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Abstract 

Phytoremediation technique is of growing interest in the restoration of trace 

elements contaminated soils. An integrated approach, combining land restoration 

and biomass post-processing, using a pyrolysis process for material and/or energy 

recovery, could allow for effective realization of such a process. The dependence 

of yields, chemical and structural characteristics of char on the biomass feedstock 

and pyrolysis thermal conditions are important features to be evaluated to explore 

the possible applications of such a product. In this framework, a comparative study 

of steam assisted slow pyrolysis of five biomasses has been carried at 873 K. 

Results demonstrate that for applications requiring high specific surface area 

Populus Nigra. On the contrary, if the goal is the maximization of the energy 

recovery in the char, Eucalyptus represents the best choice.  

 

Introduction 

Main problem for soil contamination is represented by bioavailable potentially 

toxic elements (PTEs) due to industrial activities or wastes and sludges illegal 

dumping that can enter the food chain. The phytoremediation is considered a low 

cost technique for soil restoration, even if it generates high amount of biomasses 

potentially contaminated. In these case pyrolysis can represent an environmentally 

sustainable strategy combining both the concentration of heavy metals in the char, 

thus reducing the volume and weight of contaminated matter with respect to the 

original biomass (Stals et al., 2010). Char characteristics need to be evaluated to 

explore possible applications of such a product. A preliminary study assessing 

yields, chemical and structural characteristics of char has been conducted in order 

to obtain indications on its possible further applications, thus facilitating the choice 

of the proper biomass to be used for phytoremediation. Slow pyrolysis of five 

biomasses has been conducted in steam atmosphere in order to enhance the 

structural characteristics of char (Ragucci et al., 2013). A final temperature of 

873K has been selected because this value represents the borderline between 

pyrolysis and gasification stage.  
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Materials and Methods 

Feedstock: selection preparation and characterization 

Five species have been selected on the basis of their PTEs accumulation ability and 

of their agronomic charcateristics: Populus nigra L. (P), Salix alba L. (S), Fraxinus 

oxyphilla Bois. (F), Eucalyptus occidentalis Endl. (E), as short rotation coppice 

(SRC), and Arundo donax L. (AD), a poliennal herbaceous crop. All the biomass 

samples have been milled in a blade shredder and the sieved fractions in the 400-

600 μm size range have been collected for the characterization and the pyrolysis 

tests. The ultimate and the proximate analyses of the samples have been performed 

using a CHN 2000 LECO analyzer with EDTA as standard and a TGA 701 LECO 

thermo gravimetric analyzer, respectively, on the basis of standard ASTM 

procedures. The content of major inorganic elements has been determined by 

Inductively Coupled Plasma Mass Spectrometry (ICP/MS) using an Agilent 

7500CE instrument after dissolving the biomass samples by means of microwave 

assisted acid digestion in agreement with US-EPA 3051 and 3052 methods. The 

High Heating Value (HHV) has been calculated with the Dulong’s formula on the 

basis of its elemental composition on dry basis. All the biomass samples have been 

dried in an electric oven at 105°C for 2 h before testing. 

 

Experimental apparatus for pyrolysis tests 

The pyrolysis reactor, described in details in Ragucci et al. (2013), consists of a 

jacketed prismatic chamber in which 6 g of biomass are spread in thin layers 

(approximately 1mm thick). Steam produced by a steam generator enters the 

reaction chamber and invests tangentially the samples on 4 the sample trays. The 

residence time of the gas phase in the reactor ranges from 1.5 to 3 s depending on 

the reactor temperature. Vapor phase exiting the reaction chamber is condensed 

and permanent gases are analyzed online. Pyrolysis experiments have been carried 

out at constant heating rate (HRsp=4 K/min) and pressure (P=5×10
5
 Pa).  

 

Products characterization 

The yields of the pyrolysis products have been determined as follow. Releasing 

rate curves along time of all the gaseous species of interest (CO, CO2, H2, CH4, N2 

and O2) have been obtained monitoring carrier (N2) flow rate and gas composition 

by mean of a gas chromatograph equipped with a thermal conductivity detector 

(Agilent 3000 Quad) every 171.5 s. m. Char yield has been determined 

gravimetrically respect to the initial sample, while liquid yield has been evaluated 

as the amount needed to complete the mass balance. HHV of the gaseous product 

has been calculated on the basis of its chemical composition. Char has been 

characterized in terms of elemental and proximate analysis. Dulong’s formula has 

been also used for determination of char HHV. The surface area was evaluated 

from the BET equation, using Argon at 87K as adsorbate in an Autosorb-1, 

(Quantachrome) apparatus. Char pH has been measured with a digital pH meter 

(827 pH LAB, Metrhom) in deionized water using a 1 to 20 wt/wt ratio following 
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the ASTM D4972-13 standard procedure. 

 

Results and discussion 

In this section the analysis on feedstock, the pyrolysis products yields and then the 

main physico-chemical characteristics of char obtained from different feedstocks 

are discussed. 

Feedstock characterization and pyrolysis tests 

Table 1 reports the results of feedstock characterization. The biomass samples 

don’t exhibited large variations in the elemental and proximate analysis. Even 

though for ash content remarkable differences can be observed for Salix and 

Arundo. Despite of its highest ash content, Arundo is characterized by the lowest 

content of Na, Ca and P. For all the other biomasses Ca is the main ash component 

followed by K, Na and P. Na is particularly abundant in Eucalyptus wood. 

Nevertheless, unusual high content of Al is observed for all biomasses except for 

Arundo probably because of the presence of bark typically richer in inorganics 

(http://www.ieabcc.nl/database/biomass.php). 

 

Table 1. Feedstock characterization. 

 
 

Fig. 1 shows the yields of pyrolysis products. Liquid is the main product for all the 

tested biomasses and its yield attains the highest values for Populus (58.3 wt%) and 

Arundo (57.6%). Salix and Eucalyptus provide the highest char yield, 27.2 and 27.8 

wt% respectively, while a lower char yield is obtained from Fraxinus and Arundo 

(about 23 wt%) and even lower yield from Populus (20.9 wt%). biomass. 

 

 
Figure 1. The yields of pyrolysis products. 

 

This result is unexpected if one considers the proximate analysis of the original 

C H N S O

P 47,6 5,5 0,00 0,12 44,10

S 46,7 5,3 0,53 0,13 42,20

F 47 5,6 0,57 0,17 44,40

E 46,8 5,4 0,00 0,10 45,00

AD 44,5 5,4 0,00 0,20 43,10
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biomass on dry basis (see Table 1). Populus, Fraxinus, Eucalyptus have a similar 

content of fixed carbon+ash, about 20 wt% on dry basis, while is about 24% in 

Salix and Arundo. Nevertheless, as known from literature (Gargiulo et al., 2015) 

alkali and alkali earth metals favor the production of lighter volatiles in place of 

levoglucosan determining higher char yields. Considering the ash composition of 

the biomasses tested in this study (see Table 1) it is possible to see that the highest 

is the content of alkaly metal ions (K+Na) in the raw biomass the highest is the 

corresponding char yield, being equal the fixed carbon+ash content. Table 2 reports 

gas composition, HHV and the Energy Recovery (ER). CO, CH4 and H2 are the 

main combustible constituents of the gaseous product characterized by a high level 

of dilution in CO2 (77.3-83.2 wt%). Even if the production of CH4 and H2 

determines the increase of HHV and ER, HHV is in the range of 6.1 to 7.2 MJ/kg; 

the energy recovered in the gaseous mixtures is lower than 10% for all the tested 

biomasses. Nevertheless, it has been demonstrated that it is possible the direct use 

of raw pyrolysis gases, with low HHV, under MILD combustion condition due to 

its peculiar operating conditions (Sabia et al., 2016). 

 

Table 2.Composition and properties of the gaseous. 

 
 

Char characterization 

Table 3 shows the comparison of all characterized chars. In all chars the atomic 

ratios H/C and O/C are significantly lower than the corresponding biomass 

precursor. In particular, for Populus the high extent of devolatilization can be 

considered responsible of the lowest O/C ratio in the produced char (0.07). Salix 

char, containing the lowest amount of carbon and the highest amount of oxygen, is 

characterized by the highest O/C atomic ratio (0.11). This result can be explained 

taking into account that cellulose is the most abundant component in most of the 

vegetal biomasses and it contributes more than the other organic components to the 

devolatilization of oxygenated compounds leaving a solid residue with very low 

oxygen content. The analysis of the content of extractives, hemicellulose and lignin 

performed as in Giudicianni et al. (2014) confirmed that cellulose content is 

highest for Populus (57 wt% daf basis) and lowest for Salix (30 wt% daf basis).  

Ash content in the char agrees with their content in the corresponding precursors, 

thus resulting highest in the Arundo and Salix char. O/C ratio and ash content in the 

char are fundamental in determining its HHV: Salix, followed by Fraxinus and 

Arundo, are characterized by the lowest HHV, while Populus and Eucalyptus char 

are characterized by the highest energetic content. Nevertheless, if one considers 

CO2 CO CH4 H HHV ER

MJ/kg %

P 77,3 15,6 5,3 1,9 7,2 7,7

S 81,3 11,7 5,1 1,9 6,5 8,5

F 83,2 12,6 4,2 1,6 6,3 9,2

E 81,1 12,6 4,7 1,6 6,1 8,1

AD 74,2 19,4 5,1 1,1 6,3 6,4

Biomasses
wt % 
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the ER value for char, Eucalyptus represents the best choice reaching an ER value 

equal to 42.5%, while a significantly lower value (31.8%) is obtained for Populus 

char. Volatile content of char is quite high for Fraxinus (28.7%), while the lowest 

values are observed for Populus (20.1%) and Salix (19.5%). 

 

Table 3.  Char composition and properties for different biomasses. 

 
 

The highest is the volatile content, the lowest is the fixed carbon content, but this 

correlation is not fulfilled by Salix and Arundo chars, due to their high ash content. 

Table 4 reports the content of the main inorganic species in the chars from different 

biomasses. The main components of char ash are alkali and earth alkali metals, P, 

K and Ca. The anomalous value of Na ion recovery measured for Arundo char 

could be probably due to the stability of this ion in the raw biomass. P, K and Ca 

are the most thermally resistant inorganics in all the tested biomasses, while Na and 

Al are the most labile and Fe is present in recalcitrant forms only in Salix and 

Eucalyptus char. 

 

Table 4.  Composition of char ash and ion recovery in the char. 

 

Fig. 2 shows the BET surface value of all the produced char. 

 

 
Figure 2. BET surface values of char. 

 

HHV ER volatiles fixed carbon ash

Precursor Char Precursor Char MJ/kg %
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F 0,71 1,43 1,43 0,28 26,2 33 28,7 14,6 14,6

E 0,72 0,09 1,38 0,28 28 42,5 24,3 64,3 11,4

AD 0,73 0,1 1,46 0,43 25,4 33,2 18,1 59,9 22
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A correlation has been observed between BET surface area of the different chars 

and cellulose content of parent feedstocks in agreement with the role of cellulose in 

determining char porosity (Giudicianni et al., 2013). BET surface is very high for 

Populus (cellulose content is 55.4 wt% db), while lower but increasing values are 

observed for Arundo, Salix, Eucalyptus and Fraxinus chars containing respectively 

40.5, 28.1, 40.8 and 43.7 wt% db.  

 

Conclusions 

The yields of pyrolysis products and the characteristics of the solid residue 

have been evaluated for Populus nigra, Salix alba, Fraxinus oxyphylla, Eucalyptus 

occidentalis and Arundo donax. Important information can be inferred from the 

results of the study: 

• Salix and Eucalyptus provide the highest char yield that is strictly correlated to 

the fixed carbon content of the raw biomass and to the concentration of alkali 

metals. 

• Populus char seems to be the most promising in terms high fixed carbon content, 

HHV and internal surface, even though the correlation between feedstock 

chemistry and porosity of the residual char is still to be investigated.  
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