Chapter 2: Triboelectric Charging of Coal, Quartz and Pyrite by In-line

Mixer

(ABSTRACT)

An evaluation d particle charging properties and process parameters that affed particle
charge is of grea significance in triboeledrostatic separation for dry coa cleaning. The
tribocharging charaderistics of the Pittsburgh No. 8 coal and the ash-forming mineral (i.e. quertz,
pyrite) samples were thus investigated by the use of a @wpper in-line static-mixer, which has been
well chosen to serve & a tribocharger during the study. The new developed charge-measuring
device “the ontline tribocharge analyzer,” has proved pcssble to adiieve satisfadory and
reliable dharge measurements. A description d the device is discussed. The ma and minera
samples were found to aaqquire their charge oppdaitely; that is, the wma sample was charged
paositively whereas the minera samples were negatively charged. Five main parameters were
studied duing this gudy; i.e. air velocity, particle feed rate, particle size, ash content and
temperature. The data obtained from the investigations are presented and the dfeds of the

studied parameters onthe charge charaderistics of the particles are discussed.

2.1 I ntroduction

Numerous advanced coal beneficiation pocesses have been developed in recent yeas.
Many of them are cgpable of substantialy reducing both ash- and sulfur-forming minerals from
coa. However, most of the widely used physicd coa cleaning techndogies (Yoon, 199) are wet
processs, in which the dewatering constitutes a large part of its cost. One way to avoid this

problem would be developed dry processes.
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Eledrostatic separation for coal beneficiation hes recaved a grea ded of attention in
recent yeas as a promising dry method. The separation process is based on exploiting the
differencein eledricd charging charaderistics between coal and mineral matters. In this process
particles to be separated are charged dfferently and passed through an eledric field to effed the
separation (Inculet, 1984. It is noted that the dedrostatic separation processes depend aiginally
on the methods of charging particles (Inculet, 1984 Ralston, 196). For this reason, the design of
a separating madhine is usualy a refledion d the type of charging medianism. Although there
are many ways to cause the particles to aqquire dedric charge, orly three darging mechanisms
have been able to make their applicaions to the commercial eledrostatic separations (Y oon,
19971 Inculet, 1984 Ralston, 1961 Kely and Spattiswood, 1982 Harper, 196%: i.e., i) ion a
eledron bambardments, ii) condictive induction, and iii) contad or friction eledrificaion
(triboeledrificaion). Among the a&knowledged methods of particle charging, triboeledrificaion
has currently been o significancein the processes of coal and minerals beneficiation, as a result

of its eff edivenessand lessenergy requirement.

Theoreticdly, tribocharging is the process in which ore type of material (particle)
seledively aqquires charge when it contads with dsgmilar material. The two materias can be
any combination d conduwctor, semicondwctor, or insulator (dieledric). Usually, the mntad
eedrificaion medhanism is explained by means of the work function; that is, when two
materials with dfferent work functions are brought into intimate contad, eledrons will flow
from the one of lower work function to the one of higher work function. Charge will flow in a
diredion determined by this work function parameter until the Fermi levels of the two materials
bemme ejual. The work function d a material is defined as the energy lost when an eledron
moves from just outside to inside the material. It is governed by the energy of the Fermi level, Er.
Although it is ordinarily thought that contad charging is the result of eledron transfer from one
body to another (Robinson, 1969 Seanor, 1972 Lowell and Rose-lnnes, 198Q Kelly and
Spattiswood 1989 Rose-Innes, 1980, there is evidence, however, in some drcumstances that
the dharge transfer in contad charging can occur by ions (Harper, 1967 Gaudin, 1971, or by
transferred materials which cary charge (Salanek, 1979. In the analysis of the dharge remaining
on the materials after contad eledrification, it is concavable that the magnitude of the final
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charge onthe materialsis the result of two processs: i.e., i) the dharge transfer that occurs during
the contad, and ii) the darge badflow that occurs as the materials are separated (Inculet, 1984
Lowell and Rose-Innes, 198Q Kelly and Spattiswood, 1989.

For eledrostatic beneficiation d coal, the triboeledrification methodfor particle darging
dates badck to the ealy of this century (Bladktin, 193). It is based onthe premise that coa and
mineral matters can be triboeledrostaticdly charged seledively when a material is appropriately
chasen to be the cntad surface Asit is obvious that a sufficient degreeof charge generated on
the particles and adequate seledivity are ones of the key fadors for triboeledrostatic separating
achievement, large amourts of reseach and development effort have thus been aimed at the
charging step. Early triboeledrostatic separators commonly had particles diding down, o
transported through chutes, pipe, or nozzles (Lockhart, 1989, then followed by freefall through
an eledric field that defleds the particles acording to the sign and magnitude of their charge. Up
to present, the goplicaion d this type of particle tribocharging system has gill been the subjed
of study by reseachers (Nieh and Nguyen, 1987 Schader, et.a., 1994 Link, et.a., 1990Q
Finseth, et.a., 1993 in thefield of triboeledrostatic separation.

During the past decales, numerous dudies have been condwcted in many ways such as to
improve the darging efficiency. For this reason, cyclone (Carbini, et.a., 1982 Mazuda, et.al.,
1983 and fluidized bed (Inculet, et.al., 198&; 1980h have bemme the techniques of choicefor
particle darging in coa triboeledrostatic beneficiation, as they are known to provide better
particlewall and perticle-particle contads. For coa desulfurization, Gidaspow, et.a. (1987
pioneeed a design concept cdled “eledrostatic sieve”, which is based on the principle of
fluidization. The average carge on particles was then measured by using a developed

“eledrostatic ball probe”.

Despite the fad that an in-line static mixer, as a tribocharger, has aready been tested and
proved its feasibility (Finseth, et.a., 1993, till crucia information for the particle darging
mechanism have yet to emerge. In this paper, the eperimental system was originatively

developed to study the dharaderistics of particle dharging, including the parameters that affed
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the darging mecdhanism, by using the in-line static mixer charger made of copper. With the
application d the on-line tribocharge analyzer developed in this gudy, it is definitive that the
charge measurements can be caried ou in an efficient way, and the experimental data for coal,

quartz and pyrite samples are unerringly recorded.

2.2  Apparatusand experimental procedure

In trying to study the dharging behavior of particles after contad eledrificaion, the
charge measuring system is undoultedly of most particular importance Many tedhniques for
measuring the darging tendency of particles (Schader, et.a., 1994 Gidaspow, et.a., 1987
Lawver and Wright, 1968 Kittaka, et.al., 1979 Sedker and Chubb, 1984 Gajewski, et.a., 1987
Mazumder et.a., 199) were discredly taken into acourt. As the result, the “Faraday pail”

technique was well chosen as a basis for the new charge-measuring device

Static charge is normally measured by induction and the dassc method d measuring the
static dharge is by use of a “Faraday cage or pail”, couded to a suitable monitoring circuit. A
typicd Faraday pall consists of inner and ouer cages made of metal. The inner cage is
eledricdly conrneded to an eledrometer while the outer cage is grouncded to serve & dield
against surroundng eledronic interference Idedly, a Faraday cage shoud entirely surroundthe
sample whaose dharge is being measured such asto prevent the measurement being suffered from
surroundng noise. However, in pradice it is not adways necessary to have the dharged sample
completely surrounded because the sample may only be mntaded by the metal conreded to an
eledrometer, and the resulting charge on the sample can then be measured. It is determined that
the dharge induced onthe inner wall of the inner cage is equal in magnitude but oppdasite in sign
to the introduced charge, and a charge of the same magnitude and sign occurs on the outside of

the inner cage, or istransferred to the monitoring eledronic drcuit.

The medanisms invaved in the diarge measurement using the Faraday cage ae

illustrated in Figure 2.1. Let us assume that particles are dharged negatively, and consider the
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case in which particles touching the wall of the inner cage, as sown in Figure 2.1 (). The free
eledrons of the particles will flow from the particle surfaceto the walls, resulting in a flow of
eledric aurrent from the Faraday cage to the dedrometer. Consider also the cae of the
negatively charged particles not touching the walls, as depicted in Figure 2.1 (b). In this case, the
particles will polarize the inner cage in such a manner that the inner wall is positively charged
while the outer wall i s negatively charged. The free éedrons will flow from the negative dharge
sites of the inner wall to the dedrometer, generating a aurrent. Hence, in bah cases, the presence
of negatively charged particles will result in a aiurrent flowing from the Faraday cage to the

eledrometer.

In order to fadlit ate in-situ charge measurement, an ontline tribocharge analyzer has been
developed incorporating the Faraday cage mecdhanism and ou in-line static mixer tribocharger.
The dharge measuring device @nsists of a wpper in-line static mixer, with dmension d 2.22cm
in dameter and 0.15m. in length, and an ouer tube which also made of copper (Figure 2.2).
Based onthe principle of Faraday cage, the in-line static mixer is eledricdly conneded to an
eledrometer (Keithly Model-642) by means of a waxia cable whil e the outer copper cylinder is
grounced to reduceinterference from neaby eledrostatic fields or charges. Teflon rings were put
in between the static mixer and the outer tube & both ends to avoid short circuit.

The entire ontline tribocharge analyzing system constructed for measuring the dharge of
bath coal and mineral matter in this reseach is $own in Figure 2.3. In a given experiment, a
sample was dored in a vaauum oven before being placed onthe feed hopper. The sample was
subsequently fed into the on-line tribocharge analyzer system by means of a wmpressd air,
which is heaed by use of a heaing tape before entering the system. An air filter was placeal on
the top d the sample mlledion chamber to eliminate the situation d the particles travelling
badkward. The analyzer is cgpable of aqquiring and dgitizing the analog signal by using a data
aquisition system when the particles pass through the tribocharger. The Fast Fourier
Transformation (FFT) procedure has been applied to the digitized information for noise
reduction. Figure 2.4 shows a print out from our preliminary tests on the data aguisition system

conreded to the on-line tribocharge analyzer.
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Five main parameters affeding the darging mechanisms were investigated during this
paper. These include ar velocity, particle feal rate, particle size, ash content, and temperature
effeds. The ar presauure was maintained at 40 psi during ead experiment. Except where varied
and stated, atherwise, the system temperature was upheld in the range of 28-30° C for the
experiments. At a given experimental condtion, the measurement was repeded at least three

times to aqquire reproducible results.

2.3 Materials

In order to oktain information onthe darging medcanisms of both coal and the ah-
forming minerals commonly presenting in coal, two dfferent Pittsburgh No.8 coal samples: i.e.,
a dean coa sample asaying approximately 6.3% ash and a run-of-mine @a assaying
approximately 19-22 % ash, quartz, and pyrite were used. The Pittsburgh coal sample was
crushed in ajaw crusher and then in aroller mill. The aushed coal samples were pulverized to -
40 mesh in ahammer mill and then dry-screened to provide threedifferent size fradions, namely:
-40+65, -65+100, and -100+200 mesh. In a different way, a pyrite sample originated from
Huanzula, Peru (acording to the suppier) was crushed and ground manually by means of the

cast ironmortar and pestle, and then dry-screened to oltain the same size fradions.

A commercia quartz sample, oltained from the supgier in two dfferent size fradions (-

40+65 and -65+100mesh), was used for the harge measurements.

24 Results and discussion

Preliminary measurements showed that the ca samples aajuire apositive charge dter

contad with copper surface while ash-forming minerals, such as quartz and pyrite, aayuire
negative triboeledric charges. These results can be ascribed to the fad that the work function o
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copper liesintermediately to thase of coal and mineral samples; clealy put, the work function o
copper is higher than those of coa samples but lower than those of quartz and pyrite samples.
This finding means that the basic requirement for the triboeledrostatic separation (TES) of cod
and mineral samples is acordingly satisfied. The experimental verificaion is shown by some
results obtained with the Pittsburgh No. 8 coa sample (which assayed approximately 6.3% ash
and 1.68% sulfur) using a bench-scde TES unit (Yoon, et.a., 1996. The result from the test
condwted with pasitive dedrode & 40 KV and with the other eledrode grounded showed that
the product and rejed streans were obtained after passng the aa sample into the separator. It
appeaed that the rgjed stream (which assayed 8.626 ash and 1.96% sulfur.) was colleded onthe
paositive dedrode surface The result after the first passgave a ombustible recmvery of 58.6%
and 52.46 yield.

The main parameters by which the dharging tendency may be dfeded are discussed under

the foll owing segments.

2.4.1 Effed of Air Velocity

Figure 2.5 shows the dfed of air velocity on the magnitude of the darge density of
samples. The particle feal rate was maintained at 0.2 kg/min in average for al tests. As shownin
the figure, an average dharge per unit mass of all samples increases with an increasing of air
velocity regardless of particle size. This can be described by the fad that an increese in the ar
velocity cause an increase in the impad velocity of the particles when they impinge onthe wpper
walls and Hades of the in-line static mixer charger, which in turn results in better particle-wall
contad. This observation is consistent with what have been shown in a literature (Ban, et.d.,
1993.

Apparently, the dharge density of the aa samples is much higher than that of the quartz
and pyrite samples. Also, pyrite sample tends to be more negatively charged than quartz. This
finding is in agreament with the previous work dore by Finseth et.al. (1993, which shows that
the dry triboeledrostatic separation process can remove pyrite better than ather ash-forming
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mineras. In addition, the results given in this figure show that the darge densities of the

particlesincrease with deaeasing particle sizes. Such effed will be discussed later in this paper.

2.4.2 Effed of Particle Fead Rate

The dfed of the particle feal rate on the magnitude of the darge density is shown in
Figure 2.6. The dharge measurements were caried ou at an air velocity of 1.9 m/sec. For all
samples, an increase in the particle feed rate deaeases the magnitude of charge density regardiess
of particle size. Thisisdue to the fad that, at agiven air velocity, the deaease in particle velocity
often happens when the popuation d the particle in the charger is enlarged and the dhance of
particles hindering ead aher is elevated. As aresult of that, the occurrencethat the particles are

obstructed in the dharger is occasionally experienced at the high particle feed rate.

At a given air velocity, the pyrite and quartz do nd exhibit the large difference in their
charge densities. It shoud be noted here that pyrite being a semi-conduwctor may lose its charge
which may have cntributed to low charge density of pyrite uponcontad with ancother conductor
(Rose-Innes, 1980. In addition, it is obvious that the dean coal sample aquires abou 3-4 times
higher charge density than bah quartz and pyrite samples do. Such finding can also be seen in
the dfed of air velocity shown in Figure 2.5. This phenomenonmay be explained by the fad that
bath ash-forming minerals have higher massto-size ratio, when compared to coal, and this thus

causes their lower particle velocities at agiven particle size and air velocity.

2.4.3 Effed of Particle Size

The investigations were conducted using Pittsburgh No.8 coal sample (6.272%6 ash) with a
particle feed rate of 0.08 Kg/min and an air velocity of 2.0 m/sec. The results are given in Figure
2.7. Note that the dfed of particle size can be dealy seen dso in Figure 2.5 and 2.6. Not

surprisingly, adeaease in the charge density of the @mal sample is observed with increasing mean
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particle diameter. This can simply be dtributed to the higher surface aeato-massratio of the

finer particles, creding larger contad area & a given mass

2.4.4 Effead of Ash Content

Figure 2.8 shows the results of the charge measurements condicted on the Pittsburgh
No.8 coal samples with approximately 6% and 20% ash contents. The results $how that lower the
ash content, the higher the darge density beacomes. Consider that the data dtained from the
charge measurements are the net charge. It is presumably that the charge aquired onash-forming
minerals present in coal may off set the dharge density of coal obtained while dharging. However,
the dfed of ash content on the tribocharge density is gill far from conclusive. No dependence of

the dharge density onthe ash content can be establi shed in this paper.

2.4.5 Effed of Temperature

Figure 2.9 ill ustrates the dharge densities of the samples obtained from the experiments
when the system temperature was varied. The darge measurements were conducted at an air
velocity of 1.9 m/sec and at a particle feed rate of 0.2 Kg/min. The results show that the dharge
densities of clean coal and quartz samples increase with increasing temperature. It is well known
that humidity is one of the aiticd fadors in eledrostatic separation. Such water adsorbed orto
the particle surfacemay increase the surface éedricd conductivity. Accordingly, the dharge on
particle that originated by contad eledrificaion undr humid environment, in most cases, will
disgpate rapidly when touched by other particles due to the surface onductivity creaed by the
surfacemoisture. It may thus be concluded that the increase in temperature in this case has an
effed onthe dharge density in such away that the surfacemoisture of these insulator samples be

dried away.
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By contrast, the charge density of the pyrite sample deaeases with increasing
temperature. It iswell established that pyrite possesses a mwnducting ability, maybe not as well as
a pure metal but certainly not as bad as an insulator. In elementary solid state physics (Omar,
1993, it is pronourced that the conductivity depends on temperature. In this stuation, the
conductivity is expressed in terms of the microscopic properties pertaining to the @nduction

eledrons. One finds the foll owing expresgon for the cmnductivity,
o = Ne’T/ ¥, [2.1]

where N is the mncentration d the condction eledrons, T is cdled the relaxation time, and m*
is the effective mass of the dedron. It has been seen that the cnductivity increases as N
incresses, becaise there ae more aurrent cariers. From the result of statisticd medanics
distribution, the concentration d conduction eledrons is found increasing exporentially with
temperature [33]. Thus as the temperature is raised, a greaer number of eledronsis excited and
the cnductivity become rising acordingly. For this reason, the pyrite sample becmes more
condwcting with increasing temperature, resulting in a deaease in the darge density. As
mentioned ealier, the conductivity yields the dharge to le&k away from the contad areawhen

two conductors are touched with ead ather (Rose-Innes, 198Q.

25 Conclusion

A new pradicd in-situ charge-measuring device cdled “on-line tribocharge analyzer”,
has been developed in the present work. It has been confirmed that the on-line tribocharge
analyzer can be used to oltain neaded information for determining the dharging charaderistics of

fine particles.

The data reported in this paper show that the copper in-line static mixer has given the
impressvely high magnitude of charge density for both coal and ash-forming minera (i.e. quartz
and pyrite) samples used in the eperiments. This suggests that the separation can be
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satisfadorily acoomplished by using an in-line static-mixer charger for the darging process

However, an appropriate mntading material shoud also bein consideration.

In this gudy, the dfeds of the main parameters on the charging behavior were evaluated:
i.e., ar velocity, particle feed rate, particle size, ash content, and temperature. Within the
observed region, the wal and ash-forming mineral samples exhibited the maximum differencein
the dharge per unit massat the highest air velocity and the lowest particle feal rate, regardlessof
particle size. The particle charge was furthermore found to deaease with an increase in the
particle size, acording to the results obtained with all samples. For the cal samples, humidity
and ash content also contribute to the charge density of the samples. Increasing temperature,
however, suggests arelatively littl e dfed within the observed temperature range, asit only drives

off surfacemoisture that causes the charge drainage due to surface ondictivity.

In closing, it is obvious that additional work is needed in arder to better understand the
particle dharging medhanism. It is also of interest to further investigate various parameters
aff eding the tribocharging process Oncethe information oncharging charaderistics is obtained,

the separation efficiency of the triboeledrostatic processcan be increased.
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Figure2.2. Theonline charge measurement device developed for the experiments.
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Figure2.3. Schematic representation d the ontline tribocharge analyzer & the experimental
set-up.
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Figure2.4. A printout from the data aquisition system used in conjunction with the on-line
charge- measurement device The results were obtained with a Pittsburgh No.8

coa sample (-28 x 65 mesh) by varying feed rates.
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Figure2.5. The dfed of air velocity on charge densiti es of Pittsburgh No.8 clean coa (6.27%%
ash), quartz, & pyrite samples. The experiments were caried ou at air presaure of
40 =i, particle feed rate of 0.2 Kg/min, & temperature in the range of 28-30
deg.C.
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Figure2.6. The dfed of particle feel rate on charge densities of Pittsburgh No.8 clean coal
(6.2P%0 ash), quartz, & pyrite samples. The experiments were caried ou at air
presaure of 40 psi, air velocity of 1.9 m/s, & temperature in the range of 28-30
deg.C.
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Figure2.7. The dfed of particle size on charge density of a Pittsburgh No0.8 coa sample
assaying 19-22% ash. The experiments were dore & particle feed rate of 0.08m/s,
air velocity of 2.0m/s, air presaure of 40 psi, & temperature in the range of 28-30
deg.C.
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Figure2.8. Effed of ash content on the dharge density of Pittsburgh No.8 coal samples. The
experiments were mndwcted at particle size fradion d —65+100 mesh, particle
feed rate of ~0.2 Kg/min, air velocity of 1.9 m/s, air presaure of 40 s, &
temperature in the range of 28-30 deg.C.
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Figure2.9. Effed of temperature on charge densities of Pittsburgh No.8 clean coal (6.27%%
ash), quartz, & pyrite samples. The experiments were conducted at the particle
size fradion d —65+100 mesh, air velocity of 1.9 m/s, air pressure of 40 =i,
particle feed rate of 0.3Kg/min, & temperature in the range of 28-30 deg.C.



