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Abstract 
There are estimates that over 6 million tons of waste from electrical and electronic 
equipment is produced annually and a part of that is considered to be hazardous waste. 
The amounts of hazardous substances per appliance are not large, but the total amount is 
significant. In addition, these equipment contain various valuable metals such as silver, 
gold and platinum and some in a relatively cost effective way reclaimable metals such as 
aluminium and copper. 

New EU directives on waste from electric and electronic equipment (WEEE) are setting 
certain demands for recycling of WEEE and restrictions on handling of hazardous 
substances. These directives are very challenging and it is very important to introduce 
also thermal recycling besides mechanical recycling in order to reach the recycling 
demands. 

There are still many fractions of WEEE waste that are land filled after mechanical 
recycling because the valuable metals can’t be extracted from the residues. Some organic 
WEEE fractions, such as plastic parts, have been directed to incineration. Thermal 
treatment of some fractions can cause environmental problems, because significant 
amounts of for example heavy metals, chlorine and brominated flame-retardant may be 
present in the input. 

This paper gives an overview of some possibilities to improve synergism between 
mechanical and thermal processing of waste from electrical and electronic equipment so 
that environmental impact is kept to a minimum. Previously landfilled fractions should be 
recycled as much as possible as recovered feedstock materials through thermal-chemical 
treatment or otherwise.  As part of the discussion some results from our research within 
the HALOCLEAN-consortium (www.haloclean.com) are reported. 



Introduction 
EU directive 2002/96/EC on waste treatment of waste from electric and electrical 
equipment (WEEE) raises material recycling amounts to a whole new level, and it also 
has significant impact on the recovery of a waste’s energy content. Efficient 
combinations of available methods are crucial in meeting new recycling targets. 

At Helsinki University of Technology there has quite a while been cooperation between 
the laboratories of Energy Engineering and Environmental Protection and of Mechanical 
Process Technology and Recycling, aiming at innovating synergies between mechanical 
and thermal recycling. This paper doesn’t try to cover all this work, but show some 
interesting cases of how these two methods could be combined efficiently. 

Recycling measures including thermal treatment for material recycling are discussed in 
this paper for three different cases. Each of these cases is an example showing the 
benefits of combined mechanical and thermal treatment in WEEE recycling. In the first 
case, pyrolysis of low grade organic-bearing scrapped circuit boards (CBs) allows for the 
recovery of non-ferrous metals, in the second case a significant amount of energy is saved 
when recycling of old refrigerators is combined with straightforward incineration of CFC 
compounds, and in last case we have a example of how to treat high PVC content waste, 
recycle chlorine and avoid corrosion risks in furnace. 

Case 1: Recycling Printed Circuit Boards with help of Thermal Treatment 
Printed circuit boards represent one of the most interesting waste fractions from electric 
and electrical equipment. A significant part of a printed CB is economically quite 
uninteresting but then again they are holding the most of valuable metals in WEEE 
business. In order to get access to those valuables several of techniques has been 
developed. There are small-scale chemical separation systems and complex large-scale 
mechanical systems combined with chemical sink flow end-treatment.  Also some 
thermal treatment methods have been developed. Overall, there are four major process 
types: pyrometallurgical, hydrometallurgical, electrochemical and mechanical processing. 

The major part by weigh populated circuit board waste is made up semiconductor 
components (c.a. 33%), followed by capacitors (24%), unpopulated circuit boards (23%), 
resistances (12%), switches and other materials (8%) (Keller, 2003). Circuit boards are 
composed of wide variety of materials – see Table 1 (Angerer et al., 1993). The metal 
content is around 30%, plastics 19%, halogens (mainly bromine as brominated flame 
retardants, BFRs) 4% and glass and ceramics 49%. Precious metals include silver, 
platinum metals and gold at approx. 0.1-0.4%, but with time their amount has been 
decreased. 

Table 1 Personal computer printed circuit board composition as elements, example 

Element Fe Al Cu Sn Pb Br Mn Zn Sb Ni Cl Na Cr Cd Hg Ag Pt Au 

g/kg 108 48 37 31 30 27 22 15 4.5 3.1 1.9 1.8 1.6 0.4 0.001 1 0.2 0.005

Bromine, in form of BFRs, is widely used in electronic and electric equipment, furniture 
and office equipment. While increasing fire safety, BFRs are problematic for thermal 
treatment of waste streams such as WEEE. They interfere with the recovery of valuable 



metals from WEEE, apart from the risk of corrosion or ozone depleting substances (ODS) 
emissions such as methyl bromide, CH3Br. Chlorine’s main application in EEE is plastic 
coverings of electric wiring. 

There are few things that should be taken account when thermal treatment methods for 
WEEE are considered. Should the metals will be allowed to oxidize, can metals melt or 
vaporize, how to keep different fractions separate and how to avoid emissions of toxic or 
otherwise hazardous compounds? Usually, the easiest way to avoid the disadvantages of 
thermal treatment of WEEE is to use pyrolysis methods i.e. heat input under non- 
oxidizing conditions. Pyrolysis processes taken place at relatively low temperatures, 
typically below 600 ْC, and because of the lack of oxygen the possibility of dioxin/furan 
(chlorinated, brominated and mixed types) emissions is minimized. 

As part of research under an EU 5th framework R&D “Growth” project, different types of 
methods for thermal handling of printed CBs containing brominated flame retardants 
were studied at Helsinki University of Technology (HUT) and at the Research Center of 
Karlsruhe / University of Karlsruhe. HUT’s method was based in pyrolysis in bubbling 
fluidized beds (see figure 4) while Karlsruhe’s approach was stepwise pyrolysis in a 
cascade of cycled spheres reactors plus extruders system (see figure 1). 

 
Figure 1 Cascade of cycled spheres reactor (Hornung, 2002). 

In order to analyse the decomposition process the thermal decomposition of scrapped 
electronic circuit boards in more detail, thermogravimetric analysis (TGA) was used at 
HUT. Samples were heated (at 10 K/min) up to 1000 °C in a gas atmosphere that 
contains a certain amount of oxygen (2 or 21 %-vol) in nitrogen, while the mass is 
measured as function of time, i.e. temperature. 

Figure 2 gives the TGA result for scrapped printed circuit boards during heat-up in a 
nitrogen/oxygen mix (98%/2%) at 10 K/min. This gas mixture models a real-life 
pyrolysis process when there is some oxygen in the input material, as is the case with the 
most CB types, containing epoxy resins. During the test, significant mass losses are found 



at 586 K and 732 K, respectively, corresponding to 35 % of the mass in both stages, 
while no significant further mass loss is recorded above 800 K. 
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Figure 2  TGA result from scrapped electronic circuit boards in N2/O2 98 %/2 %, heating 
rate 10 K/min. 

Flue gases were analyzed on-line with Fourier-Transform Infra Red analysis (FTIR) in 
order to see at which temperature chlorine and bromine would vaporize. Surprisingly, 
there where no indications that bromine was vaporized as HBr. This makes things 
somewhat complicated when the bromine content of WEEE is to be recycled (for 
example with the method described below, in Figure 3). There is a strong interest from 
the bromine industry to recover bromine from waste streams that contain BFRs by means 
of thermal treatment  (Hornung, 2002; Drohmann and Tange, 2000) and for many waste 
streams recycling routes may be blocked due to the presence of BFRs. For example, the 
use of recycled ABS (acrylonitrile-butadiene-styrene) as a blend with PC (polycarbonate) 
is not possible because the BFR causes the PC to depolymerise, resulting in poor quality 
of the recyclate (Zhang et al., 2000). There can be several reasons for lack of HBr in 
pyrolysis gases: either HBr is formed but is immediately oxidised to Br2 via the “Bromine 
Deacon reaction” (Tohka and Zevenhoven, 2002) as CHBr3, or (as some thermodynamic 
calculations made at Helsinki University of Technology suggest) bromine can vaporize as 
ethanoyl bromide (CH3-CO-Br), or the bromine can end up in pyrolysis oils. 

According experiments in Kahrlsruhe. Pyrolysis product is deviated to three categories: 
11% of input is in pyrolysis oil, 6% is in pyrolysis gas and rest of input is in solid phase 
as pyrolysis residue (Hornung, 2002). One of the most interesting results of Karlsruhe 
experiments that all Au was after sieving between in 2-5mm fraction (Hornung, 2002). 
This indicates that valuable output of definite input can be easily sieved out. Fraction 
range of course depends on input. 

Mobile phones, representing another fast-growing WEEE, are normally treated as such, 
mostly because of the lack of suitable disassembly methods for “mass disassembling”. A 
quite interesting and new method has been investigated and developed by Nokia and Eco 
Electronics, a WEEE recycling company from Finland. They have patented the method 
(or process) in which a magnetic induction field is heating the metal screws of the phone. 
This field causes that plastics around the screws will melt. Immediately after this a rapid 
mechanical impact is applied, and according to developers the phone will separate into 
six or seven pieces. The major pieces being LCD, printed circuit boards and covers. One 



of the advantage of this process is that it is applicable for all the mobile phone models 
containing metal screws (Beck, 2003). 

Case 2: Wastes containing Ozone Depleting Substances and High GWP Greenhouse 
Gases 
Almost every country in the world has ratified the Montreal Protocol and agreed in this 
way to phase out substances that are depleting the earth’s ozone layer. Those gases 
include chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) that were 
widely used in refrigeration and in mobile and stationary air-conditioning. The ODS 
gases are partly already substituted by non-chlorinated fluorocarbons, 
hydrofluorochlorocarbons (HFCs). They are also used in polyurethane (PU) and 
expanded polystyrene (XPS) plastics that were for example used in insulation of 
refrigerators. 

Because of their extraordinary stability in the atmosphere, perfluorocarbons (PCFs), 
sulphur hexafluoride, SF6, and some hydrofluorocarbons have enormous greenhouse gas 
(GHG) enhancing effects, or global warming potential (GWP). HCFs, PCFs and sulphur 
hexafluoride were included to Kioto Protocol that (after coming into force) regulates their 
emissions.  Because of this there is a draft version of an EU directive that would forbid 
some of HFC compounds, and national legislation in some EU-15 countries already 
demands the collection of liquids from refrigerator systems. This means, however, that 
legislation on handling of refrigerants in for example WEEE and end-of-life vehicles air 
conditioning won’t change even if these ODS products or GHGs would be phased out in 
most of the countries in end of 2010. 

Typical procedure for CFC in end of life cooling and air conditioning systems has been 
developed to fulfill the latest legislation requirements. 

The procedure starts with degassing the coolants from the pipelines. The oil and gas 
mixture is drained off from the compressor and treated with evaporators to recover the 
ODS elements.  

The major amount (up to 80 %) of the ODS elements however exists in the insulation 
foams, and the size reduction of the fridges must therefore made with special shredding 
systems. 

The size reduction is done in sealed granulation chamber principle to recover the ODS 
elements from the insulation foams. These elements could be carried straight to the 
incineration, like it has been done in Ekokem Oy Waste Plant in Finland, or contained 
after condensation process. After the vacuum crushing and classification the metals are 
separated to at least non-ferrous and ferrous fractions with magnets and eddy-current 
devices. The finest fraction consisting mainly PU, still contains quite a big amounts or at 
least problematic amounts of metals (Fe, Al). The metals are have been distributed also 
quite evenly in to different size fractions meaning that the purification can’t be done with 
classification only. The fines particle size distribution can be seen from the Figure 3.  It is 
too fine to be separated for example with eddy current devices, and because the shape of 
the PU particles is generally flaky, the separation result would not be very selective by air 
classification either. 
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Figure 3. PUR fine fraction after vacuum crushing and classification. 

In this process energy is saved, because there is no need to chance phase (from gas phase 
to liquid) and there are no transport costs for condensed CFC either. Other hand, mainly 
because intensive grinding process, there is “too much” aluminium in rigid PU in order to 
recycle it easily. 

Case 3: Recycling PVC, Chlorine and Energy from High-PVC Solid Waste 
In recent years the production of PVC is increased significantly. The global annual 
production capacity is over 30 million tons of polyvinyl chloride. Only polyethylene (PE) 
capacities are higher than this (Braun, 2002). In thermal recycling PVC, which contains 
approximately 50% chlorine, is causing corrosion problems and it is one of the most 
significant factors in formation of dioxin and furan compounds (PCDDs, PCDFs). In case 
of thermal recycling and handling of WEEE the PCDD/F aspect is even more crucial, 
because there is almost always copper in input, which acts as catalyst in the formation of 
these super toxic compounds [18]. PVC is most typically used as an insulation coating of 
electric cables and wires, for example because it stands significant amount of heat 
compared to many other plastic types. Chlorine acts in these applications also as flame 
retardant. There is also some amounts chlorine in almost every EEE application, but only 
in case of coating of cables the amount is too high for conventional waste incineration. 
Also automotive shredder residue (ASR), with typical chlorine contents ranging from a 
few % to over 20 %, in some cases are problematic partly due to their PVC content. 

Mechanical separation of PVC from other plastics is possible because of some of its 
properties.  Froth flotation is a method adapted from the mineral processing. This method 
has been commercially utilized for separating PVC flakes from PET (Scheirs, 1998). In 
this method the surfaces of the PVC flakes are treated with plasticizers (phtalates), which 
make the PVC flakes very hydrophobic, and ready to attach air bubbles onto their 
surfaces 

The most common method to separate plastics with froth flotation is done with chemical 
conditioning by using wetting agents (Shen et al. 2002; Fraunholcz, 1997).There are also 
preliminary results from the study of the flotability behaviour of PVC, PMMA and PC by 
using the gamma flotation principle (Kirjavainen et al., 2003). 



Electrostatic separation is also a suitable method for separating PVC from in principle 
any other plastics. Separation is based on different triboelectrical charging capacity of 
different plastics. Triboelectrical charging can be produced by friction of particles with 
anothers. This can be created by mixing conditioning of the materials. This effect and 
selectivity can even be increased with climatic conditions like temperature and  moisture 
content. The materials will be charged with different triboelectrical capacities. PVC is 
charged negatively against almost all other plastics and can thus be separated from the 
others (Brandrup, 1996). PVC could also be  separated from other plastics because of its 
chlorine content with X-ray sorting devices (Braun, 2002). 

A kind of a low-temperature processing of plastics has been developed by Salyp. This 
process can separate thermoplastics according to their softening temperatures. The 
softening temperatures of different plastics start from 85 – 100oC (PVC) and end up 
to185-195oC (PET). The mixed stream of thermoplastic materials is heated up to the 
softening temperature of one component The softened thermoplastics attach to the 
separating bodies and are picked up and removed from the mixed stream. The attachment 
of the softened thermoplastics to the separating bodies is not based on adherence or 
adhesive behavior of the softened thermoplastic material, but on selective mechanical 
anchoring on separating bodies with special configuration. The separating bodies either 
penetrate into the sufficiently softened surface of the plastic components or pierce this 
surface, whereby the plastic components are securely affixed and after that removed from 
the separating bodies by mechanical means (US Pat., 1997). 

At Helsinki University of Technology is developed one possible alternative to handle this 
difficult plastic fraction. The method, called “Two-stage combustion of high-PVC solid 
waste with HCl recovery” is based on experimental findings that PVC can be 
decomposed into HCl and a low-chlorine or chlorine-free residue by heating to 
temperatures of around 300-350°C (FI Pat., 2000; Olie etal., 1998; Zevenhoven et al., 
2002). A simplified schematic picture of the process is presented in Figure 3. 

 
Figure 4 Simplified process schematic (Saeed, 2003). 



High-PVC solid waste is fed to a bubbling fluidized bed (FB) pyrolysis reactor, where it 
is heated up to about 350°C as to release (most of) the hydrogen chlorine (HCl). The gas 
used for the fluidization in this first reactor is nitrogen (N2) in order to avoid any risk of 
dioxins and furans formation. The gases from the first reactor will contain mainly N2, 
HCl, H2O and small amounts of other gases. The solid residue, which includes the 
hydrocarbon residue from the PVC plus the rest of the incoming fuel, can be combusted 
as any other low-chlorine or chlorine-free solid fuel. This is accomplished in the second 
reactor, a circulating FB combustor at around 800°C-850°C, without environmental 
hazard risk or corrosion problems. 

The pyrolysis gases from the BFB are cooled to 80°C by exchanging heat with water. 
After that the gases are fed to an NaOH/water solution to separate the HCl from the 
pyrolysed gas, which mainly contains N2 and traces of hydrocarbons, mainly benzene. 
The HCl will be neutralized to produce NaCl and water. In larger scale application HCl is 
can be recovered as hydrochloric acid. The energy efficiency of this process, based on a 
simulation of a 40MW fuel input waste incineration plant (simulated with PROSIM 
software) shows an increased of energy efficiency of up to 4%-points when compared to 
conventional waste incineration depending of the amount of chlorine in the feed and the 
moisture content of the feed (Saeed et al., 2003). 

The advance of this process is in 40MW fuel input waste incineration plant (when 
simulated with PROSIM software)  increased of energy efficiency up to 4% depending of  
amount of chlorine in fuel and fuel’s moisture (Saeed et al., 2000). 

Conclusions 
There are already many different ways to combine WEEE recycling methods and 
processes. The biggest challenges of meeting the new EU WEEE recycling targets in end 
of pipe treatment are how to handle halogen-containing compounds (specially in thermal 
treatment) and how to handle some complex fractions of WEEE waste such as scrapped 
circuit boards in such a way that valuable metals can be recovered. Optimising recycling 
routines and developing synergism between different kinds of methods is not only 
important for fulfilling (future) legislation but also it can help making recycling more cost 
effective. 

In this work some methods and processes were discussed in a superficial way. 
Cooperation continues between Helsinki University of Technology’s laboratories of 
Energy Engineering and Environmental Protection and of Mechanical Process 
Technology and Recycling. We are awaiting fruitful innovations to come out; so far 
results have been promising. 
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