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ABSTRACT 

 
The electrostatic beneficiation of coal is based on tribo-charging characteristics of ash 
forming minerals and coal particles. The tribo-charging of quartz and coal particles contacted 
with various metals and polymer materials have been measured and the charge acquisition is 
assessed through surface energy calculations from liquid contact angle data. The contact 
angles, before and after tribo-charging of solids, are measured using Krüss tensiometer and 
Washburn’s equation where the sample holders in tensiometer are specially constructed with 
tribo-charger materials.   
 
The charge polarity and amount of charge acquired by quartz and carbon with metal tribo-
chargers were found in good agreement with the reported work functions of the contacting 
surfaces. The charge results with polymer materials differed from the work function values, 
presumably caused by surface contamination. The surface energy of quartz calculated by all 
the theoretical approaches in the literature showed that the tribo-charging increases the 
surface energy. Both polar and non-polar components computed from Fowkes and Owens-
Wendt-Rabel-Kaelble approaches display that both these components increased after tribo-
electrification. However, the polar component divided into acid and base components, as in 
van Oss approach, manifest decreasing acid part and increasing base part. Since quartz 
charged negatively during tribo-charging with metal surfaces and therefore accepted 
electrons, the determined acid-base surface energy components are consistent with charge 
transfer process. The results also elucidate an explicit correlation between the charges 
generated by powders and the surface acceptor (acid) and donor (base) electronic states and 
thereby the work functions.  

 

1. Introduction 

Dry beneficiation of coal has not gained wide popularity in coal industry, although it is 
applied for large variety of bulk materials. The dry processing of coal is principally based on 
differences in density and surface properties between inorganic mineral impurities and 
organic coal. In recent years, the differences in electrostatic behaviour have been exploited 
but not achieved commercial status in the coal beneficiation industry (Hower et al., 1997).  
 
In recent years, there has been a broad understanding that electron transfer during frictional 
charging is due to surface properties rather than bulk properties and the amount and polarity 
of charge transfer between two dissimilar materials was controlled partly by the surface 
chemistry (Ruckdeschel and Hunter, 1975; Trigwell, 2003; Trigwell et al., 2003a; Sharma et 
al., 2004; Mazumder et al., 2006). The ability of particles to donate or accept an electron is an 
inherent property of the particles based on their work function and physical form and it is 
logical to believe that there must be an underlying tendency for a material to charge which is a 
consequence of its surface energetic electron donating/electron accepting properties.  
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Accordingly, contact electrification is also explained as acid-base interactions between 
surfaces involving protons in the case of Bronsted acids-bases or electrons in the case of 
Lewis acids-bases. The acid-base interactions associate charge rearrangement at the interface 
and when the interacting surfaces are abruptly separated, some fraction of the charge may 
remain on the surface. The surface acidity and basicity are thus related to surface acceptor and 
donor electronic states and thereby to work functions. The work functions of metals can be 
easily determined reliably (Horn et al. 1993) but they are not established for insulating 
materials. The published work function values for the same material varied (Horn et al. 1993) 
because of different surface states caused by impurities, crystal imperfections, defects, etc. 
Despite the fact that the surface physico-chemical properties will influence the extent of 
charging, the characterization of surface energetic electron donating/electron receptor 
properties before and after contact charging has not been illustrated till date, primarily due to 
the lack of standard instrumentation and procedures for quantifying contact charging. 
However, Ahfat et al. (2000) investigated on the electron donating-accepting tendencies of 
pharmaceutical powders using Inverse Gas Chromatography (IGC) and tribo-electric studies, 
and suggested that a correlation may exist between charges generated by powders and the 
acid-basic parameter determined by IGC. Several authors have quantified the acid-base 
character of mineral surfaces by solvatochemistry (Nemeth et al. 2003), Zeta potential (Labib 
and Williams 1984,1986), IGC (Ahfat et al. (2000), liquid contact angles (Janczuk et al. 1992, 
Karaguzel et al., 2005), etc. but no studies have been reported on the changes in surface acid-
base properties after tribo-electrification.  
 
The aim of the present work is, therefore, to understand and quantify the surface energetic 
structure of solids, in terms of acidity and/or basicity, before and after tribo-electrification, 
and thereby to correlate the electron transfer to that of the underlying tribo-electric charging 
process. In the present work, the liquid contact angles on solids are measured using Krüss 
Tensiometer K100 and Washburn equation (Washburn 1921) while the solids surface energy 
and its polar and non-polar components of surface energy and the polar component split into 
acid and base components of surface energy are calculated with the measured contact angle 
data following the theoretical approaches reported in the literature. The adopted methodology 
for determining the solids liquid contact angle after contact electrification is described later in 
the experimental section.  
 

2. Experimental 

2.1. Materials  

Pure crystalline quartz sample was obtained from Mavior S.A., Greece. The chemical analysis 
showed that the sample purity was more than 99%. The sample was crushed and ground in an 
agate mortar. The mean diameter of 104 µm obtained was used for contact electrification and 
contact angle measurements. The pure carbon powder used in contact charging experiments 
was from Merck KGaA, Germany. The standard polar liquids of water and formamide, and 
apolar liquids of n-hexane and 1-bromonaphthalene were used to measure the contact angles 
on quartz and carbon powders. The surface energy parameters (mN/m) of these standard 
liquids are presented in Table 1.  
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Table 1. Physical and surface properties of test liquid used as absorbent for capillary constant and 
contact angle measurement 
 

Liquid Density,g/cm3 Viscosity, 
mPa.s 

Surface 
tension, 
mN/m 

Disperse 
part, mN/m 

Polar 
Part, 
mN/m 

Acid 
part, 
mN/m 

Base 
part, 
mN/m  

n-hexane 0.661 0.326 18.4 18.4 0 0 0 
Water 0.998 1.002 72.8 21.8 51.0 25,5 25,5 
Formamide 1.133 3.607 58.0 39.0 19.0 2.3 39.6 
1-Bromo 
Napthalene 

1.483 5.107 44.4 44.4 0 0 0 

  

2.2. Tribo-electrification and charge measurement 

The effect of tribo-charger material on charge acquisition by quartz and carbon was studied 
using a cylindrical rotating drum of 0.095 m diameter and length where the inside lining can 
be replaced by copper, brass, steel, aluminium, teflon, perspex and PVC materials. A 5 g of 
mineral or carbon particles are tribo-charged for a fixed time interval and after contact 
charging, the particles charge polarity and magnitude were measured by Faraday cup 
connected to Keithley electrometer.  
 

2.3. Dynamic contact angle measurement  

The powder surfaces accept or donate electrons during contact electrification based on their 
work function which is eventually increase or decrease the Lewis acid (electron acceptor) or 
base (electron donor) properties of the powder. Therefore any system by which the change in 
acid-base properties of the solids can be measured immediately after contact electrification 
will give a significant understanding of the charge characteristics of the solids with the 
particular charging medium.  

The Washburn (1921) method was used to determine the liquid contact angle on 
powders. Essentially, the Washburn equation defines the liquid flow through a capillary and it 
is given as  

η
θγρ cos... 22

Lc
t

m
=                     (16) 

where, m  is the weight of the penetrating liquid, Lγ  is the surface tension of the liquid, ρ  is 
the density of measuring liquid, η  is the viscosity of liquid, t  is the time, θ  is the contact 
angle and c  is a material constant which is dependent on the porous architect of the solid. In 
the above equation, Lγ , ρ  and η are the constants. The mass of porous solid which rises into 
the porous solid can be monitored as a function of time and can be plotted t  versus 2m . The 
contact angle of the liquid on the solid,θ , and the solid material constant, c , are the two 
unknowns in the equation. If a Washburn experiment is performed with a liquid which is 
known to have contact angle of θ  = 0o (cosθ  = 1) on the solid, then the solid material 
constant is the only remaining unknown in the equation and can thus be determined. 
Therefore, the constant c  is determined with an extra measurement before the first real 
measurement by using a non polar liquid like n-hexane with low surface tension (18.4 MN/m) 
which wets the surface completely. 
 
The Krüss K100 tensiometer was used for determining the liquid contact angle on solid 
powder which incorporates the Washburn method. The powder to be measured was filled into 
a glass tube with a filter paper base and is suspended from the balance. The filter paper 



 44

prevents the powder from leaking out the bottom of cell. After the vessel had contacted the 
liquid, the speed at which the liquid rises through the bulk powder was measured by recording 
the increase in weight as a function of time. The contact angle, θ, was then calculated using 
Washburn’s equation. The tube sample holder used in the analytical system gave us a very 
good convenience to tribo-charge the mineral powder before measuring the contact angle. In 
the present investigation, a known amount of weighed powder was filled in the sample vessel 
and powder was tribo-charged by shaking for fixed time. After tribo-charging the powder, the 
vessel was suspended from the balance for contact angle measurement of powder. Copper, 
brass and aluminium sample holders were fabricated locally with the same dimensions as that 
of the glass sample holder of Krüss tensiometer as shown in Fig. 1.  

 

 
Fig.1. Sample holder made up of aluminium, brass, copper and glass 

Using these sample holders, the effect of tribo-charging medium on acid-base properties of 
quartz sample was studied. The n-hexane liquid on carbon observed to have finite contact 
angle and it became difficult to determine liquid contact angles on carbon particles. 
Obviously, it requires further low surface tension liquid than n-hexane to determine the 
constant c, in Washburn equation.  
 
Surface energy measurement of powder was a two step technique viz. capillary constant and 
contact angle measurement. To study the surface energy of mineral without contact 
electrification, 1 g of mineral powder was weighed and introduced into the glass sample 
vessel against the fritted glass filter and tapped for 10 times for uniform packing and with 
practice reproducible packing had been generated for each successive experiment. After 
tapping, the sample vessel was placed with the balance of tensiometer and allowed to touch 
the surface of a 25 ml of n-hexane liquid for the measurement of packing factor or capillary 
constant of the mineral by giving necessary command to the Labdesk 3.1 software. The 
capillary constant was measured 4 to 5 times and an average value has been used to determine 
the contact angle of liquid on mineral powder.  The surface energy of mineral after contact 
electrification with metal was studied similarly but using the metal sample holder. In this 
case, the sample holder tube was covered on both sides with the metal plates of the same 
material and tribo-charged by shaking continuously for 40 sec. After charging, the metal 
plates were carefully removed and the filter holder was placed at the bottom of metal tube and 
suspended the sample holder from the balance. Similar steps were followed to determine the 
capillary constant and contact angle with different liquids. Each experiment is performed 4 to 
5 times and the results are found to be very much reproducible. The metal tube sample holder 
was thoroughly cleaned with deionised water, dried and polished with sand paper after each 
experiment to avoid any contamination of the metal surface due to oxidation or test liquids.  
 
After determining the contact angles of test liquids on quartz powder, before and after contact 
electrification with chosen materials, the total surface energy, the polar and non-polar 

Aluminium                  Brass                      Copper          Filter holder    Glass 
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components of surface energy and the division of polar component to acid and base 
components of surface energy were determined following the theoretical approaches 
presented above.  
 
3. Results and discussion 

3.1. Tribo-charging studies 

The charge acquisition of quartz and carbon powders after contact electrification with 
different tribo-charging media was studied initially. The size distribution of these materials 
showed a particle mean diameter of 104 and 85 µm for quartz and carbon respectively. The 
magnitude of charge and polarity acquired by quartz and carbon after contact electrification 
with different tribo-charger materials as a function of tribo-charging time are presented in 
Figs. 2 and 3 respectively. The results show that quartz was negatively charged with copper, 
brass, aluminium, steel, copper, PVC, teflon and perspex materials. As shown in Fig. 3, the 
carbon was charged positively with copper, brass and aluminium whereas it charged 
negatively with perspex, PVC and teflon. In general, these results in Fig. 2 are in good 
agreement with the reported work function values of quartz, 5.4 eV (Kim et al., 1997); 
perspex, 2.7 eV (Ciccu and Foreman, 1968);  brass, 4.28 eV (Michaelson, 1977 ); copper, 
4.38 eV (Inculet, 1984); PVC, 4.85 eV (Davies, 1969); PTFE or teflon, 5.75 eV (Trigwell et 
al., 2003). The only discrepancy is with teflon where quartz is expected to charge positively 
based on work functions. The magnitude of negative charge acquisition for quartz increases 
with contact time until 40 sec and above which it displays either a decrease or nearly the same 
value. This suggests that 40 sec contact time is required for all the particles in powder sample 
to come in contact with the cylindrical tribo-charger material. In the case of teflon, a 
continuous increase in negative charge is observed.  
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Fig. 2. Influence of tribo-charging time on 
charge acquisition by quartz particles. 
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Fig. 3. Influence of tribo-charging time on 
charge acquisition by carbon particles.

A value of 4.0 eV was reported as the work function of carbon (Kim et al., 1997). Based on 
this value, the amount and charge polarity transferred between carbon and tribo-charger 
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materials presented in Fig. 3 are in good agreement where carbon charged positively with 
copper, brass and aluminium and negatively by perspex. However, with PVC and teflon, the 
carbon charged negatively contradicting the work functions where it is expected to charge 
positively. Furthermore, the amount of negative charge decreased with increasing contact time 
with these two tribo-charger materials. In general, the charge development by quartz and 
carbon materials contacting with metals followed the work function values but serious 
disturbances are observed with organic polymer based tribo-charger materials.      
 
The work functions of the materials reported in the literature by XPS measurements are 
mostly in high vacuum conditions and the few studies where the work functions are measured 
in ambient conditions in air by UV photoelectron spectroscopy are differed (Trigwell et al. 
2001). The magnitude and polarity of charge transfer for dissimilar materials of metals and 
polymers depend on the surface composition and the work functions reported by researchers 
for the same material are varied. This could be due to the surface contamination and 
oxidation. In the case of metals, the work function tended to a smaller increase for higher 
levels of contamination whereas a small deviation in surface composition of polymer caused a 
large increase in the work function (Mazumder et al., 2006). This explains the present 
observed deviations of the charge polarity when quartz and carbon are tribo-charged with 
polymeric materials. In particular, the carbon was found to adhere strongly to organic polymer 
materials and became difficult to create virgin surface after each experiment. 
 
The difference in the relative work functions of the particles and the contacting surface 
determines the amount of charge transfer. Accordingly, greater the work function difference, 
higher is the charge transfer and charge acquisition. The magnitude of charge acquired by 
quartz follows the trend of work function differences from brass to PVC as shown in Fig. 4. 
However, it is clear that the charge acquisition with teflon and perspex deviated the work 
function sequence. The amount of positive charge acquired by carbon also followed the 
sequence of metallic brass, aluminium and copper materials and as well the negative charge 
attainment by perspex as shown in Fig. 5. However, with the PVC and teflon polymeric 
materials, the charge transfer is against the work function values and carbon acquired negative 
charge in stead of positive charge. The anomalies with polymeric materials could be due to 
surface contamination as explained earlier. While disregarding these few discrepancies, the 
results illustrates that the charge polarity and deflection of particles in an electric field can be 
predicted with the knowledge of the two contacting surfaces work functions. On the other 
hand, if the charge polarities and the charge magnitudes of contact materials were measured, 
the relative work functions could be predicted (Li et al., 1999).  
 
Different researchers (Inculet, 1984) suggested that the work functions not only depend on the 
materials but also on the condition of surface state (e.g. oxide layers, moisture level, surface 
contamination etc.), which emphasises the different work functions reported for the same 
material. The work functions of many materials are not available and evaluation of their work 
functions is necessary for practical purposes.  
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Fig. 4. Influence of tribo-charging media and 
charging time on charge acquisition by quartz 
particles. 
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Fig. 5. Influence of tribo-charging media and 
charging time on charge acquisition by carbon 
particles. 

 

3.2. Surface energetic structure of quartz before and after tribo-charging 

The effect of tribo-charging on quartz surface characteristics has been studied by determining 
the liquid contact angles on quartz powder using Washburn technique. Initially, the capillary 
constant was determined by n-hexane sorption measurements. The quartz sample is placed in 
glass sample holder and sorption of n-hexane was measured without contact charging between 
glass wall and particles. The contact angles of test liquids on quartz powder were measured 
similarly in glass sample holder and these values are considered as the results before tribo-
electrification. In the case of copper, brass and aluminium sample holders, the quartz sample 
was intensively contacted with the walls of the sample vessel for contact electrification before 
the sorption of test liquids is measured. 
 
Fig. 6 shows the experimental results of capillary penetration of n-hexane through the quartz 
powder bed as the square of the weight gained, w2, against the time spent from the beginning 
of the processes, t. Several runs of n-hexane sorption were made in each of the glass, copper, 
brass and aluminium sample holders. The results obtained in glass and copper sample holders 
are only presented in this figure. It can be seen that there is a good reproducibility of results 
and the curves display the same slope or same rate of sorption, w2/t, in a particular sample 
holder. 
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Fig. 6. Effect of tribo-charging on absorption of n-hexane for determining the capillary constant.   

However, the sorption rate of n-hexane is greater in glass vessel than the copper vessel. The 
measured capillary constants of quartz powder without charging and after tribo-electrification 
are presented in Table 2. The capillary constants in glass, copper, aluminium and brass sample 
holders determined to be 3.0755E-5, 2.8015E-05, 2.8229E-05 and 2.7793E-05 cm5 and these 
values are respectively used to determine the contact angles of test liquids.   
 
Table 2. Contact angle of test liquids on quartz powder at different sample holder materials 
 

Sample holder Capillary constant, C, cm5 Test liquids Contact angle 
n-hexane 0 
Water 38.24± 2.27 
Formamide   3.43± 1.18 

Glass 3.0755E-05 

I-Bromonapthalene 51.87± 1.11 
n-hexane 0 
Water 28.58± 0.49 
Formamide   5.18± 0.52 

Copper 2.8015E-05 

I-Bromonaphthalene 44.54± 0.58 
n-hexane 0 
Water 27.04± 1.48 
Formamide   4.52± 1.48 

Aluminium 2.8229E-05  

I-Bromonaphthalene   43.6± 2.13 
n-hexane 0 
Water 24.62± 1.19 
Formamide   4.75± 2.57 

 Brass 2.7793E-05 

I-Bromonaphthalene 37.88± 2.95 
 
The effect of tribo-charging medium on contact angles of quartz with different test liquids is 
shown in Table 2. The mean contact angle from different runs of a specific liquid is presented 
here. For example, the contact angles calculated for quartz with water as polar test liquid with 
glass sample vessel for different runs are 35.97o, 37.08o, 37.90o, 40.52o; with copper sample 
vessel are 28.09o, 28.25o, 28.09o, 29.01o; with aluminium sample vessel are 25.52o, 25.98o, 
27.82o, 28.52o and with brass sample vessel are 23.42o, 24.37o, 24.87o, 25.80o. These values 
show the consistency in the measurements and good reproducibility of results. The water 
contact angle on quartz is decreasing after tribo-charging and the trend is following in the 
order of glass (without charging), copper, aluminium and brass. Similar trend has also been 
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observed with 1-bromonapthalene and formamide. This suggests that tribo-electrification 
leads to a change in quartz surface characteristics. The decreasing order of water contact angle 
with glass, copper, aluminium and brass is consistent with the trend of the amount of negative 
charge acquisition after tribo-electrification with these materials. The increase in surface 
polarity decreased the water contact angle which is anticipated due to enhanced polar 
interactions between water and quartz surface.   
 
To obtain more detailed information about the surface energetic structure of quartz before and 
after tribo-charging, the surface energy is calculated with the contact angle data. The Fowkes 
equation (Fowkes, 1964) calculates the non-polar and polar components of surface energy but 
it is imperative to calculate the dispersive part first using the non-polar liquid contact angle. 
Accordingly the dispersive part is calculated first using 1–bromonapthalene contact angle and 
then the polar part using both the water and formamide contact angles separately. The 
calculated total surface energies and, polar and non-polar parts, before and after tribo-
charging, are presented in Table 3. The total surface energies increased after tribo-
electrification and the increase follows the work function differences between the tribo-
charger materials and quartz. The surface energies calculated with formamide contact angle 
are slightly lower compared to water contact angle and moreover, the increase in surface 
energy is seen only with brass tribo-charging. When water contact angle is used, both the 
polar and non-polar parts increased after tribo-electrification and in the case of formamide 
contact angle, the polar part was seen to decrease after tribo-charging and the decrease once 
again followed the work functions difference of the contacting surfaces. The formamide 
surface energy observed to be close to the quartz surface energy and the measured contact 
angles were in fact 3 to 50. The increase in surface energy corroborates the acquisition of 
negative charge during tribo-charging of quartz with metals.      
 
Table. 3. Surface energy of quartz before and after tribo-charging using Fowkes equation approach. 
 
Mineral/charging 
material 

Test liquid Surface free 
energy, mN/m 

Disperse 
part, mN/m 

Polar part, 
mN/m 

Water/1-Bromonapthalene 60.56 30.29 30.27 Quartz before tribo-
charging Formamide/1-Bromonapthalene 58.73 30.29 28.44 

Water/1- Bromonapthalene 66.59 32.27 34.32 Quartz tribo-charging 
with Copper Formamide/1-Bromonapthalene 58.70 32.27 26.43 

Water/1-Bromonapthalene 67.49 32.69 34.80 Quartz tribo-charging 
with Aluminium Formamide/1-Bromonapthalene 58.63 32.69 25.94 

Water/1-Bromonapthalene 69.45 35.22 34.23 Quartz tribo-charging 
with Brass Formamide/1-Bromonapthalene 59.24 35.22 24.02 
 
Likewise Fowkes, the Owens/Wendt (Owens & Wendt, 1969) envisioned the surface energy 
of a solid as being comprised of two components, a dispersive component and a polar 
component. The mathematical formulation leads to a linear equation where the slope of the 
line is used to calculate the polar component of the surface energy of the solid and the 
intercept is used to calculate the dispersive component of the surface energy. Although a 
series of probe liquids contact angle data are needed to obtain best fit linear line, the surface 
energy and the polar and non-polar components are calculated with the measured three liquids 
contact angle data. The calculated surface energy values are presented in Table 4, which 
display similar response to tribo-charging as in Fowkes approach. The quartz surface energy 
increases with tribo-charging and the increase followed the work functions difference of the 
contacting surfaces. Both the polar and non-polar components of the surface energy was seen 
to increase after tribo-charging.   
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Table 4. Surface energy of quartz before and after tribo-charging using Owens-Wendt-Rabel-Kaelble 
equation.  
 
Mineral/charging 
material 

Test liquid Surface 
free 
energy, 
mN/m 

Disperse part, 
mN/m 

Polar part, 
mN/m 

Water/1-Bromonapthalene 60.12 29.03 31.09 
Formamide/1-Bromonapthalene 60.10 29.03 31.07 
Water/Formamide 60.11 29.03 31.11 

Quartz before 
tribo-charging 

Water/Formamide/1- Bromonapthalene 60.12 29.03 31.09 
Water/1-Bromonapthalene 66.69 32.56 34.13 
Formamide/1-Bromonapthalene 58.60 32.56 26.03 
Water/Formamide 64.40 22.63 41.77 

Quartz tribo-
charging with 
Copper 

Water/Formamide/1-Bromonapthalene 64.55 30.15 34.39 
Water/1/Bromonapthalene 67.58 32.99 34.59 
Formamide/1-Bromonapthalene 58.55 32.99 25.56 
Water/Formamide 65.16 21.94 43.21 

Quartz tribo-
charging with 
Aluminium 

Water/Formamide/1-Bromonapthalene 65.55 31.03 34.52 
Water/1/Bromonapthalene 69.55 35.51 34.04 
Formamide/1-Bromonapthalene 58.01 35.51 22.49 
Water/Formamide 66.34 20.78 45.57 

Quartz tribo-
charging with 
Brass 

Water/Formamide/1-Bromonapthalene 66.78 32.83 33.95 
  

The non-polar and polar components contribution to surface energy, and the polar part 
subdivided to acid and base components are calculated with the measured test liquids contact 
angles while following the van Oss theory of acid-base (van Oss et al., 1986). The results of 
surface free energy and its dispersive, polar, acid and base components are summarised in 
Table 5. It can be seen that the surface free energy and dispersive component of quartz 
calculated with van Oss acid-base theory increases in the order of glass (before tribo-
charging) and charging with copper, aluminium and brass while the polar component 
decreases in the same order. The acid component of quartz with glass, copper, aluminium and 
brass are 6.78, 4.17, 3.97 and 2.98 mN/m. Tribo-electrification of quartz particles with 
copper, brass and aluminium and the follow up charge measurement by Keithley electrometer 
suggests that quartz acquired negative charge and magnitude of charge acquisition is 
according to the difference in the work functions between the metal and mineral. The 
magnitude of negative charge acquisition by quartz with different metals is in the order of 
copper < aluminium < brass. This indicate that quartz accepted electrons from the metal 
surface and become negatively charged. Similar trend has been observed with surface energy 
acid and base parameters. The acid component of quartz, +γ , without tribo-charging was 6.78 
mN/m and after tribo-charging with copper, aluminium and brass, it became 4.17, 3.97 and 
2.98 mN/m, respectively. The acid component suggests the electron acceptance ability of the 
material. After tribo-electrification quartz accepted electrons from the metal surface and 
decreased its acidic properties, which in turn, suggest the reduction in electron acceptance 
capability. Since the charge acquired is more due to increased electron transfer, the acidic 
properties decreased in the sequence of copper, aluminium and brass. This suggests a very 
good agreement according to charge measurement and acid component +γ  determination. It 
can also be observed that the base component increasing in the order of glass, copper, 
aluminium and brass.  
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Table 5. Surface energy of quartz before and after tribo-charging using van-Oss acid-base approach 
using Water-Formamide-1-Bromonapthalene as test liquid.  
 
Mineral Surface free 

energy, mN/m 
Disperse part, 
mN/m 

Polar Part, 
mN/m 

Acid part, mN/m Base part, 
mN/m  

Quartz before 
tribo-charging 

56.46 28.90 27.56 6.78 28.03 

Quartz tribo-
charging with 
Copper 

57.90 32.45 25.45 4.17 38.79 

Quartz tribo-
charging with 
Aluminium 

58.11 32.88 25.23 3.97 40.12 

Quartz tribo-
charging with 
Brass 

57.96 35.42 22.55 2.98 42.67 

  

The surface energies calculated from Neumanns’ Equation (Neumann et al., 1974) of state 
approach are given in Table 6. The Equation of state calculates only the total surface energy 
and only one liquid contact angle is required. When water and formamide polar liquids 
contact angles were used independently, the surface energies found to nearly equal to the 
energies calculated by the Fowkes approach involving 1–bromonapthalene as the pair to 
either water or formamide. With non-polar liquid contact angle, the Equation of state 
calculates the surface energy that equals to the dispersion energy evaluated by the Fowkes 
approach and also closely matches to the dispersion energy assessed by the Owens/Wendt 
approach. There is a lack consistency in the Equation of state approach and the calculated 
surface energy must be the same with different liquids contact angles but found to depend on 
the test liquid contact angle.  
 
 Table 6. Surface energy of quartz before and after tribo-charging using equation of state  
 
Mineral/Charing material Test liquid Surface free energy, mN/m 

Water  60.31 
Formamide 57.89 

Quartz before tribo-charging 

1-bromonapthalene 30.47 
Water 65.14 
Formamide 57.70 

 
 
Quartz tribo-charging with Copper 1-bromonapthalene 33.54 

Water 65.84 
Formamide 57.82 

Quartz tribocharging with 
Aluminium 

1-bromonapthalene 33.91 
Water 66.91 
Formamide 57.78 

Quartz tribo-charging with Brass 

1-bromonapthalene 36.13 
 

When water contact angle is used to evaluate the surface energy by Equation of state and 
Fowkes approaches, the values do not match to the surface energy evaluated by the van Oss 
acid-base approach, however, with formamide contact angle, the surface energy values are 
similar to the values obtained by acid-base approach. Regardless of the precise surface energy 
values, it is clear that the surface energy increases after tribo-charging and the magnitude of 
increase follows the tribo-electric series of the metals and of the work functions difference 
between the contacting surfaces. The acid-base approach of calculating the electron donor and 
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electron acceptor parameters before and after tribo-charging of solids did reveal the electron 
transfer mechanism and consistent with the charge measurements. Thus, using the Krüss 
tensiometer with sample holders made up of tribo-charger materials, the changes in surface 
energetic structure of solids can be conveniently evaluated and demonstrated to be an 
appropriate technique.  

 
4. Conclusions 
 
The tribo-charging of quartz and carbon powders contacted with various metal and polymer 
materials was performed and the amount of charge and polarity attained by the solids were 
determined by Faraday cup method. The charge polarity acquired by quartz with metal 
surfaces agrees with the published work function values in the literature. The magnitude of 
acquired charge also followed the difference in the work function values between the two 
contacting surfaces corresponding to the tribo-electric series of metals. However, significant 
deviations were observed with organic polymeric materials and the determined polarity was 
opposite to the expected charge polarity based on work functions. This was thought to be due 
to marked alterations in work functions of polymeric tribo-charger materials caused by 
surface contamination. The quartz and carbon solids acquired negative and positive charge 
respectively with copper, aluminium and brass metals and these metal surfaces can be 
beneficially used in tribo-electrostatic separation of ash forming inorganic minerals from coal. 
 
The surface characteristics of quartz, before and after tribo-charging, were examined by 
determining polar and non-polar liquids contact angles on quartz solids by Washburn method 
and calculating the surface energy of solids, its non-polar and polar components to surface 
energy and polar part divided to electron accepting (acid) and donating (base) parameters by 
the well-established theoretical approaches. The equation of state approach determines only 
the total surface energy and the surface energy increased after tribo-charging. The Fowkes 
and Owens-Wendt-Rabel-Kaelble approaches identify non-polar and polar contributions to 
surface energy and both the parts increased after tribo-electrification. The increase in both 
parts of surface energy is found to be significant in Fowkes approach compared to Owens-
Wendt-Rabel-Kaelble. The dispersive non-polar component increases after tribo-charging in 
van Oss acid-base approach whereas the polar part found to decrease. The increase in the 
extent of surface energy after tribo-charging with copper, aluminium and brass metals agrees 
with the difference in the reported work functions between the contacting surfaces. Since 
quartz accepted electrons and charged negatively during tribo-electrification with metal 
surfaces as evidenced by charge measurements, the increase in surface energy values 
corroborates the outlined electron transfer process.    
 
The division of polar component of surface energy to acid and base parts by van Oss 
formulation showed that the acid part decreases after tribo-charging while the base part 
increases. The respective decrease and increase in acid and base parts followed the work 
function values of the contacting surfaces and is consistent with the electron transfer from 
metals to quartz. The results achieved illustrate an explicit correlation between charges 
generated by powders and the acid-base parameters determined through liquid contact angle 
data. The methodology adopted for determining the changes in surface energetic structure of 
solids, in terms of van Oss acid-base parameters, in tribo-charging process with Krüss 
Tensiometer proved to be an appropriate technique. Surface chemical conditioning can 
change the work function of particles to increase the differential charging for more efficient 
separation. This technique can be extended to identify the optimum surface pre-treatment in 
tribo-electrostatic separation. The convenience of this Tensiometer is that the instrument is 
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fully automated but the sample holders need to be constructed with the desired tribo-charger 
material.    
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