verified by doing the two types of measurements on tribocharged samples of 
polytetrafluoroethylene (PTFE), poli(methyl methacrylate) (PMMA), and polyeth-
ylene, shown in Table 14.1. The two first were charged by shearing with a disc of 
polyethylene foam (PE) while the latter was charged by rolling glass spheres. 
Electrostatic potential maps on each tribocharged sample were determined using a 
macroscopic scanning Kelvin probe, followed by measuring its charge in a Faraday 
cup. The results show that charge obtained by both methods agrees within 10% or 

Table 14.1 Charge measured with a Faraday cup or counting the contribution of all pixels on 
electrostatic maps recorded with a Kelvin probe [28]

Material Faraday cup/Coulomb Superposition principle/Coulomb

PTFE × PE (foam) 5.51 × 10−9 6.01 × 10−9

PMMA × PE (foam) 6.78 × 10−9 6.61 × 10−9

PE (film) × glass beads −3.25 × 10−8 −3.07 × 10−8

14.3 Electric Potential: The Kelvin Probe
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better. This is remarkable, considering that the two measurements are completely 
independent (except for the sample used) and also that the potential measured on 
each pixel in the potential map is an average value.

Usage of the Kelvin electrode is not yet widespread in biomedical sciences, even 
though specialized equipment has been built with this purpose [29]. This is a multi-
tip scanning Kelvin probe, which can measure changes in biological surface poten-
tial ΔV to within 2  mV while monitoring displacement shorter than 1 μm. The 
system permits long-term (>48 h) “active” tracking of the displacement and biopo-
tentials developed along and around a plant shoot in response to an environmental 
stimulus, like differential illumination (phototropism) or changes in orientation 
(gravitropism).

14.3.1  New Developments

New instrumental developments are appearing continuously, and we may expect 
that these will expedite discovery relevant to the whole area of electrostatics. For 
instance, a recent paper [30] reports the implementation of a three-dimensional 
mapping routine for probing solid–liquid interfaces using frequency modulation 
atomic force microscopy. This enables fast and flexible data acquisition of up to 20 
channels simultaneously, and it is extendable to Kelvin probe force microscopy.

Another development that further expands the scope of the Kelvin probe is a 
setup for the measurement of local surface photovoltage spectra within a Kelvin 
microscope operated under ultrahigh vacuum conditions. It allows spectra to be 
recorded as a function of the wavelength of the illuminating light [31].

14.4  Commercially Available Equipment

There are many types of meters suitable for electrostatic measurements and a bigger 
diversity of the names used by different makers. Most suppliers of these instruments 
are specialized companies that are not familiar even to persons involved with instru-
mentation for electrodynamic, electromagnetic, and electrochemical measurements. 
In the following short list, the different instrument designations used by the suppli-
ers are represented, even if they refer to rather similar instruments:

Kelvin probes, vibrating capacitor meters: KP Technology Ltd. (UK); Monroe 
Electronics Inc. (Lyndonville, NY); Trek Inc., (Lockport, NY).

Kelvin probe microscopes: these are supplied as attachments for atomic force 
microscopes, by most companies selling these instruments. In the earlier years of 
this technique, different names where used for essentially the same thing: for 
instance, the Topometrix company called it “scanning electron potential micros-
copy” (SEPM) while Digital used “electric force microscopy” (EFM). For 
Topometrix, EFM was another procedure for measuring charge, not potential.

14 Instrumentation
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Static meters, surface voltmeters, air ion counters: AlphaLab Inc. (Salt Lake 
City, UT); Electro-Tech Systems, Inc. (Glenside, PA); Kasuga Denki Inc. 
(Kanagawa, Japan); Keyence (New Tech Park, Singapore); PCE Instruments UK 
Ltd. (Southampton, UK); Wolfgang Warmbier GmbH & Co. KG (Hilzingen, 
Germany)

Electrostatic locators, detectors, or monitors: LessEMF.com (Latham, NY), Motion 
Industries (Birmingham, AL); Static Clean International (North Billerica MA);

Faraday cups and nanocoulombmeters: Electro-Tech Systems, Inc. (Glenside, 
PA); Monroe Electronics Inc. (Lyndonville, NY); Static Clean International (North 
Billerica, MA);

DC Field meters: (including AC field meters that may operate at low frequencies, 
down to 5 Hz): LessEMF.com (Latham, NY), Monroe Electronics Inc. (Lyndonville, 
NY); PCE Instruments UK Ltd. (Southampton, UK)

Electrostatic safety and control equipment, devices for elimination of static 
charging: Botron Co. (Phoenix, AZ); Exair Co, (Cincinatti, OH), MSC Industrial 
Supply (Melville, NY); Motion Industries (Birmingham, AL); Static Clean 
International (North Billerica, MA); ElectroStatics Inc. (Hatfield, PA).

This list is not intended to be comprehensive and the authors apologize for any 
omissions. This is included in this book with the sole intention to help beginners 
who are not familiar with the suppliers. In the authors’ experience, most of the men-
tioned suppliers are not known to persons who have not done experimental research 
in this area or who are not involved with safety problems, in industry. Moreover, 
these products do not appear in the catalogs of broad scope laboratory equipment 
companies, with very few exceptions.

14.5  Apparatus for Specific Measurements

Many specialized instruments have been developed to answer specific needs of 
experimenters under diverse conditions. This section provides a glimpse on some 
instruments that are especially interesting, for their ingenuity or for the importance 
of results provided by them.

Scientists from the Kennedy Space Center’s Electrostatics and Surface Physics 
Lab at NASA led by Dr. Carlos Calle are developing an electrostatic analyzer called 
Wheel Electrostatic Spectrometer (WES) as a surveying tool to be incorporated 
into a planetary rover wheel [32]. Electrostatic sensors with various cover insula-
tors are embedded into a prototype wheel to analyze how these insulators charge 
against other materials. The sensor cover insulators made of polytetrafluorethylene 
(PTFE – Teflon), poly(methyl methacrylate) (PMMA), glass epoxy laminate (G10), 
and polycarbonate were strategically chosen based on their respective locations in 
the triboelectric series. Since these materials cover the triboelectric series from top 
to bottom, they will charge differently when rolling over the Martian regolith, cre-
ating a charge spectrum [32]. The signal from each sensor head is sent to a one nF 
capacitor and the voltage generated is amplified and sent for analysis [32].

14.5 Apparatus for Specific Measurements
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Another topic that requires special apparatus is the study of the interplay between 
friction and tribocharge. Budakian and Putterman [33] developed their own electro-
static apparatus that basically consists of a metal tip mounted on the end of a canti-
lever, as shown in Fig. 14.4. While the vertical displacement of the cantilever is used 
to apply a normal force, the lateral deflection measures the frictional force. Surface 
charge is evaluated by measuring the capacitance between a metal strip that is 
attached to each cantilever and a grounded metal chopper placed between the back 
of the dielectric sample and a metal plate [33]. These authors measured a charge 
density of 108 unit charges/mm2 on nylon surface, after being scanned by a graphite 
tip, showing a strong correlation between macroscopic friction and triboelectrifica-
tion of materials.

An important feature of tribological experiments, which is seldom used to inves-
tigate the triboelectrification of materials, is the flow of charged species at the inter-
face, called tribocurrent [34, 35]. This small electric current between two surfaces 
under relative motion is the result of the different electron work functions for metal–
metal interfaces and of complex mechanisms for metal–insulator and insulator–
insulator interfaces.

Burgo and Erdemir used a ball-on-disk friction test geometry to record the mac-
roscopic friction force and simultaneously measure the current generated at the 
metal–insulator interface [36]. As schematically shown in Fig. 14.5a, friction and 
tribocurrent experiments were conducted on a CSM high vacuum tribometer with a 
ball-on-disk contact geometry with a Keithley (6514) electrometer attached. The 
CSM tribometer metal chamber acts as a Faraday cage, preventing disturbances due 

Fig. 14.4 Cantilever and integrated charge measurement apparatus. Reprinted with permission 
from Ref. [33]
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to external electrical fields. The apparatus records both friction force and tribocurrent, 
under different conditions of load and speed [36] and the results show that friction 
force fluctuations (stick-slip) and bipolar charging events at metal–insulator 
interfaces are simultaneous (Fig. 14.5b). During random events of force maxima, 
charges are exchanged in both directions, from the metal to the insulator and in the 
opposite direction. The magnitude of charged species exchanged across the inter-
face is highly dependent on the surrounding atmosphere. Besides, mechanical con-
tact increases the pull-off force fifteen-fold, producing a resilient electrostatic 
adhesion [36].

Whitesides’ group at Harvard developed many special tools for studying con-
tact electrification at metal–insulator interfaces. In 2003, they described an ana-
lytical system for in situ measurement of the charge developed by contact 
electrification when a ferromagnetic sphere rolls on the surface of a polymer [37]. 
This apparatus yields data on polymer surface charging by contact electrification 
and its kinetics, but without physical contact between the charged sphere and the 
measuring electrode [37].

Atmospheric Pressure Interface Time-of-Flight Mass Spectrometer (APi-TOF, 
Tofwerk AG) is a representative of instruments designed to measure atmospheric 
ion composition. The APi-TOF consists of a time-of-flight mass spectrometer (TOF) 
coupled to an atmospheric pressure interface (APi) that drives ions from atmo-
spheric pressure to the TOF while pumping away the gas. The APi should not be 
confused with atmospheric pressure ionization, as the APi-TOF does not by default 
contain any ionization method. The apparatus measures atmospherically relevant 
compounds, such as charged (H2SO4)m(NH3)nHSO4

− clusters, in the laboratory and 
in the environment [38].

Fig. 14.5 (a) Simultaneous measurement of the tribocurrent and macroscopic friction force using 
the ball-on-disc geometry. (b) Friction force fluctuations and tribocurrent generation at the metal–
PTFE interface. Reprinted with permission from Ref. [36]

14.5 Apparatus for Specific Measurements
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14.6  Conclusion

There is now a large number of instruments for measuring electrostatic charge, 
potential and associated magnitudes but these are still not familiar to researchers in 
many areas and even to students. Their presentation to science and engineering 
students is necessary, contributing to spread up-to-date ideas on electrostatic phe-
nomena. Beyond, new developments are needed and any new procedures that pro-
vide faster, more accurate, and precise measurements covering broader ranges of 
charge and potential in different systems will certainly contribute to new important 
findings.

As a special note, equipment for electrostatic safety monitoring and risk abate-
ment should become more widespread to avoid the persistent accidents and disas-
ters originated from electrostatic charging.
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15.1  Current Situation

The latter 20 years witnessed unexpected experimental results acquired using new, 
powerful instrumentation. Efforts to understand these results gave birth to original 
views on electrostatic phenomena that have been successfully verified, creating a 
consistent but complex conceptual framework. Relevant new information has been 
contributed by many disciplines engaged in the study of matter and life, from atmo-
spheric science to biosciences, passing through chemistry, physics and every branch 
of engineering.

The distance between the current position of electrostatics and its status less than 
one century ago may be assessed by checking some key words in well-known refer-
ence books. For instance, the index of the classic “Static and Dynamic Electricity” 
book by W. R. Smythe, whose third edition was published in 1968 [1], does not 
carry some keywords that now appear frequently in the literature on electrostatic 
phenomena. A few examples are: ions, atmospheric electricity, and electrostatic dis-
charge. In the preface to the first edition, this author states that all developments 
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presented in his book are based on “macroscopic experimental facts rather than on 
hypothetical microscopic structure of conductors and dielectrics.” One of the justi-
fications given by him is: “...the development of the most satisfactory theories, those 
based on wave mechanics, require mathematical technique with which we have 
assumed the reader to be unfamiliar when starting this book...”. These statements 
allow the reader to understand why electrostatics did not quite evolve during most 
of the twentieth century: lack of progress was due to the then prevalent ideas on the 
power of quantum mechanics to bring theoretical solutions to most problems of 
physics and all of chemistry. Of course, the achievements of quantum mechanics 
have been impressive but it did not play a significant role in the recent development 
of electrostatics. This is not surprising: it is just another demonstration of the limita-
tions of its predictive power [2].

Indeed, recent progress in electrostatics has been strongly dependent on leaving 
behind widespread but unproven ideas. One is electroneutrality of common matter 
and pure substances, another is that charging phenomena are always the outcomes 
of electron transfer or still, as explained in the previous paragraph, the capabilities 
of quantum mechanics as a source of explanation and eventually of valid predictions 
for every phenomena involving atoms and molecules.

The current picture may look displeasing to many persons because it does not 
derive from any broad, general, presumably elegant theory. Quite the opposite, look-
ing at electrostatics is currently more or less like looking at the rain forest: at a dis-
tance, it appears as a seemingly uniform mass. As we approach it we see more and 
more diversified entities that interact intensely. Still closer approach shows entities 
with complex subdivisions within a myriad of new ones. Moreover, the phenomeno-
logical status of electrostatics is also unpleasant to theory-oriented researchers, 
but the present authors prefer sound and useful phenomenology to beautiful but 
misleading theory.

Established theory and time-honored mathematical treatments like Coulomb 
equation, Poisson and Poisson–Boltzmann equation maintain enormous importance 
and current computational capabilities allow their growing use under many circum-
stances. However, the Poisson–Boltzmann equation is not always applicable, 
because real electrified systems are always jumping from one to another non- 
equilibrium situation. They involve high-energy species that may change fast or 
may remain trapped indefinitely, depending on the nature, properties and dynamics 
of the surrounding environments.

Thermodynamic arguments are extremely helpful pointing out trends and revealing 
driving forces for the transformation of electrified systems but again, these often 
take place under nonthermalized conditions. Thus, thermodynamic methods may 
predict final states but omitting important intermediary steps.

Deterministic chaos is obviously frequent in electrostatic phenomena but only 
two regimes are familiar to most persons. One is the steady-state observed under 
low values of the electric potential and electric field (that are the driving forces) and 
the other is violent electrostatic discharge. Intermediate transitions and oscillatory 
regimes in electrostatic systems have been discovered but only in the limited context 
of instabilities in microelectromechanical systems, MEMS [3–5].

15 Perspectives
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Electric oscillations are well-known in electrochemical systems [6] and it is 
likely that spatial and temporal oscillations of the overall electrostatic potential of 
the system are also present, in phenomena like the formation of Liesegang rings and 
Belousov–Zhabotinsky reaction. Chaotic electric discharge was observed during the 
slip-stick peeling of adhesive tape [7] and we may expect to observe oscillations and 
chaotic behavior in any related system like, from instance, water dripping from a 
faucet.

Concerning atmospheric electricity, it is now clear that it is largely produced 
within the atmosphere itself, by complex interfacial phenomena that have been rep-
licated in the laboratory but still in a limited scale. There are now some explanations 
for many phenomena of atmospheric electricity but we still fall short of reaching 
two objectives: a viable technology to scavenge energy from the atmosphere and 
full protection from lightning.

A bright side in the current status of electrostatics is the convergence of conclu-
sions drawn by researchers with highly different background and perspectives. 
An example is the participation of ionic species in electrostatic charge build-up 
and dissipation, another is the importance of interfacial phenomena in charge 
separation.

The role of the atmosphere as a charge reservoir and a medium for charge trans-
fer coupled to mass transfer is not yet widely acknowledged. Another idea that is 
still restricted to surface scientists and engineers is the potential difference between 
surfaces of condensed matter and the corresponding bulk phases.

Based on the previous paragraphs, the authors can make suggestions of topics of 
special interest for those acquiring an interest in this area. Three helpful but not so 
common topics are: surface science, mechanochemistry/high-energy chemistry and 
chaos theory or dynamic systems. It seems that knowledge in these areas will continue 
to play an essential role in the present phase of electrostatics.

Beyond, the ability to create new instruments has been invaluable, not only 
complex lab machinery but also relatively simple instruments that provide 
robust results. Some new instruments produce huge amounts of data, but this is 
not a serious problem in the present age of big-data research. Building instru-
ment networks for monitoring, for instance, atmospheric or ground electric 
fields for disaster prevention will also produce big-data and perhaps useful 
 conclusions therefrom.

15.2  Fast-Moving Topics

Some research areas related to electrostatics currently show extraordinary activity 
and they will probably benefit from new basic or fundamental findings. On the 
other hand, they will probably also reveal intriguing phenomena spurring basic 
investigation.

15.2 Fast-Moving Topics
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15.2.1  Scavenging Energy from the Environment

Energy scavenging is a topic of great current interest, for many reasons. This is 
partly due to the success of photovoltaics that nowadays materializes the vision of 
distributed power generation done on the roofs and windows of houses.

An important driving force for energy scavenging is the need to power autonomous 
sensors that currently play an ever-increasing role in the environmental, structural, 
and medical fields. Autonomous energy systems enable measurements in hardly 
accessible, harsh or hermetic natural or artificial environments including corrosive 
conditions. Sensing strategies, communication techniques and power  management 
have been discussed in the literature, as well as the design guidelines for practical 
systems and proposals for applications [8, 9].

Water droplet ability to acquire and store charge has already been used to build a 
microfluidic energy scavenging device [10], but collecting energy from cloud and 
storm electricity does not yet appear in the literature.

Piezo and triboelectric transducers are the most frequently used for energy 
scavenging and they have now reached the nanoscale [11]. Other different types 
have been described, as for instance: a dielectric elastomeric generator (DEG) [12], 
another based on electrostrictive polymers with electrets [13] and electrostatic 
converters of mechanical energy derived from radioisotope decay [14].

15.2.2  Energy Scavenging and Human Health Care

Power supplies based on energy scavenging are attractive alternatives to batteries 
used in implantable devices inside the human body, whenever it is impossible to use 
wires. They are also used to power body sensor networks [15] and wearable devices 
[16–18] whose dissemination will probably grow considerably.

15.3  New Perspectives

15.3.1  Electrostatics, Chaos and Disaster Prevention

A complicating factor in ESD prevention is the possibility to have chaotic- deterministic 
phenomena taking place under different situations. Reports on oscillation and chaotic 
behavior in systems subjected to electrostatic forces where previously mentioned in 
this chapter.

The early Kelvin measurements on atmospheric electricity already showed that 
the atmospheric electric field is a highly variable quantity on different timescales 
[19] that is suggestive of a fractal behavior. Field mill measurements are currently 
used to produce time series that contributed to the identification of maximum electric 

15 Perspectives
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field mill values as a lightning predictor that contributes skill in forecasting the 
occurrence of lightning [20]. Interestingly, three of four predictors identified are 
sensitive to moisture, whose role in charge build-up in various systems was presented 
in Chap. 6 and other parts of this book.

15.3.2  Electrophysiology and Electrotherapy

This book is certainly not the place to review this topic but it is not possible to evade 
the following questions: why aren’t procedures based on supplying electricity to living 
bodies commonplace? Why do they appear to be so irrelevant, compared to proce-
dures based on drugs? This question arises because electricity plays crucial roles in 
living bodies and thus we could expect it to be the basis for some therapies.

Judging from the scientific literature databases, electrophysiology is a mature 
scientific discipline. However, electrotherapy is often quoted as ineffective and its 
use is not recommended in medical papers that are highly cited in the literature 
[21–23]. On the other hand, meta-analysis of research on its effectiveness in some 
conditions shows positive results [24], but cautiously.

The greatest success in the medical use of electricity seems to be the pacemakers 
[25] whose scope is being enlarged, following the authors of Reference [18]: “In the 
21st century pacemaker developments are no longer solely about reducing mortality 
but improving morbidity.” Perhaps, some analogues to the pacemaker will be 
created, thanks to the recent learnings on electrical patterns and on the electrical 
properties of water as an active agent is the production of electricity and its storage.

15.3.3  X-Ray Sources

Triboelectric production of X-Rays progressed quickly from the basic experiments 
[7] to the first portable XRFluorescence analyzer, named Watson®. According to 
information disclosed by the company that has been developing this technology, this 
is the lowest cost XRF instrument on the market [26] and it has performed well in 
application tests. Success along this line will probably stimulate research on other 
practical applications, in triboluminescence and related areas.

15.4  Dissemination

New science becomes important when it is disseminated and is part of the education 
of engineers, researchers and the lay men.

Throughout this book, reference has been made to papers dating from many 
decades with important conclusions opposite to some prevailing paradigms. 
Unfortunately, much of this information was largely ignored.

15.4 Dissemination
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For this reason, a great effort should be made to examine critically the new infor-
mation and the new electrostatic paradigms, followed by the dissemination of those 
that are validated. Doing this will spread a richer view on the material world 
 followed by new tools, techniques and products that will make human life safer and 
will probably contribute to sustainability.
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