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Abstract

The following paper discusses a high-temperatuséigation process and melting of electronic congus and
computer equipment using plasma reactor technologyalyses the marginal conditions of batch psetey, as
well as the formation of solid products which rédubm the procedure of waste processing. Attenialso
paid to the impact of the emerging products oretindronment.
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1 Introduction

The introduction of the information and communioatiechnology into everyday life in the
second half of the twentieth century and the digtion of manufacturing processes instigated
mass production and caused a high demand for iekciind electronic appliances. Generated
waste, in the form of discarded equipment with enber of circuit boards, leaded glass, etc.,
became hazardous waste requiring special treatm&ntpresent, due to the rapid
technological evolution, computers, control and oamication devices have shorter life span
than in the past. For that reason, the amounteaftrétal and electronic waste increases every
year [1].

Recycling, reuse and recovery of discarded or aytfanal equipment represents secondary
sources of metals that can be used in the manuéaofuthe same or similar products, thus
avoiding landfilling.

In order to protect the environment and the nattgaburces, a set of strict quotas for the
recycling of electrical and electronic equipmenswaplemented within the European Union.
In accordance with the requirements of the Eurogearhiament and the Council Directive
2002/96/EC of 27 January 2003 on waste from thetrgdal and electronic equipment, the
following objectives have been set:

» Collect annually at least 4 kg/habitant of WEEHBrprivate households.
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» Ensurean annual rate of recovery and recyclingrdaug to information provided in
the corresponding Table 1.

Table 1: The recovery, reuse and recycling of camepts, materials and substances in
electrical and electronic equipment

Rate of reuse (%) Rate of the reuse and
(from the average recyqle of compo_nents,
Category of e-waste weight of the materials and fabrics (%)
component) (from the average weight of
the component)
Large household appliances 80 75
Small household appliances 70 50
Information
& telecommunication 75 65
components
Consumer electronic 75 65
Electric and electronic
machir_les _ 70 50
(except large stationary industry
machines)
Machines for monitoring and 70 50
control

The limit indicators listed in Table 1 are difficub fulfil only by recycling the metal and
ceramic portion of electrical and electronic wagtke Questions are arising regarding the
targeted solution to the recovery of plastic portad waste, as it represents about 20-30% of
the waste content and it continues to grow [3]. Metcal recycling of plastic fragments and
its reintroduction into production processes ispany cases, an inefficient approach from
economic and qualitative terms. The combustionlasties, as the most widely used thermal
process of disposal of organic waste materialyvdesia range of difficulties to deal with that
are mainly connected to the environmental contananeby toxic and dangerous products.
Cell phones and other electronic components, despdir small size, have a high potential
for contamination because in each device there5at@ items, such as mercury (HQ),
cadmium (Cd), lead (Pb), arsenic (As), dioxins amdns arising from the combustion, which
are considered to be very harmful to health anegthwronment. These substances can pollute
the air, soil or water. Many of these pollutants qzersist in the environment through
bioaccumulation via the food chain. This means #battronic waste is often categorized as
hazardous waste that requires special handlingcéjehe appropriate ways of disposal are
being explored, not only in terms of the metal ooy, but mainly in terms of the need to
protect the environment [4].

Plasma technology, that is a proven technologyhm processing of waste containing a
significant share of metal components producechermetallurgy industry, appears to be a
promising technology in the treatment of WEEE.

94



SSP - JOURNAL OF CIVIL ENGINEBYRG Vol. 11, Issue 2, 2016

2 Material and Technology

An experimental test sample is obtained from a digiied computer unit. Simple on its face,
the electronic components represent heterogeneast® wontaining different types of metals,
plastics, glass and ceramics. To identify the nmtepntent of such a batch, a pre-treatment
is therefore required, preceding the high tempegatreatment process. In the first step of
preparation, the sample is crushed to a fractidessf than 5 mm. The moisture content in the
sample was set to 0.72 wt. %. The rate of the acgaompounds and plastics in the sample of
electronic waste was determined by oxidative ammgadt 850 °C. The annealed sample is
then digested in aqua regia. By analyzing the letschand the undissolved residue, a recovery
factor of various elements and compounds was aste&ummary of an average composition
of a crushed and homogenized sample of electroasterprovides Table 2 [2].

Table 2: Average composition of crushed sampledeasitronic waste

Average
Compound composition
(w. %)
Annealing losses at 850 °C
Organic part + plastics ‘ 56.04
Amount of elements in the
extra(_:t obtained f_rom the 3211
leaching of the residue after
the oxidation annealing
Cu 57.76
Al 19.23
Fe 2.89
Ca 6.55
Mg 0.31
Mn 0.055
Ag 0.101
Au 1.74 mgkg™
B 0.53
Cd 0.0023
Cr 0.005
Ni 0.246
Pb 2.23
Sn 1.11
\% 0.005
Zn 5.12
SIO, <0.03
Amount of elements in the
undissolved residue
obtained from the leaching 11.85
of the residue after the
oxidation annealing
SiO, | 54.25
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Al,03 8.37
CaO 4.96
MgO 0.57
MnO 0.023
TiO; 0.76

Sn 8.84
Cr 0.13
Cu 0.52
Sum 100.00

Based on the results shown in Table 2 it can becluded that the metal content in the
recyclable waste is at the level of about 30 %heftbtal weight of the electronic waste. Such
proportional representation of metals in e-wasteois in terms of its reuse, negligible and its
recovery thought plasma melting processes will ddpen the course of chemical reactions
taking place in the reaction chamber of the plasmaator. The quantity of emerging products
in the form of an alloy, oxide particulates or slagj affect mainly the operating conditions
characterizing the process of melting.

The melting temperature of the emerging slag welbehd on the content of the main slag-
forming oxide in the charge. Furthermore, the terafpee will be influenced by the process
of oxidation of aluminium into aluminium oxide fodrin the sample of electronic waste.
Considering the percentage of main slag-forminglesiin the batch and the oxidation of
approximately 50 % aluminium into aluminium oxid#he melting temperature of the
emerging oxidizing melting substance should be ceduy adding a fluxing agent. Due to
the high content of acidic slag-forming componeatsl plastics in electronic waste, a
dolomitic limestone as a flux is used, containifigwg.% of CaC@Q, 30 wt.% of MgCQ and

5 wt.% of SiQ, respectively [2].

High temperature processing of crushed samplesaafste, with the objective of the material
and the energy recovery of the content, took pla@eplasma reactor operated in a dependent
connection. To generate the low-nitrogen plasmajti@gen gas was used. The graphite
hearth was protected against wear by creatinglayhapnductive copper layer on the bottom
of the reactor. The total weight of the embeddedpeo lining is 5.7 kg. More detailed
specifications of the technology are shown indhZ.

3 Experimental melting samples of electronic waste

The high temperature processing of e-waste, otigigafrom the discarded computer

equipment, was carried out at an average temperatul410 °C in a laboratory plasma
reactor with a dependent arc. The inserted batdh wiweight of 16.7 kg consisted of

71.43 wt.% of electronic waste and 28.57 wt.% dbdutic limestone. The increase of a flux

in a form of dolomitic lime provides an additiorta@nefit in a form of the oxygen potential

increase in the reaction chamber of the plasmaaeathis is an added advantage to the
reduction of the melting temperature of the emeygimide melting substance. During the
thermal decomposition, the substances of CagXavell MgCQ release the C£}1,2)
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CaCQ =MgO,, +CO, (L)
MgCQ,, = MO, +CO,, 2)

Untreated carbon in the presence of carbon dioziddizes partially into oxide monoxide,
thereby increasing the recovery of the carbon foghmart of the plastic charge. The oxidation
of carbon in the presence of carbon dioxide inth@a monoxide contributes to a greater use
of the energy potential of plastics present intetgtic waste [2].

Time required to conduct the laboratory experimem@s 73 minutes at the marginal
conditions at the speed of the batch insertion. 229 kgmin™. Total energy consumption per
kg of the treatment mixture of electronic waste &ne (limestone dolomite) was around
3 kWhkg™

Four outputs of the high-temperature melting precasd gasification of electronic waste in
the plasma reactor are: oxide-melting substaneeform of slag, metal alloy, synthesis gas
and flue dust. The composition of solid products ba seen in Table 3, 4, 5. The average
composition of the synthesis gas generated at amelof 0.498 rtkg'of the batch
corresponds to the following values: 0.15 £H7.50 H; 0.28 Q; N, 15.70; 0.43 CQ CO
36.00; 0004 gH,4; < 0.001 GHg; 0008 GH2; 0003 amount C3-8 hydrocarbons [2].

Table 3: Composition of the metal alloy

Compound Composition
(w. %)
Cu 80.5
Al 7.21
Si 4.89
Sn 3.91
Fe 2.44
Ni 0.316
Cr 0.157
Ag 0.0563
Au 0.0163
S 0.0095
Cd 0.00046
Te > 0.144
C > 0.0732
Zn < 0.003
Pb <0.05
Sh < 0.0035
Co < 0.0015
Be < 0.0001
B < 0.0004
Pt < 0.002
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Table 4. Composition of the slag

Compound CO(TV?OO/‘:;“O”
CaO 46.71
Al ;05 31.16
SIO, 3.27
MgO 0.12
Cu 13.03
Fe total 0.55
Sn 0.132
Zn 0.071
Pb 0.028
Ag 0.0046
Sum 80.62

Table 5: Composition of the fly ash

Composition

Compound (W. %)
C 40.02

CaO 16.04
MgO 10.35
SiO, 5.60
Cu 6.13
Pb 3.90
Zn 1.45

Fe total 0.19
Cd 0.01
Sum 83.69
Humidity 3.55

4 Results and Discussion

Stability of metal oxides in the mixture, similargs in lit. [2, 6] can be measured by
observing changes in standard Gibbs free energySi@ble slag-forming oxides, such as in
particular SiQ, Al,O3, CaO, MgO and Tig will concentrate at the bottom of the reactor in
the form ofa slag. Less stable oxides like Oy FeOs, NiO, SnQ, CdO, ZnO, and PbO are,
under given conditions, directly or indirectly regdd in metal (Cu, Fe, Ni, Sn, Cd, Zn and
Pb), following the chemical reactions (3,4).

MeQ,, +C,,= Mg +COQy (3)

MeQ,, +COg, = Mg, +CQy, 4

Wherein: MeO represents oxides of the less stablalroxides
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Me - the reduced metal,

(L) - liquid phase (liquidus),
(G) —gaseous phase (gaseus),
(L;g) — liquid and gaseous phase,
(S) - solid phase (solidus) [2].

Metals with a high boiling point and with a low pseire of metal vapors (e.g. Fe, Cu, Sn, and
Ni), found in less stable oxides, are, as a sepghase, concentrated at the bottom of the
plasma reactor. Hg, Cd, Zn and Pb are concentnatib@ synthesis gas and reduced to fly ash
in cleaning facilities.

Slag-forming oxides are concentrated in the oxayel situated above the molten metal alloy.
By tapping the melt, a slag with an amorphous glafiiate structure is obtained. Unlike the
batch that enters the process of high temperataséication and smelting, the slag has an
inert character with a very low leachability of mist The composition of glassy slag can also
be modified with the application of other typesflixes, which creates conditions for its
future use, for example construction.

Throughout the process of plasma melting and gasiéin of electronic waste (when
considering the results of the composition analgdisnetal alloy - Table 3), the partial or
complete reduction of SilJound in the charge, occurred. As a result ofttigh temperature
and different chemical reactions taking place ie thaction chamber, the silica is partially
reduced in metal Si concentrated in alloy, (TableP8ocess of reduction of Si@ito volatile
SiO and into metal Si is also confirmed by the wsial of the slag (Table 4).Some of the
oxides, originated in e-waste, are reduced in @ngtreduction atmosphere. Metals with a
high boiling point (Cu, Ni, Fe, etc.) are concetdthat the bottom of the reactor, where they
may be periodically tapped.

The high content of copper in the alloy affects thetal copper, which was placed into the
reaction chamber of the plasma reactor before tdré af the experiment in order to protect
the graphite heart. Based on the experience, appabely 50% of copper evaporates during
the pre-heating period of the reactor and condeinse® cooler areas of technological units.
This problem is eliminated by continuous operatidnring which the reduced metal is
protected by the oxide melt [2].

Deficit in the oxygen potential in the reaction ctier of the plasma reactor can be
determined based on the percentage level of carbibre fly ash [9-11]. The concentration of
carbon in the metal alloy and in the slag is neigleg When assuming that there is about 50-
60% of carbon in the organic fraction of electromiaste, the hypothetical production of
syngas is around 1.020 to 1.22%kg;however, only if 100 % of the carbon potentialridu

in waste is used (carbon balance in the compostiioresponding to the average composition
of the syngas). Based on the above, the efficieidlie use of the mass fraction of carbon at
the formation of gaseous components is less thé Hfcrease in the production of synthesis
gas is possible by further increase of the oxygetengial in the reaction chamber of the
plasma reactor and by further regulation the matgeonditions of the process of high
temperature gasification and melting of electronaste. The energy of such synthesis gas
can be re-used after the gas is cleaned, ex. ienewgtion units for the production of
electricity and heat.
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5 Conclusion

In many cases, obsolete and discarded computemsdimidual use and electrical and electronic
equipment in general, still have an added sociklevdRe-use of otherwise functional devices on
the secondary market without modification, eithgr delling for a nominal fee or donation,
reduces the volume of the emerging e-waste anceooss natural resources.

One of a few possible and presently only marginadtyarded options for the recovery of e-waste
is the high-temperature melting technology in thasma reactor. As confirmed by this
experiment, the applied technology provides noy oméiterial but also partial energy recovery of
waste. Produced synthesis gas may be used for yemengoses after being cleaned. An
additional advantage of the technology is the flgsi to recover the metal portion of waste
that, if landfilled, would become irreversibly laat a degraded raw material.

Based on the analysis of products formed in thegs® of melting and gasification of e-waste,
the technology is considered technically and ecoldly suitable. If the marginal conditions for
the process are correctly set, we consider thisn@ogy as BAT technology; one where the
material and energy content of the batch is reamer
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