
JOINT MEETING 
THE GERMAN AND ITALIAN SECTIONS 
OF THE COMBUSTION INSTITUTE  SORRENTO, ITALY –  2018 

TORREFACTION OF HEAVY METALS 
CONTAMINATED BIOMASSES 

C.M. Grottola*, P. Giudicianni*, F. Stanzione*, J.B. Michel**, R. 
Ragucci* 

cm.grottola@irc.cnr.it 
* Istituto di Ricerche sulla Combustione - C.N.R., Napoli – Italy 

**HEIG-VD – Haute Ecole d’Ingenierie et de Gestion du Canton de Vaud–  Switzerland 
 
Abstract 
Biomass for energy production has been extensively studied in recent years. In 
order to overcome some constraints imposed by the chemico-physical properties of 
the biomass, several pre-treatments were proposed. Torrefaction is one of the most 
interesting one since torrefied biomass holds a wide range of advantages over raw 
biomass suche as the increase of the calorific value, both on mass and volumetric 
basis. The process raises some concerns when biomass from phytoremediation and 
wood from demolition and construction activities are used as feedstock, since they 
could contain potential toxic elements (PTEs). During the torrefaction treatment, 
the fate of PTEs should be controlled in order to avoid their release in the gas phase 
and evaluate the extent of their concentration in the torrefied biomass. Herein, 
torrefaction tests on Populus nigra L. branches from phytoremediation, and 
demolition wood were conducted at three temperatures. For each temperature, 
biomasses have been holding at the final temperature for different residence time, 
namely 15 min for 250 °C, 10 for 270 °C and 5 min for 300 °C. The energetic 
content of the torrefied biomasses was evaluated; the fate of PTEs (Cd, Pb and Zn) 
as a function of the temperature was studied and their mobility in the torrefied 
biomasses was investigated and compared to the mobility in the raw biomass. 
 
Introduction 
Torrefaction is gaining attention thanks to the advantages that the process offers as 
a pretreatment of vegetal residues intended for energy production. The mild 
thermal treatment lowers the moisture content and removes volatiles oxygenated 
compounds thus increasing the calorific value on both mass and volumetric base. 
The treatment also induces physical and chemical transformations that make the 
torrefied material recalcitrant, hydrophobic and easy to be grinded thus increasing 
the energetic sustainability of the operational activities connected to the storage, 
transportation and use in coal based power plants [1]. However, the environmental 
sustainability of the torrefaction of lignocellulosic waste such as wood from 
demolition and construction activities (DW) and plants grown on contaminated 
land needs to be addressed due to the high content of potentially toxic elements 
(PTEs) that may affect the quality of the gas and of the solid residue. At authors 
knowledge, few studies addressed this issue, the most relevant being those from 
Bert et al and Edo et al [2; 3]. These studies were conducted at relativel y low 
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temperature, namely 290°C for [2] and 220 °C in [3]. In both cases the results 
suggested that torrefaction can reduce the potential formation of the pollutants 
compounds due to the lower chlorine content achieved in the chars, compared to 
that in the feedstocks. The determination of the amount, recovery and mobility of 
PTEs in torrefaction products was not estimated. In this study torrefaction of 
Populus nigra L. branches (PN-B) from phytoremediation, and demolition wood 
(DW) was studied with a special focus on the fate of PTEs (Cd, Pb and Zn) as a 
function of the temperature. Three torrefaction temperatures were investigated 
(250, 270 and 300 °C). The energetic properties of the torrefied biomasses were 
evaluated and the concentration of PTEs in the torrefied biomasses was evaluated 
as well as their mobility. Leaching tests in water and in a EDTA-NH4 solution 
were performed in order to study the water solubility and the bioavaialability of 
PTEs in the torrefied biomass with respect to the raw materials [4; 5]. 
 
Experimental 

Torrefaction tests  
The torrefaction experiments were conducted in the SOLO furnace, available at 
laboratory of Haute Ecole d’Ingenierie et de Gestion du Canton de Vaud (HEIG-
VD) in Switzerland. The tests were carried out under oxygen-limited conditions, at 
constant heating rate (10 °C/min), at 250 °C for 15 min; 270 °C for 10 min and 300 
°C for 5 min.  The cross section of the furnace is shown in Fig. 1. The cylindrical 
reactor is divided into two concentric and connected zones. In the internal 
cylindrical section the container with the biomass was positioned, whereas in the 
external section the recirculation of the exhausted gases evolving during the 
torrefaction test occurs. 

 
Figure 1. Cross section of the SOLO furnace. 

 

The volatiles produced in the reaction unit entered the condensation device, which 
consists of two pyrex condensers where condensable volatiles condense. At the 
condenser’s outlet, a flask was allocated for the collection of the liquid products. 
The non-condensing gases were fed to the analytical system for on-line 
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characterization (Horiba Mexa 7170D). Temperature of the sample and of the 
reaction environment was monitored constantly through six K-type thermo-couples 
(TC n:1,6) as reported in Fig.1 

Materials characterization 
The PN-B was collected from phytoremediation tests conducted in Litorale 
Domitio - Agro Aversano NIPS (South Italy, Campania region) in the framework 
of the European LIFE Project ECOREMED ((LIFE11/ENV/IT/275 – 
ECOREMED, 2016), whereas the DW was provided from the HEIG-VD. The 
material was grinded and the sieved fraction, in the 400–600 m size range, was 
recovered for the characterization and for the torrefaction tests. For the raw and 
torrefied materials the proximate and the elemental analysis were performed and 
HHV were measured. The CHNS content were measured using Analyseur Flash 
2000 (Thermo Scientific) according to ISO 16948:2015. Moisture content was 
measured through the Sartorius Moisture Analyzer (Model MA35) according to 
ISO18134-3. Carbolite AFF 1100 furnace was used for the determination of ash 
content according to ISO 1171/2015 and volatile fraction content was measured 
following the ISO 18123:2015 procedure. The fixed carbon content was calculated 
as the amount needed to complete the mass balance. The calorific value was 
determined using a bomb calorimeter (Oxygen Combustion Vessel 110 - Parr 
Instrument Company) according to EN14918. Ash composition was determined by 
dissolving the biomass samples via microwave-assisted acid digestion based on 
US-EPA Methods 3051 and 3052. The results of ICP/MS analysis were used for 
the calculation of the ion recovery in the torrefied material. The results were 
reported in terms of content of the inorganic species and of ion recovery in the 
torrefied biomass. The first is intended as mass of ion per mass of char and is used 
to calculate the ion recovery by multiplying it by torrefied yield and dividing by the 
mass of ions in the raw biomass. The metals mobility was determined through 
leaching test on biomass and corresponding torrefied materials using water and 
EDTA-NH4 solution, as reported in [4]. The amount of heavy metals in the leached 
was estimated on the basis of the PTEs recovered in the torrefied biomasses. The 
Ion Release was the ratio between the amount PTEs released in the leachate and the 
amount of PTEs in the torrified material. The energy yield, energy content, and 
energy density were calculated on dry basis by Eqs. (1) and (2). 
In the equations “t” stands for torrefied material and “f “for feedstock. 
 
 Energy content = Weight (f ; t)* HHV (f ; t)  (1) 
 Energy yield =  (Energy content (t)) ⁄ (Energy content (f)) *100 (2) 
 
Results and discussion 
In this section, the results of characterization of untreated and torrefied DW and 
PN-B obtained at different temperature are discussed. The effect of the torrefaction 
temperature on the solid is shown in Table 1. It should be noted that even though 
the origin of the waste was different, the results of the both elemental and 
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proximate analysis were comparable except for the ash and the nitrogen content. 
The biomass from phytoremediation was richer in ash than the DW. Whereas, the 
higher nitrogen content of DW compared to PB-N could be attributed to adhesives 
used in the production of timber goods (such as particle boards) that end up in the 
DW waste wood stream [6]. As expected, for both the PN-B and DW, the mass 
yield decreased with the torrefaction temperature, but, despite of the similar results 
obtained from the elemental and proximate analysis, at each temperature the mass 
loss was higher for PN-B then DW. At the highest torrefaction temperature (300 
°C), the mass yield of the torrefied was 64.0 and 80.5 for PN-B and DW 
respectively. As expected, the volatiles content of both the torrefied feedstocks 
decreased with the temperature, whereas fixed carbon content increased. According 
to the higher mass loss observed for PN-B the fixed carbon content is highest for 
the corresponding material torrefied at 270 and 300 °C. The fixed carbon content of 
torrefied DW and even more in PB-N was greatly enhanced and was comparable to 
that of coal [7]. At increasing torrefaction temperature, for both the feedstocks an 
increase in elemental carbon and a drop in elemental oxygen and hydrogen were 
observed in agreement with the literature [1]. This is due to the breaking of the 
weak C–O and C–H bonds in the hemicellulose matrix responsible of the release of 
volatile species and permanent gases (mainly CO and CO2) [8] rich in oxygen and 
hydrogen, thus causing the de-oxygenation of the torrefied biomass. At each 
temperature H/C ratio, similar in both the feedstocks was always higher for 
torrefied DW denoting the devolatilization of a greater amount of compounds 
containing saturated C-H bonds. The thermal behavior of elemental nitrogen was 
different in the two feedstocks revealing a different chemical nature of the N-
compounds in PN-B and DW. Nitrogen content always increased with the 
torrefaction temperature for DW sample, whereas a not clear trend was observed 
for PN-B. 
 
Table 1. Characterization and energy properties of untreated and torrefied DW and 

PB-N obtained at 250 °C, 270 °C, and 300 °C. 
 

 
 

The HHVs of torrefied solids were remarkably improved at increasing torrefaction 
temperature, being always slightly higher for PN-B. In the whole temperature 
range, the energy content of the DW torrefied was higher than torrefied PN-B. 
However, it should be noted that the energy yield was always lower for PN-B due 
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to the higher devolatilization. Moreover, in the case of DW the energy yield has a 
non-monotonous trend with the temperature, showing a maximum at 270 °C. On 
the contrary, it decreased with the temperature for PN-B. The concentration of the 
detected heavy metals, namely Cd, Pb Cu, and Zn was reported in Table 2 for the 
raw biomasses and the corresponding torrefied materials. Their concentration 
increased with the torrefaction temperature for both the feedstocks and the ion 
recovery for all the torrefied materials was always equal to 1, thus it can be inferred 
that condensable and gas phase evolving from the torrefaction tests was free of 
heavy metals. In order to investigate the effect of torrefaction on the mobility of the 
heavy metals retained in the solid residue two leaching tests were performed, 
respectively in water and in a EDTA-NH4 solution. 
 
Table 2. ICP/MS analysis of untreated and torrefied DW and PB-N obtained at 250 

°C, 270 °C, 300 °C. 
 

 
 

The higher ion release in water was observed for Zn followed by Cu>Cd>Pb, and 
their mobility decreased with the torrefaction temperature. Leaching with EDTA-
NH4 was more severe, and all the metals were released from the raw materials. 
Temperature hadn’t any effect on the PTEs mobility up to 300 °C, when part of the 
metals retained in the char are immobilized in the solid matrix even in more severe 
leaching conditions. It is likely that in acid condition, the acid groups, associated 
with lignin, hemicellulose, and extractives, were easily removed together with the 
associated inorganic elements [5]. 
 

 
Figure 2. Heavy metals ion release in water (left) and EDTA-NH4 leaching 

solution (right). 
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Conclusion 
Torrefaction of woody waste (demolition wood and biomass from soil 
phytoremediation) was studied with the aim of evaluating the energetic properties 
of the torrefied material and the fate of heavy metals during the pre-treatment. It 
was found that increasing the torrefaction temperature the energy properties of both 
torrefied biomasses were improved. In particular, the study revealed that 
demolition wood has a high potential as for its energy content as well as energy 
yield. Some concerns arise for its high nitrogen content compared to PN-B both in 
the raw and in the torrefied materials. For both the feedstocks, PTEs were retained 
in the torrefied biomasses up to 300 °C allowi.ng the production of a heavy metals 
free vapor phase fuel. The higher the temperature, the lower the PTEs release by 
water leaching, thus increasing the safety of the material storage in open areas. 
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