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Abstract 
Steam assisted slow pyrolysis is studied for the processing of vegetal waste for 
both energy and matter recovery through the production of a vapor phase fuel, 
highly diluted in steam, and biochar. Arundo Donax leaves has been investigated as 
possible low cost feedstock given the low agronomic inputs needed to its growth 
and its high productivity also in marginal lands located in Mediterranean to sub-
tropical environments. 
 
Introduction 
The applicability of agricultural waste as substitutes of fossil fuel represents one of 
the most relevant topics in the research of renewable energy source. Fast pyrolysis 
[1, 2] and gasification [3, 4, 5, 6] have been extensively studied for the production 
respectively of liquid and gaseous fuel from wood and agricultural residues. Slow 
pyrolysis has been investigated [7, 8, 9, 10, 11] for activated carbon production. In 
this work steam assisted slow pyrolysis process [12] is proposed as a way to 
recover both energy and matter from vegetal waste through the production of a 
vapor phase fuel, highly diluted in steam, suitable to be burned in non-conventional 
combustion systems [13] and a char with soil amending and fertilizing properties 
[14]. 
In the recent years, Arundo Donax has been investigated as possible low cost 
source for the production of value-added solid materials and biofuel given its 
excellent performances on wastewater purification and its high energetic output. 
Moreover, it requires low agronomic inputs and it is characterized by high 
productivity also in marginal lands located in Mediterranean to sub-tropical 
environments.  
In this paper the mechanisms involved in steam pyrolysis up to 873 K (at pressure 
P= 5×105 Pa and heating rate HR=5 K/min) of leaves of Arundo Donax are studied. 
As known from previous studies on biomass pyrolysis and steam gasification [15] 
characteristic temperatures of biomass thermal degradation are not affected by the 
presence of steam instead of inert gas, at least up to 873 K. Moreover, literature 
data [16] obtained in a sealed vessel at elevated pressure (3-15 MPa) only show a 
mild influence of pressure on characteristic decomposition temperature of cellulose 
during pyrolysis. Findings of a previous study [12] allowed to confirm the 
correspondance of pyrolysis characteristic temperatures obtained in kinetic regime 
and in the reactor used in this study. On the basis of these considerations in this 
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study, characteristic temperatures obtained from weight loss curves in TG tests 
carried out at atmospheric pressure in N2 and 5 K/min have been compared with 
characteristic temperatures derived following the thermal evolution of the main 
gaseous species of Arundo Donax steam pyrolysis. Moreover, products yields and 
characteristics have been provided. 
 
Experimental set-up and analytical procedure 
Thermogravimetric analysis of leaves of Arundo donax has been performed on a 
Perkin-Elmer Pyris 1 TGA thermogravimetric analyzer by heating 1.5 mg of 
samples at atmospheric pressure in inert environment (N2, 20 ml/min) from 303 K 
up to 873 K at a heating rate of 5 K/min.  
Steam pyrolysis experiments have been carried out in a pyrolysis reactor designed 
taking into account the need to carry out experimental tests under effective thermal 
control of the processed sample and, at the same time, the possibility to process 
sample amount high enough to allow the collection of solid and liquid products for 
off line analysis. The effectiveness of thermal control of the designed reactor has 
been verified in a previous work [12]. In the following a brief description of the 
experimental apparatus is given, while details have been presented in a previous 
work [17].  
Operating ranges of temperature, heating rate and pressure have been defined 
elsewhere [17] on the basis of their effect on both products yields and composition 
and morphology of residual char in order to select the optimal conditions to obtain 
both a solid and a vapor phase (gas and liquid) with the desired characteristics. 
The test reactor consists of a prismatic chamber (width=0.04 m, height=0.052 m 
and length=0.024 m) in which 6 grams of biomass are loaded. The amount of 
biomass sample has been chosen taking into account the need to obtain solid and 
liquid products for off-line analysis and has been spread in a thin layer 
(approximately 1 mm thick) over 5 sample trays along the rectangular cross-section 
of the inner reaction chamber. 
A valve-controlled steam generator produces steam that is heated to the 
programmed temperature in the super heater, and then, enters the reaction chamber. 
To carry out the process under controlled thermal conditions, the heat flux to the 
super heater is used as the adjustable variable of a PID controller, and the 
temperature of the steam at the entrance of the flow straightener is chosen as the 
controlling variable. The mass flow rate has been defined in order to minimize the 
secondary degradation of the condensable species produced from biomass primary 
pyrolysis. It is maintained at 0.25 g/s during the tests corresponding to an average 
residence time of 1.5-3 s for the gas phase in the reactor, depending on the reactor 
temperature. In addition to the steam flow rate, temperature and pressure are also 
monitored using N-type thermocouples and pressure transducers along the steam 
supply line and at the inlet and exit of the test chamber.  
The effluent gas produced in the reaction unit passes through a condensation device 
consisting of a jacketed coil where condensable volatiles cool and condense. At the 
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exit of the condenser, a catch pot submerged in a thermostatic bath at 273 K 
collects the condensed volatiles for off-line chemical characterization. Driven by a 
stream of N2 at a constant flow rate (0.0139 L/s), not condensed gases flow in a 
silica gel trap in order to reduce their moisture content before being sampled. 
In this study leaves of Arundo Donax have been milled and the sieved size fraction 
in the 400-600 µm range has been fed to the pyrolysis reactor. The raw biomass has 
been characterized in terms of hemicellulose, cellulose and lignin content (tab. 1). 
 

Table 1. Hemicellulose, cellulose and lignin content of leaves of Arundo Donax 
determined according to the method described in Yang et al. [18]. 

 
 moisture 

(%wt) 
extractives 

(%wt) 
hemicellulose 

(%wt) 
cellulose 

(%wt) 
lignin 
(%wt) 

Arundo donax leaves 5.1 1.9 45.6 4.3 43.1 
 
Char yield has been determined as the weight loss of the original feedstock. The 
gas yield has been obtained by online monitoring of gas composition and carrier 
(N2) flow rate, while condensable species yield has been evaluated as the amount 
needed to complete the mass balance with respect to the feedstock sample. 
Chemical analysis of gas phase has been performed using a gas chromatograph 
equipped with a thermal conductivity detector (TCD) (Agilent 3000 Quad) attached 
directly to the sampling point. It is comprised of two independent channels, each of 
them equipped with a specific capillary column and a TCD detector to allow the 
simultaneous detection of all the species of interest (CO, CO2, H2, CH4, C2H4, 
C2H6, N2 and O2).  
Char BET surface has been evaluated by generating seven-point isotherm at 77 K 
for N2 absorption (Autosorb-1, Quantachrome) using 80 mg of char sample. Before 
the analysis, char sample has been degassed placing it in a glass cell and heating it 
at 473 K under vacuum conditions. 
 
Results and discussion 
In this section the characteristic temperatures obtained from weight loss curves in 
TG tests carried out at atmospheric pressure in N2 and 5 K/min (fig. 1) have been 
related to the thermal evolution (expressed as compound releasing rate measured at 
STP conditions) of the main gaseous species evolving from steam pyrolysis of 
Arundo Donax leaves (fig. 2). The analysis of TG and DTG curves shows that up 
to 400 K mass loss rate is negligible. These results are consistent with the gas 
releasing curves related to the steam pyrolysis experiment that show no gas release 
up to 400 K. At higher temperatures hemicellulose, less stable than cellulose, starts 
its decomposition determining an increment in mass loss rate. Given the low 
amount of cellulose in Arundo leaves, it can be argued that hemicellulose 
decomposition is the main responsible of the observed peak in mass loss rate at 580 
K. Contrary to what observed in previous experiments [12] conducted on xylan and 
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cellulose in the same operative conditions, in TG curves is not observed a 
separation between the degradation of the two components. The mass loss observed 
in the temperature range 500-650 K in TG tests corresponds in the steam pyrolysis 
experiment to the release of CO2 and CO. CO2 releasing rate curve presents 2 
peaks, at 580 and 630 K, that represent partially overlapped degradation stages of 
hemicellulose and cellulose. The second peak of release of CO2 is associated to the 
release of CO that presents a unique maximum at 630 K. 

 
Figure 1. TG and DTG curves of leaves of Arundo Donax obtained in N2 

atmosphere at atmospheric pressure and HR=5 K/min. 
 

At temperature higher than 650 K mass loss rate can be ascribed to lignin 
degradation, it is very low though mass loss is still consistent up to the final 
temperature investigated (about 20% from 600 to 873 K). Release of CO2 in this 
range could be due to the cleavage of C-C bonds in lignin structure. The release of 
CH4, C2 and H2 is due mainly to the instability of intermediate condensable species 
produced during primary degradation and reaches a maximum at about 770 K. At 
T>830 K a rapid increase in CO2 and H2 releasing rate is observed and is probably 
due to the onset of hemicellulose gasification reactions [12]. 
In tab. 2 the yields of char, liquid and gaseous products are shown. At the final 
temperature investigated for this study char yield is quite high due to the consistent 
content of lignin in the leaves of Arundo. Steam pyrolysis of Arundo leaves 
produces mainly condensables species whose yield is 51.1%, while gas yield is 
significantly lower. Gas phase is mainly made up of CO2 due to the consistent 
content of hemicellulose in Arundo leaves. Lower yield of CO and CH4 are 
observed, though they are comparable due to the high percentage of ligninic 
fraction in the tested biomass. The high content of CO2 in gas phase is responsible 
of the low Higher Heating Value (HHV) of gas phase that is about 7.1 MJ/kg. 
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Figure 2. Releasing rate of gas compounds, expressed as ml/s at STP conditions, 

resulting from steam pyrolysis of leaves of Arundo Donax as a function of 
temperature. 

 
Table 2. Yields of products and gaseous species of gas phase deriving from steam 

pyrolysis of leaves of Arundo Donax. 
 

 AL 
Char (%wt) 32.3	  

Liquid (%wt) 51.5	  
Gas (%wt) 16.3	  
CO (%wt) 1.7	  
CO2 (%wt) 13.2	  
H2 (%wt) 0.2	  

CH4 (%wt) 0.9	  
C2H4 (%wt) 0.1	  
C2H6 (%wt) 0.3	  

 
BET surface of char produced from steam pyrolysis of Arundo leaves has been 
measured and a value of about 5 m2/g has been obtained. This result is to be 
ascribed to the chemical composition of the Arundo leaves in terms of cellulose, 
hemicellulose and lignin. Cellulose is the main responsible of biomass char 
porosity. In fact, char produced by cellulose under steam atmosphere in operative 
conditions similar to the ones applied in this study, is characterized by a surface 
values of about 428 m2/g [12]. On the contrary xylan and lignin give a char with a 
very compact structure [12]. Consequently the low porosity of char obtained from 
Arundo leaves is due to their low content of cellulose. 

 
Conclusions 
In this paper steam assisted pyrolysis of leaves of Arundo Donax has been 
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investigated as possible way to process a low cost feedstock for energy and matter 
recovery. In this framework, the results obtained show that leaves of Arundo 
produce a gas phase with HHV comparable with the pyrolysis gas of other 
biomasses. Nevertheless, solid residue presents a very compact structure 
characterized by low BET surface due to the low content of cellulose in the original 
biomass. In this sense it could be desirable to investigate temperatures higher than 
873 K in order to evaluate the role of gasification reactions on char porosity. 
Moreover, the relation between biomass composition and char porosity suggest to 
extend the study to Arundo donax canes given their higher content of cellulose. 
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