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ABSTRACT: Expansion in electrical and electronic equipment trade has led to significant increase in electronic waste
which should be dealt with special priority due to its potential negative impact to the public health and the environment.
Thermal plasma technology offers a very promising alternative of hazardous waste treatment for the near future. In this
study, a laboratory scale apparatus for generating high temperature plasma flame was presented. Design of a 20 kW
plasma torch system was based on a non transferred direct current arc discharge with air as a medium gas. In this
investigation, measurements of temperature distribution were performed. It was shown that high temperature flames
can be generated, comparable to those reported in the literature. The gas temperature was found to increase with an
increase in power input. The flame temperature was found to further increase from 1210 K to 1480 K when a small
amount of added fuel gas.  Assessment of electronic waste treatment using the air plasma system in a batch operation
was also carried out. It was shown that the system was able to convert the electronic waste into combustible gas and
inert solid residues. High mass loss rate of bulk electronic waste was demonstrated.
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INTRODUCTION
The production of electrical and electronic

equipment is one of the fastest growing businesses in
the world. The useful life of consumer electronic
products is relatively short and decreasing as a result
of rapid changes in equipment features and
capabilities. Technological innovation and market
expansion are accelerating the replacement of outdated
equipment, leading to a significant increase in waste
that induces a new environmental challenge. Concerns
over environmental issues arising from these electrical
and electronic products have led to a number of
environmental regulations such as the waste electrical
and electronic equipment (WEEE) and restrictions on
hazardous substances (RoHS) directives. These
directives directly affect the electrical and electronic
industries throughout the world (Hsu and Hu, 2008).
Electronic waste is considered to be one of the priority
streams in waste management. Challenges faced by
WEEE management are not only consequences of
growing quantities of waste, but also the complexity
of WEEE (Nnorom and Osibanjo, 2008; Widmer et al.,
2005). Electronic waste is loosely applied to consumer

and business electrical and electronic equipment that
is broken, near the end of its useful life or unwanted. It
is one of the most complex waste streams because of
the wide variety of products from mechanical devices
to highly integrated systems and the accelerating
technological innovations. Certain components of
some electronic products contain materials that render
them hazardous. Incineration is normally used for waste
destruction and reduction of waste volume (Shekdar,
2009). However, some compounds such as chloride and
heavy metals can remain in ash and cause secondary
environmental problems. Alternative thermal treatment
technology is required for sterilization, as well as
volume reduction.

Need for high temperature thermal processing in
various applications such as solid waste destruction
has led to a rapid growth in the use of plasmas and
plasma-based technologies into industry (Bonizzoni
and Vassallo, 2002; Chang, 2001; Kogelschatz, 2004;
Leal-Quiros, 2004; Pfender, 1999). Hazardous materials
may be destroyed by the high-temperature plasma
energy under the reducing or the oxidizing condition
of plasma gas.  Plasma-chemical treatment technology
has been used in the highly efficient processes such
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as thermal cracking and oxidation of hazardous wastes
(Kim et al., 2003) and gases (Zhu et al., 2008). Plasmas
contain highly reactive species, such as electrons,
ions and radicals which can enhance chemical
reactions. Plasmas can be divided into two categories:
thermal plasmas and non-equilibrium plasmas. Thermal
plasmas are atmospheric-pressure plasmas
character ized by high enthalpy content  and
temperatures about 2,000-10,000 K. Non-equilibrium
plasmas are low pressure plasmas characterized by
high electron temperatures and low ion and neutral
temperatures. Thermal plasma device or plasma torch
produces arc plasma column between two electrodes.
There are several types of plasma torches: direct
current (DC) arc torch, induction torch and high-
frequency capacitive torch (Ganguli and Tarey, 2002;
Venkatramani, 2002).

There are a number of researches on treatment of
waste using plasma torches. Inaba et al. (1998)
developed a laboratory scale, 60 kW DC arc plasma
torch using argon as working gas and applied it to
melt fly ash into a glassified slag. Inaba and Iwao
(2000) further utilized a plasma torch to treat wastes,
and discussed aspects of plasma processes in the
destruction and removal of mixed wastes and
hazardous wastes. Uhm and Hong (2000) developed
a simple model to simulate physics of plasma torch
and used the model to investigate an arc plasma
system for waste treatment. They found that with
oxygen as working gas, very high oxidation rate could
be achieved. Wald et al. (2001) presented the use of a
pulsed plasma technology to treat hazardous waste
and reported higher destruction efficiency than other
conventional thermal methods. Kim et al. (2003)
applied a 100 kW DC steam plasma to minimize dioxins
and furans from processing of polychlorinated
biphenyls (PCB) waste and found that the DC steam
plasma process was efficient in decomposing high
concentration of PCB and minimizing the toxic
byproducts. Park et al. (2005) treated medical waste
with a pilot plasma unit and found that the temperature
range between 1,450-1,850 K inside the plasma furnace
can be attained at a specific power of 1,125-2,100 kW/
m2. Moustakas et al. (2005; 2008) reported successful
installation and testing of a demonstration 50 kg/h
pilot plant with plasma vitrification system to treat
industr ial hazardous waste, as well as further
performance optimization. Tendler et al. (2005)
presented a review and assessment of the hot

temperature discharge physics and processing of the
waste, including vitrification, gasification, power
generation and environmental advantages. More
recently, Hong et al. (2006) and Bang et al. (2006)
developed microwave plasma torches to produce high
temperature plasma flame. They reported a boost in
flame temperature with hydrocarbon fuel injection that
can be used for bulk treatment of waste. The latest
review on thermal plasma technology to date was
given by Gomez et al. (2009), where a comprehensive
analysis of available literature on the current status
of waste treatment using thermal plasma technology
was presented.

From existing literature, it was clearly shown that
plasma treatment was well established for common
waste streams and there were modest amounts of
works regarding hazardous waste. To the authors’
knowledge, investigation on electronic waste
treatment with plasma is still very rare. Furthermore,
most studies focused on using inert gases or steam
as working gasses. Due to economic reason, use of
the cheapest gas (the air) appears most practical.
Therefore, the present investigation is an attempt to
lessen this gap. In this study, a 20 kW atmospheric
air plasma using DC discharge was developed for a
laboratory study. The objective was to investigate
DC plasma characteristics and utilize it to process
electronic waste.

MATERIALS AND METHODS
Fig. 1 shows schematically design of a DC plasma

torch, consisting of a steel rod cathode and an air
cooled anode, shaped in the form of nozzle. The two
electrodes are separated by an insulator which has
an inlet for plasma gas. When compressed air is
introduced thru the electrode gap and a DC arc is
established between the electrodes, the plasma arc is
emerged from the nozzle resulting in a high
temperature,  high  velocity plasma flame.
Electromagnetic forces from magnetic coil and gas
flow act to constrict the arc column. The body of the
torch was designed such that there are cooling
chambers for cathode and anode. The torch was
coupled to the main power supply and operated in a
non-transferred arc mode. Air or a mixture of air and
other gases can be used as medium gas. Liquefied
petroleum gas (LPG) can be injected to air plasma via
connecting pipe. For the preliminary design, the
operation ranges of power and air flow of the plasma
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torch were limited to 12-20 kW and 300 l pm,
respectively. Temperatures were measured at different
positions of the flame by a type K thermocouple.
These locations were linearly 10 or 20 mm apart in
axial direction and 5 or 10 mm apart in radial direction
of the main flame column, starting from the torch exit.

Fig. 1: Schematic drawing of a DC plasma torch

Fig. 2: Schematic diagram of a plasma process for treatment of electronic waste;
(1) plasma torch, (2) DC power supply, (3) air tank, (4) air flow regulator, (5) blower for
cooling air, (6) LPG tank, (7) gas flow regulator, (8) furnace module

A schematic diagram of a laboratory scale, plasma
furnace for treatment of electronic waste is shown in
Fig. 2. It was equipped with the air plasma torch, a
refractory-lined circular reactor and a gas flare prior
to exhaust. The dimensions of the reactor were about
100 mm in diameter and 200 mm long. Old central
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processing uni t (CPU) board was used as
representative electronic waste. The waste of 0.2 kg
can be batch fed into the reactor where rate of reduction
in mass and the reactor temperature were monitored.
The research work was performed at Chiang Mai
University between October 2007 and October 2008.

RESULTS AND DISCUSSION
Plasma torch performance

From simple visual observation, a pure air plasma
flame showed milky white lights with blush-like,
turbulent flame tip at normal operation. This was the
expected character of high ionized plasma density in
air discharge. Plasmas flame exhibited marginal
fluctuation in length with an observed average length
of about 100 mm. The radius of the plasma was
observed to be about 3 mm. The radius was found to

have a slight increase as the power input increased.
With addition of small amount of LPG, it was observed
that the color of plasma flame changed to bright, light
blue-ish. This may be attributed to the presence of
unstable CH radicals in the plasma. Nonetheless, the
flame dimension did not show any significant change.
Figs. 3 and 4 show temperature profiles of the air
plasma flame. Temperature distributions along the
axial and radial directions at different power ratings
were illustrated. The results showed that the gas
temperature increased with an increase in power input.
This finding was in similar tendency to that reported
by Inaba et al. (1998). For the same input power, the
gas temperature showed a decline along axial length
and away from the flame center. The maximum
temperatures of the air plasma flame at the center of
the flame exit were between 980 and 1, 210 K. This is

Fig. 3: Axial distribution of plasma flame temperature
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Fig. 4: Radial distribution of plasma flame temperature
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significantly higher than 550 K, reported by Hong et
al. (2006), but similar to 1,173-1,773 K, reported by
Tang and Huang (2005) for temperatures of air/nitrogen
plasma generated by microwave source. However,
when 5l pm LPG was injected as a fuel into the air
plasma flame, the maximum gas temperature measured
by a thermocouple drastically raised to 1480 K.

It should be noted that the fuel–air mixture of the
LPG was only 1.63 % which was well below the lean
side of its flammability limit, defined as the boundary
composition of the fuel–air mixture beyond which gas
is incapable of flame propagation (Mishra and
Rahman, 2003). Nonetheless, an increase in gas
temperature after LPG addition may be resulted from
exothermic chemical reaction accomplished by high
temperature and high radical density of the plasma
flame, similar to that observed by Bang et al. (2006).
From the preliminary experimental data, the air plasma

burner may be used for bulk thermal treatment of
waste.

Destruction of electronic waste
Electronic waste can be processed using high

temperature air plasma torch operated at 20 kW rating.
In this experiment, CPU board of 0.2 kg was thermally
decomposed in  the reactor. Measurement  of
temperature evolution inside the furnace was
performed. Result was depicted in Fig. 5. It should be
noted that the plasma torch was fully emerged inside
the furnace and the temperature probe was positioned
at the reactor axis, 100 mm away from the nozzle.

It was evident that the reactor temperature
increased at a rapid rate and leveled off around 1,200
and 1,100 K at 50 and 100 mm, respectively. The
temperatures at both locations were close but did not
attain the maximum level reported previously in the
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Fig. 5: Evolution of temperatures inside the furnace during plasma waste treatment

   Fig. 6: Variation of CPU board mass loss with time when exposed to 20 kW air plasma flame
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naked plasma flame. This may be attributable to the
fact that the plasma interacted with the waste and the
plasma density decreased with distance. Nonetheless,
a similar furnace temperature range to that reported by
Vaidyanathan et al. (2007) was obtained in this study.
Fig. 6 shows rate of mass reduction in the sample
normalized by the initial mass when it was exposed to
air plasma flame.

 It can be seen that more than 50 % of solid
electronic waste was reduced in less than 120 s and
the treatment was completely finished in about 150 s.
Most were rapidly converted to gases, while about
20 % of the initial mass remained as solid residues.
Change in physical appearance of the CPU board
sample with time was illustrated in Fig. 7. It was clear
that the air plasma can disintegrate, completely
destroy and reduce volume of solid electronic waste.
The remaining solid residues were inert materials that
can be easily disposed of, or used as part of bulk
material in road construction.

Energy consumption and cost estimate
One of the main reasons that restricts the wide

adoption of plasma based technology is the cost of
electrical energy involved. From the obtained results,
the energy consumption required to drive the plasma
torch to process waste material was about 3.0 MJ/kg.

This was quite low, compared to 5.4 MJ/kg reported
by Wang et al.(2009) and 3.6 – 6.6 MJ/kg reported by
Tendler et al. (2005). This finding was expected due
to the fact that the waste feed was very small,
compared to others, hence much shorter processing
time and less energy consumed. A technical feasibility
of plasma technology was demonstrated, but it was
not yet clear if the plasma treatment of wastes is
economically viable. From this investigation, the
operating cost was approximated to be around 340
Euro/ton. This was in the same magnitude to a thermal
plasma system by University of Zhejiang of about
330 Euro/ton (Wang et al., 2009). However, the tests
were conducted in a small reactor. The cost was
expected to drop significantly for operation in larger
scale application where the efficiency was improved.
Indeed, preliminary estimates yielded a competitive
cost for plasma based methods in waste treatment,
compared to other conventional methods (Table 1).

In this work, product gas from the plasma treatment
was not sampled. By the application of a plasma
based system to the waste, a clean syngas of high
heating value is produced simultaneously with
recovered metals and a non-leachable vitrified
material. Recovering and harnessing energy from the
product gas will help reduce overall cost and further
enhance the attractiveness of the plasma technology.

CONCLUSION
A 20 kW air plasma torch was developed in this

study. Its physical characteristics, as well as its
application to electronic waste treatment were
investigated. From the power rating of 12 – 20 kW
and gas flow rate of 300 l pm considered, the plasma
torch was found to produce high-temperature and
large-volume flames.

Table 1: Estimation of waste treatment costs for various
methods (adapted from Tendler et al., 2005)

Treatment method Cost (Euro/ton) 
Landfill burial 105-160 
Traditional incineration 100-140 
Pyrolysis/thermolysis 90-150 
Plasma without syngas utilization 100-120 
Plasma with syngas utilization 70-90 

 

Fig. 7: Temporal change in physical appearance of CPU board after exposed to 20 kW air plasma flame
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Higher temperature can be achieved at higher power
input, or addition of fuel gas, up to 1480 K. A feasibility
of the air plasma system for electronic waste treatment
was demonstrated in a laboratory scale setup. It was
observed that the air plasma system was able to
achieve high temperature of 1200 K in about 80 s and
promoted thermal decomposition and volume
reduction of the waste to below 80 % in just over two
minutes. A number of trial runs demonstrated that the
non-transferred DC air plasma was effective for the
destruction of electronic wastes. Technically, plasma
technology can be adopted as an alternative electronic
waste treatment for fast operation and elimination of
slag toxicity. However, electrical energy and cost of
electricity involved are still the main obstacles towards
utilization of the plasma waste treatment technology.
The investigation of ways to improve the plasma torch
performance and increase the efficiency of the process
is very crucial.
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