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Abstract: Triboelectrostatic beneficiation, as a physical method, of fly ash cannot only meet the technical
requirements of fly ash application but also recycle of an unburned carbon as a useful energy source. The
aim of this study was to investigate the feasibility of improving efficiency of triboelectrostatic beneficiation
of wet fly ash using microwave heating. The wet fly ash with different moisture contents had an average
loss-on-ignition of 12.56%. The fly ash samples were heated in a microwave oven before the experiments.
The experimental conditions were electric field voltage of 40 kV and air flux ranging from 12 to 30 m 3/h.
The influence of the microwave heating on the wet fly ash triboelectrostatic beneficiation was discussed
under the conditions of different microwave intensity and irradiation time. The results indicated that the
removal rate and recycle rate of the unburned carbon showed a significant increase performance as the wet
fly ash was processed by the microwave heating which was attributed to changes of moisture contents and
dielectric constants caused by the microwave heating. The feasibility had been verified according to the
experimental study on fly ash with different moisture contents. It can be concluded that the microwave
heating process was efficiently applied for the wet fly ash triboelectrostatic beneficiation.
Keywords: wet fly ash, triboelectrostatic beneficiation, microwave heating, efficiency

Introduction
Fly ash is a solid waste produced by coal-fired power plants, and it can be harmful to the
environment because of air pollution, groundwater contamination etc. On the other
hand, it is also a sort of useful resource (Hwang et al., 2002) and several researchers
have focused on the utilization of fly ash (Soong et al., 2001; Huang et al., 2003). At
present, the fly ash has been widely used as a kind of additive for building materials.
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The influence of carbon content on the building materials was proven by some previous
studies (Kim et al., 2001; Cangialosi et al., 2010).
Removal unburned carbon from fly ash can be achieved using flotation and
electrostatic separations. Flotation is an effective method to remove unburned carbon
from fly ash (Cao et al., 2012; Huang et al., 2003). However, the pretreatment technique
of flotation needs a lot of water, and the post-processing needs dehydration equipment.
Accordingly, the equipment investment and energy consumption should be taken into
consideration. The follow-up use of fly ash production obtained by flotation is difficult
because of low activity. Moreover, the flotation reagents will cause the environmental
pollution. By contrast, the electrostatic separation has an obvious advantage over the
flotation. As also known from literature, the triboelectrostatic separation has been
studied as a cost-effective solution for fly ash beneficiation (Ban et al., 1997).
Therefore, it is suitable to be used especially for the water-deficient area.
Recent two investigations were focused on questions regarding ash triboelectrostatic
beneficiation. On one hand, the separation efficiency should be improved to obtain
high-quality ash product with low carbon content (Cangialosi et al., 2008). On the other
hand, the recovery efficiency of unburned carbon needs to be enhanced with the
improvement of their awareness of energy resources (Li et al., 2012). Removal of
unburned carbon from wet fly ash is difficult to achieve in a continuous operation at low
temperature and high relative humidity. Especially in some southern regions of China,
the fly ash collected by a dry method will absorb a bit of moisture during the winter or
rainy weather. In some places, the fly ash produced by coal-fired power plants is
collected by a wet method. Therefore, humid fly ash is generally processed by a dryer.
The temperature and moisture content has an important effect on the wet fly ash
triboelectrostatic beneficiation. The relative humidity and temperature of air flow used
to convey fly ash particles have an impact on the electrical charging process. As the
particle size decreased, the influence of air humidity and surface moisture would be
more important. The particles less than 45 μm had a four-fold change in their
separability once changing their surface moisture contents (Cangialosi et al., 2006). An
experimental methodology was introduced to measure electrical charge distributions of
fly ash particles exposed to weather conditions for six months. It is suggested that
removal of surface moisture would be beneficial to improve the efficiency of the fly ash
triboelectrostatic beneficiation (Cangialosi et al., 2009). Also, the configuration of
tribo-charger and the operational parameters have an important influence on the fly ash
triboelectrostatic beneficiation (Li et al., 2015). The temperature field inside the
tribo-device can reflect the efficiency of friction and collision indirectly. The
tribo-charger was optimized by infrared thermography experiments (Li et al., 2013). A
remarkable increase in separation efficiency was obtained after heating fly ash with
loss-on-ignition (LOI) content below 15%. The adhesive forces between coal and ash
caused by moisture adsorption may be a factor influencing triboelectrostatic
beneficiation performance for the wet fly ash (Cangialosi et al., 2006).
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In general, the heating of mineral particles is utilized in a microwave oven. In recent
literature, the mixed oxide powders were prepared by the microwave heating before the
experiments (Kato, 2012). Microwave heating of mineral ores offers a mechanism to
induce fractures around grain boundaries. The process was influenced by microwave
power and thermal expansion coefficient (Ali et al., 2010). The effect of microwave
treatment on the processing of mineral ores was investigated through simulations of
microwave heating (Ali et al., 2011).
Obviously, the microwave heating would be more efficient than others. The wet fly
ash processed by the microwave heating has several technical advantages. Firstly, the
microwave heating is uniform and fast. The temperature of particles will rise, and the
moisture distribution of their surface will change. Secondly, the charged process has a
close relationship with the collision and vibration of the particles caused by the
microwave heating. Thirdly, the temperature and moisture contents of particles can be
controlled by the adjustable parameters of the microwave heating. Finally, the
microwave heating operated in a closed environment will not produce dust pollution.
Thus, it could be used as a pre-process for wet fly ash particles during the
triboelectrostatic beneficiation. In this context, the aim of this study was to discuss the
feasibility of realizing the wet fly ash triboelectrostatic beneficiation efficiently using
microwave heating. The experimental results can provide some references for the
engineering applications.

Experimental
Materials
The fly ash used in this study was obtained from a thermal power station of the Fujian
province in China. A 30 kg portion of representative sample was divided into 30
portions uniformly. The particle size of the wet fly ash was obtained by a sieve analysis
as -74+38 μm. The content of unburned carbon in the wet fly ash was obtained by the
LOI analysis.
The samples exposed to the atmosphere can absorb moisture. The relative air
humidity ranges from 48% to 90%. During this period of time, two samples of wet fly
ash were collected and put into a sealed container before the experiments. The moisture
contents of two samples were 4.37% and 8.23%, respectively. The wet fly ash had an
average LOI of 12.65%.
The wet fly ash processed by a microwave oven before the experiments was
weighted with an electronic scale. Then, the particles were put on the glass disc
uniformly, and the glass disc was heated inside a microwave oven. The experimental
conditions in this study were the microwave intensity (60%, 80%, and 100%) and
irradiation time (30, 60, and 120 s). The microwave intensity was adjusted by a knob
installed on the control panel. The maximal power of the microwave oven was 800 W.
The microwave intensity is different from the output power of the microwave oven. The
heating intensity is defined by manufacturers. It is only selected by the user and can’t be
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measured. The heating intensity of 100% indicates that the heating process is
continuous. As the heating intensity is smaller than 100%, the heating process is
discontinuous. There has been a close relation between the heating intensity and
irradiation time. Meanwhile, the irradiation time was monitored by a timer.
Feasibility analysis
The dielectric constant of wet fly ash is larger than that of dry fly ash because of the
moisture content. As the wet fly ash is processed by the microwave heating, the
dielectric constant will gradually decrease because of the increase in temperature and
the decrease in surface moisture. This can lead to reducing of electrical conductivity.
The charge transfer can be prevented for the charged particles. It is effective to improve
the charged efficiency. Therefore, the higher temperature caused by the microwave
heating is conducive to the wet fly ash triboelectrostatic beneficiation. The feasibility of
wet fly ash triboelectrostatic beneficiation using microwave heating was analyzed
according to the experimental temperature and dielectric constant of particles.

a) Irradiation time 30 s. Temperature field

311.75 K

320.15 K

323.75 K

b) Irradiation time 60 s. Temperature field

322.95 K

333.65 K

344.75 K

c) Irradiation time 120 s. Temperature field

342.45 K

359.55 K

365.55 K

Fig. 1. Isothermal point distribution of temperature field

As the microwave intensity was 100%, the temperature distributions of the fly ash
particles were detected by an infrared thermal imager of Ti10 made by FLUKE. The
irradiation time was 30, 60, and 120 s. The experimental results analyzed by a software

332

H. Li, Y. Chen, X. Zhang, Y. Zhao, Y. Tao, C. Li, X. He

are seen in Fig. 1. The temperature gradually decreased from inside to outside. The
distribution of external isothermal region was circular, and that of central was uneven.
The agglomeration of the wet fly ash particles was destroyed due to the vibration of the
paricles caused by the microwave heating. The longer the microwave time was, the
better the particles dispersion would be.
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Fig. 2. Relationship between the temperature and irradiation time

A testing system of the dielectric constant is shown in Fig. 3. Two capacitance plates
were put inside a metal cover. Three terminals were available for connecting safety
ground and measuring instrument. A digital capacitance meter was connected with two
electrodes. The measuring device was placed in a thermostat during the experiments.
The capacitance was C0 and C for the plates filled with vacuum and wet fly ash,
respectively. The dielectric constant can be calculated as below:



C
 100%
C0

(1)
.

The relationship between the dielectric constant and irradiation time is illustrated in
Fig. 4. The dielectric constant increased proportionally to the moisture content. The
irradiation time of 0 s indicated the unprocessed wet fly ash. The dielectric constants of
the particles having moisture contents 2.34%, 5.65%, and 10.23% were 5.29%, 24.02%,
and 56.33%, respectively, at the irradiation time 0. The microwave heating reduced the
surface moisture of wet the fly ash particles. When the irradiation time was 120 s, the
dielectric constant values of the particles decreased to 4.13%, 17.21%, and 39.24%,
respectively. The effect of the microwave heating on the dielectric constant values was
more obvious with the increase of moisture content. With the increase of the irradiation
time, the temperature of the particles increased and the dielectric constant values
decreased gradually. Accordingly, the decrease of dielectric constants caused by the
microwave heating reduced the electrical conductivity. As the charged particles
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contacted with each other, it was difficult to realize the transfer of particles surface
charge.

Fig. 3. The testing system of dielectric constant. 1. Positive electrode, 2. Negative electrode,
3. Digital capacitance meter, 4. Ground wire, 5. Metal cover, 6. Wires
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Fig. 4. Relationship between the dielectric constant and irradiation time

Experimental system
An experimental system of fly ash triboelectrostatic beneficiation is demonstrated in
Fig. 5. A fan was controlled by a frequency changer in order to obtain the airflow with
the flux ranging from 12 to 30 m3/h. The wet fly ash particles were fed by a vibrator
feeder with a controller and sucked into the pipeline. The medium temperature was
283.65 K, and the relative air humidity was 56.5%. The fly ash particles were carried by
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the airflow produced by the fan. The particles were obtained different charges because
of collision and friction inside a tribo-charger. The unburned carbon and the ash carried
the opposite charge. The charged particles were injected into the high-voltage static
field of 40 KV under the action of the airflow. The voltage was controlled by a power
regulator. The motion of carbon and ash particles was in the opposite direction due to
the electric field force. While the unburned carbon particles were recycled on the
positive plate, the high-quality ash products with low carbon content were collected on
the negative plate.

Fig. 5. Experimental system of wet fly ash triboelectrostatic beneficiation. 1. Power regulator,
2. Frequency changer, 3. Fan, 4. Vibrator feeder, 5. Delivery pipe, 6. Positive products
7. Negative products 8. High voltage power supply, 9. Controller of vibrating feeder,
10. Gas-solid mixing pipeline, 11. Tribo-charger, 12. Electric field

Experimental methodology
The efficiency of removal unburned carbon is evaluated by the LOI and recycle rate of
the unburned carbon (REC). The recycling of unburned carbon was estimated by the
removal rate of the unburned carbon (REM).
The LOI is calculated as follows:

LOI (%) 

M 0  M1
 100%
M0

(2)

where M0 is the mass of unbaked fly ash and crucible, g; M1 is the mass of baked ash and
crucible, g.
The REM and REC are defined as follows:
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LOI s  LOI 
 100%
LOI s

(3)

M  LOI   LOI s

 100%
M
LOI s

(4)

REM (%) 

REC (%) 

335

where LOIS is defined as the LOI of fly ash sample before experiment, LOI+ and LOI–
describes the LOI of fly ash obtained from the positive and negative plate, respectively.
The mass of fly ash collected from the positive plate is M+, g. The mass of wet fly ash
for each experiment is M–.

Results and discussion
Influence of microwave intensity
The influence of the microwave intensity on the wet fly ash triboelectrostatic
beneficiation was obtained at the irradiation time of 60 s and the moisture content of
4.37%. With the increase of the microwave intensity, the heating time during the same
period was longer. The temperature of the particles increased gradually, and it caused
reduction of the surface moisture and dielectric constant of the particles. Therefore, it
helped the separation of the charged particles. Comparisons of LOI with different
microwave intensity values are illustrated in Fig. 6.
The LOI+ increased in proportion to the air flux, whether the fly ash was processed
or not, while it was reversed for the negative plate. With the increase of air flux, the
difference of LOI+ between untreated and heated process decreased gradually, while
that of LOI- increased. It suggested that the increase of air flux was conducive to
improving the efficiency of fly ash triboelectrostatic beneficiation. The LOI+ increased
from 16.06% to 20.78% for the untreated fly ash, while the LOI- decreased from 9.68%
to 8.48% as the air flux rose from 12 to 30 m3/h. As the wet fly ash was processed with
microwave intensity of 100% and air flux of 30 m3/h, and the LOI of positive and
negative plates was 22.07% and 6.98%, respectively. Under the condition of the same
air flux, the microwave intensity was proportional to the LOI+. The results were
opposite for the negative plate. As the microwave intensity was increased from 60% to
100%, and air flux was 30 m3/h, the LOI+ increased from 20.36% to 22.07%, while the
LOI- decreased from 7.95% to 6.98%.
The comparison of efficiency under different microwave intensity is shown in Fig. 7.
The air flux and microwave intensity were in direct proportion to REM and REC. As the
microwave intensity was 60% and air flux of 12 m3/h, the REM and REC of wet fly ash
processed by the microwave were 31.70% and 18.47%, while those of untreated were
23.48% and 11.59%, respectively. With the increasing of air flux, the difference of REM
between heated and untreated was more obvious than that of REC. As the air flux
ranging from 12 to 30 m3/h, the REM increased from 37.15% to 44.82%, and the REC
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increased from 24.31% to 29.40% with the microwave intensity of 100%. The
maximum value of REM and REC was obtained under the condition of air flux of 30
m3/h and microwave intensity of 100%.
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Fig. 6. Comparison of LOI under different microwave intensity values.
(a) Positive plate, (b) Negative plate
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Fig. 7. Comparison of REM and REC under different microwave intensity. (a) REM, (b) REC

Influence of irradiation time
The irradiation time had an impact on the dielectric constant. A strong correlation
between the irradiation time and temperature of the particles was observed according to the
feasibility analysis. The decrease in the surface moisture caused by the microwave
heating reduced the dielectric constant and the conductivity of the particles. The
separation efficiency of charged particles was improved because the capacity of
particles charge storage was enhanced. Figure 8 shows the comparison of LOI under the
different irradiation time. The microwave intensity was 100%, and the moisture content
of materials was 4.37%.
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Fig. 8. Comparison of LOI under different irradiation time. (a) Positive plate, (b) Negative plate

With the increase of air flux, the difference of LOI+ between heated and untreated fly
ash was decreased gradually, while that of LOI- was increased slowly. The LOI+ of
heated and untreated was 19.45% and 16.06% as the air flux of 12 m3/h and the
irradiation time of 30s, while the LOI- was 8.36% and 9.68%, respectively. When the
irradiation time was 120 s, the LOI+ increased from 21.52% to 23.45% as the air flux
rose from 12 to 30 m3/h. The LOI- decreased from 7.17% to 6.16%. As the irradiation
time increased from 30 s to 120 s, the LOI+ increased from 21.64% to 23.45% with the
air flux 30 m3/h. Meanwhile, the LOI- decreased from 7.43% to 6.16%. Thus, the
irradiation time had an important effect on the triboelectrostatic beneficiation of wet fly
ash.
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Fig. 9. Comparison of REM and REC under different irradiation time. (a) REM, (b) REC

The comparison of REM and REC under the different irradiation time is shown in
Fig. 9. It can be seen there that the efficiency of removal and recovery was improved by
the increase of irradiation time. As for the heated and untreated materials, the REM
difference increased with the increasing of the air flux, and it was reversed to the REC.
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As the irradiation time of 120 s and the air flux of 12 m3/h, the REM of heated and
untreated was 43.32% and 23.48%, while the REC was 28.23% and 11.59%. As the air
flux rose to 24 m3/h, the REM and REC of heated increased to 50.36% and 33.80%, and
those of untreated increased to 31.78% and 22.94%, respectively. The longer the
irradiation time was, the higher the REM and REC would be. As the air flux of 30 m3/h
and irradiation time of 120 s, the REM and REC of heated increased to 51.30% and
34.06%, respectively. The wet fly ash triboelectrostatic beneficiation was realized
efficiently.
Influence of moisture content
The higher the moisture content is, the larger the dielectric constant is. When the
particles contact each other, it is easy to transfer and cancel the electrical charge for the
same and different charged particles. This is not conducive to electrical charging
process and particles separation. The microwave heating can improve the separation
efficiency according to reduction of the moisture content and dielectric constant of the
particles. Two samples with different moisture contents were processed by the
microwave heating. The feasibility of improving the efficiency of wet fly ash
triboelectrostatic beneficiation was verified by the experimental results. The
comparison of LOI between two samples with different moisture contents is presented
in Fig. 10. The operational conditions were the microwave intensity of 100% and the
irradiation time of 120 s.
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Fig. 10. Comparison of LOI for wet fly ash with different moisture content.
(a) Positive plate, (b) Negative plate

The LOI+ and LOI- of two samples obviously changed according to the difference of
LOI between two plates. As for the fly ash with moisture content 4.37% and 8.23%, the
LOI+ of untreated was 20.78% and 16.12% for the air flux of 30 m3/h. When the wet fly
ash with the moisture content of 4.37% was heated, the LOI+ increased from 20.78% to
23.45%. Moreover, in the case of the wet fly ash with the moisture content 8.23%, the
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LOI+ increased from 16.12% to 22.35% because of the heating process. When the fly
ash is processed by microwave heating, the LOI- of fly ash with moisture content 4.37%
decreased from 8.48% to 6.16%, while the moisture content 8.23% decreased from
9.51% to 6.56%.
A comparison of the efficiencies of beneficiation of wet fly ash with different
moisture contents is shown in Fig. 11. The REM and REC increased markedly under the
action of microwave heating. At the same operating conditions, the REM and REC of
the sample with the moisture content of 4.37% were higher than those with the moisture
content of 8.23%. The difference between two samples decreased gradually with the
increasing of air flux. The REM of untreated fly ash with moisture content 4.37%
increased from 23.49% to 32.96% as the air flux increased from 12 to 30 m3/h whereas
that of heated increased from 43.32% to 51.30%. The REM of untreated and heated
increased to 24.82% and 48.14% for the wet fly ash with the moisture content 8.23%.
As for the two samples with the moisture contents of 4.37% and 8.23%, the REC of
untreated was 11.59% and 3.73% as the air flux was 12 m3/h whereas that of heated was
28.23% and 26.55%. When the air flux increased to 30 m3/h, the REC of heated was
8.99% and 20.71% higher than those of unheated. Therefore, the microwave heating can
improve the efficiency of wet fly ash triboelectrostatic beneficiation according to the
obvious difference between REM and REC.
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Fig. 11. Comparison of REM and REC for wet fly ash with different moisture content. (a) REM, (b) REC

Conclusions
An experimental study was conducted to study the feasibility of improving efficiency of
wet fly ash triboelectrostatic beneficiation using microwave heating. The following
major conclusions can be drawn from this study.
(1) Microwave heating can increase surface temperature and decrease moisture
content of particles. The reduction of dielectric constant and conductivity caused by
microwave heating has a positive effect on the electrical charging process. Furthermore,
it is difficult to transfer and cancel electrical charges of the particles with the same and
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different charges. Therefore, the charged efficiency can be improved by microwave
heating.
(2) The difference between the LOI+ and LOI- under the same condition was
noticeable as the wet fly ash was processed by the microwave heating. With the increase
of the air flux, the microwave intensity and irradiation time, the REM and REC showed
a significant increase. The results showed that the microwave heating was an effective
method to improve the efficiency of triboelectrostatic beneficiation of wet fly ash. The
separation process using the microwave heating can not only obtain the ash-rich
products with lower carbon content but also improve the recovery rate of unburned
carbon.
(3) According to the experimental study on wet fly ash with different moisture
contents, the microwave heating is feasible to improve the efficiency of wet fly ash
triboelectrostatic beneficiation. As for the fly ash with moisture content of 4.37% and
8.23%, the REM and REC increased obviously under the operating conditions at air flux
of 30 m3/h, microwave intensity of 100% and irradiation time of 120 s. Finally, it can be
concluded that these results will provide a technical reference for an industrial
application of the wet fly ash triboelectrostatic beneficiation.
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