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Abstract: The behavior of chars from the carbonization process were studied when the 
lignocellulosic biomass was incorporated into the waste of electrical and electronic equipment for 
chlorine removal. Tests were performed at 300°C with a heating rate of 15°C/min and residence time 
of 60 min. Compositions studied had 100, 75, 50, 25 and 0% of waste electrical and electronic 
equipment (WEEE) in the mixtures. The composition of 50% WEEE with 50% lignocellulosic 
biomass presented the best char properties, having an increment of the calorific value in 5.5% 
relative to the initial value, and chlorine removal of 23.4% when compared to the forestry biomass. 
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1. Introduction 

Global development and economic growth drive technological advancement in industries, 
resulting in increased production of electrical and electronic equipment (EEE), which is one of the 
fastest growing and still developing products. New technologies developed are being replaced by 
new devices, and the resulting waste is sent to landfills without consideration of possible adverse 
impacts on the environment [1]. 

In 2016, for example, the amount of electrical and electronic equipment waste (WEEE) increased 
by 8% worldwide compared to in 2014. In the European Union, around 12.3 million ton of WEEE is 
generated annually, constituting one type of waste with recovery potential [2,3]. 

EEE includes a wide range of products. Directive 2012/19/EU defines EEE as equipment that 
relies on an electrical current or electromagnetic field to function properly. This type of waste 
includes large and small appliances and information technology equipment [4]. This waste contains 
various toxic substances that can be released into the environment during landfilling deposition and 
improper processing [5]. 
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2. Literature Review 

WEEE contains heavy metals, brominated flame retardants (BFRs) and other toxic and 
hazardous substances, such as chlorine. Landfilling may lead to soil and groundwater pollution 
caused by BFRs and heavy metals. 

WEEE pyrolysis allows it to recover its carbon content in the form of bio-oils and bio-carbons. 
However, the valuation of these products generally requires additional processes which presents a 
disadvantage [6]. 

Combustion of this material may cause formation of polybrominated dibenzodioxins and 
dibenzofurans. The carbonization of WEEE allows the decomposition of the molecular structures of 
these materials at 300–500 °C in an inert atmosphere, thus eliminating the amount of chlorine and 
plasticizing elements. The char obtained has better properties to be used as fuel [7], for example in 
gasification processes. Low temperature carbonization (≈300 °C) can be used as a pretreatment for 
solid biomass processing, providing an alternative to the standard use of biomass as a raw material 
for the thermal gasification process. This effect is due to the reduction in the amount of harmful 
gaseous emissions and decreases the amount of ashes and tars [8]. 

The gasification process thus emerges as a technology that allows the integration of various 
processes and the production of synthesis gas, ensuring a more complete separation between the 
organic and inorganic components of these wastes [5]. Direct thermal gasification of WEEE causes 
HCl emissions, encrustation and corrosion in equipment due to Cl and heavy metals present in such 
wastes [9]. Therefore, a pretreatment like carbonization may be required to avoid such problems. 

In the present work, carbonization tests with mixtures containing WEEE and a lignocellulosic 
biomass in various proportions were performed with the aim of evaluating process behavior and to 
analyze the properties of resulting chars for further use as fuels in a gasification process. 

3. Experimental 

Tests were performed with 100, 75, 50, 25 and 0% WEEE to study the effect of increased biomass 
incorporation and its benefits for the energy recovery of waste. 

The parameter of most interest is related to chlorine removal, which, as discussed, is one of the 
biggest problems for the WEEE energy recovery process. 

The carbonization tests were performed in an oven at 300 °C for 60 min with a heating and 
cooling rate of 15 °C/min. The heating rate is an important factor for increasing the dechlorination 
rate and the ratio between HCl and volatiles. 

4. Results and Discussions 

The initial mixtures and chars obtained in the test are shown in Figure 1. In the chars derived 
from the carbonization processes, it is possible to observe that the greater the amount of WEEE, the 
greater the formation of agglomerations, while the initial biomass becomes clustered. 

 

Figure 1. Biomass and carbonization chars. 

Table 1 presents the characterization of the raw mixtures with biomass and WEEE. As the 
percentage of lignocellulosic biomass in the residue increases, the amount of chlorine decreases, 
which constitutes an advantage for the energy recovery process since HCl emissions may be 
attenuated. 
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Table 1. Analysis of the different raw mixtures. 

  100% 
WEEE 

75% WEEE 50% WEEE 25% WEEE 0% WEEE 

Pr
ox

im
at

e 
(%

) 

Moisture 0.71 2.45 2.12 2.94 6.17 
Volatiles 62.71 62.38 61.84 58.7 57.25 

Fixed Carbon 8.24 11.84 18.08 24.67 30.32 
Ashes 28.33 23.34 17.96 13.73 6.26 

U
lti

m
at

e 
(%

) Nitrogen 0.76 1.14 1.37 1.27 1.99 
Carbon 41.85 36.95 39.5 30.38 29.41 

Hydrogen 7.47 6.23 6.67 4.89 4.67 
Sulphur 0.23 0.27 0.2 0.13 0.22 
Oxygen 21.36 32.07 34.29 49.6 57.45 

Chlorine (%) 26.83 22.95 22.71 16.79 4 
Higher Heating Value (MJ/kg) 22.7 21.22 21.18 19.3 17.59 

In Table 1, it can be observed that the greater the incorporation of lignocellulosic biomass, the lower 
the amount of ash, which has an advantage, as the high amount of ash can cause equipment 
malfunctions and slagging problems. Increased biomass amounts in the mixture reduces the amount of 
chlorine present that will go to the reactor. On the other hand, because lignocellulosic biomass has a 
relatively low calorific value, WEEE incorporation increases the calorific value of the mixture. Table 2 
presents the char characterization obtained from the carbonization process. 

Increased biomass amounts in the mixture reduces the amount of chlorine present that will go 
to the reactor. On the other hand, because lignocellulosic biomass has a relatively low calorific value, 
WEEE incorporation increases the calorific value of the mixture. 

Table 2. Char characterization obtained from the carbonization process. 

  100% WEEE 75% WEEE 50% WEEE 25% WEEE 0% WEEE 

Pr
ox

im
at

e 
(%

) 

Moisture 1.21 3.7 1.02 0.34 0 
Volatiles 47.55 47.45 54.47 52.09 50.01 

Fixed Carbon 17.27 13.88 16.53 16.67 21.05 
Ashes 33.97 34.97 27.98 30.90 28.94 

U
lti

m
at

e 
(%

) Nitrogen 0.82 0.89 1.21 1.8 1.91 
Carbon 44.59 37.06 40.01 61.07 54.84 

Hydrogen 7.61 5.32 6.56 7.4 6.28 
Sulphur 0.57 0.48 0.37 0.28 0.15 
Oxygen 46.41 56.78 43.85 29.45 36.82 

Chlorine (%) 24.09 21.98 17.4 8.34 1.34 
HHV (MJ/kg) 21.74 21.18 22.42 19.88 20.79 

Generally, it is possible to verify that, according to the data compiled in the proximate analysis, 
the carbonization process reduced the humidity and volatile matter in all chars. The char obtained 
from the mixture with 50% WEEE exhibited the highest higher heating value (HHV).  

As expected, the carbon content of all chars were higher than in the samples prior to the 
carbonization process. The amount of carbon and calorific value demonstrated that the samples had 
an optimal incorporation value of lignocellulosic biomass of 50%, with a chlorine reduction of 23.5% 
compared to the initial biomass. In the composition considered ideal, the amount of ash was lower 
in relation to the others, contributing to the increase of the calorific value.  

The incorporation of lignocellulosic biomass in the mixtures for carbonization increases the 
amount of inert present in it, which results in a reduction in the concentration of plastic components. 
With the addition of biomass, it is possible to increase the carbonization mass yield. Forest biomass 
represents a reduction in the amount of hydrogen in the mixture. However, when charred, the char 
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properties are improved, and this difference is minimized, thus improving the physicochemical 
properties of WEEE. 

5. Conclusions 

The aim of this paper was to show that carbonization is an adequate pretreatment for the 
removal of chlorine from biomass-incorporated WEEE residues. It can be seen that the low 
temperature carbonization process can be considered as a good pretreatment. It is necessary to use 
catalysts and to define studies related to hydrocarbonization that show it is possible to remove more 
chlorine from polymeric wastes, being an alternative to be studied for WEEE, which have a relevant 
amount of polymers in its composition. 

Based on the conditions studied, the composition of 50% WEEE generated a reduction in the 
amount of chlorine by 23.4%, an increase in calorific value of 5.8% and mass and energy yields 
between 70 and 75%, demonstrating that it is the best mixture for a possible subsequent process of 
gasification for energy recovery. 
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