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Abstract 

In the present paper the influence of possible interactions between biomass main 

components (hemicellulose, cellulose and lignin) on pyrolysis of Populus nigra has 

been studied. To this aim TG analysis have been performed on Populus nigra and 

on a model mixture of xylan, cellulose and lignin resembling its composition. The 

weight loss curves have been compared with two non interacting cases: the 

experimental one obtained superimposing the TG curves of xylan, cellulose and 

lignin and the numerical one obtained adopting the Bio-PoliMi kinetic model. 

Than, steam assisted pyrolysis tests have been carried out and products yields, gas 

releasing rate as function of temperature and gas composition obtained processing 

the real biomass and the model mixture in both the interacting and not interacting 

case have been compared. 

 

Introduction 

Application of pyrolysis for the production of energy carriers and matter recovery 

has been widely proven [1]. Slow steam pyrolysis is proposed as possible process 

for the recovery of biochar with characteristics that make it suitable for agronomic 

applications [2]. As biomass is a composite material, constituted by a mixture 

major constituents, hemicellulose, cellulose, lignin, extractives and ash, the 

distribution and the characteristics of the pyrolysis products depend strongly on the 

relative content of the different components [3]. For this reason, the identification 

of a possible relation between biomass chemical composition and some peculiar 

characteristics of the steam pyrolysis products can greatly benefit from the study of 

the pyrolysis behavior of separated biomass main components and the evaluation 

of possible interactions between them and with inorganic elements contained in the 

original feedstock. Literature data show that some interactions between biomass 

components should be taken into account in order to predict real biomass behavior 

on the basis of its chemical composition at least in inert environment, although 

opposed results are obtained in some cases [3, 4]. Several studies on this topic were 

already carried out by this research group [2, 5] and in this work the case study of 



 

XXXVIII Meeting of the Italian Section of the Combustion Institute 

the Populus nigra has been presented. Thermogravimetric analysis has been 

performed to determine the characteristic devolatilization temperatures of Populus 

Nigra (PN). Than, steam assisted pyrolysis tests have been carried out up to 873 K, 

at pressure P=4.5×10
5
 Pa and heating rate HR=5 K/min in order to evaluate 

products yields, gas releasing rate as function of temperature and gas composition. 

In both cases a model mixture (Mix XCLr) of xylan, cellulose and lignin (that 

include the components interaction effects) in the same proportions Populus has 

been tested and the results have been compared with the behavior of a non 

interacting mixture (MixXCLc) computed superimposing the data of isolated 

biomass components. Numerical simulations of TG curves have been aprovided by 

adopting the Bio-PoliMi kinetic model. 

 

Experimental 

Populus Nigra, has been used as real biomass in this study and its composition in 

terms of components and C/H/O content is reported in Table 1. The analytical 

methods used for the characterization are described in [5]. Commercial beechwood 

xylan, cellulose fibers and lignin alkali (X4252, C6663, 370959 from Sigma 

Aldrich) have been used as representative models of biomass components. It has to 

be highlighted that this materials are extractives free, but xylan and lignin contain 

some ashes [5]. Their real composition has been taken into account for the 

preparation of the model mixture. The model mixture has been prepared in such a 

way that the concentration of xylan, cellulose and lignin in the mixture on dry ash 

and extractive free (daef) basis was equal to the corresponding concentration of 

xylan, cellulose and lignin in Populus Nigra on daef basis. 
 

Table 1. Chemical characterization of Populus nigra (wt% on dry basis). 

Hemicellulose Cellulose Lignin Extractives Ash C H O 

26.8 55.3 11.7 3.6 2.6 47.6 5.5 44.3 

 

Thermogravimetric analyses of Populus have been performed with a Perkin-Elmer 

Pyris 1 thermogravimetric analyzer (with resolution equal to 0.01 mg) by heating 

1.5 mg of sample 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. 

The steam pyrolysis tests have been carried out at constant heating rate (HRsp=5 

K/min) and pressure (P=4.5×10
5
 Pa) up to the final temperature Tf=873 K. A brief 

description of the reactor is given, while details can be found elsewhere [2]. The 

reactor consists of a jacketed prismatic chamber in which 6 g of biomass are spread 

in thin layers (approximately 1 mm thick) over five trays along the rectangular 

cross-section of the inner reaction chamber. A steam generator produces steam that 

is heated to the programmed temperature in a super heater, and then, enters the 

reaction chamber. The residence time of the gas phase in the reactor ranges from 

1.5 to 3 s in dependence on the reactor temperature. Temperature and pressure are 

monitored using N-type thermocouples and pressure transducers along the steam 
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supply line and at the inlet and exit of the test chamber. Gaseous stream exiting the 

reaction unit passes through a condensation device and than it is sampled by mean 

of a gas chromatograph equipped with a thermal conductivity detector (Agilent 

3000 Quad) that allows the simultaneous detection of all the species of interest 

(CO, CO2, H2, CH4, N2 and O2) every 171.5 s. 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 liquid yield has 

been evaluated as the amount needed to complete the mass balance with respect to 

the fed sample. 

 

Numerical approach 

In this present work, computations are performed using the reaction kinetics library 

Cantera [6] with the Bio-PoliMi mechanism [7] to calculate the biomass primary 

pyrolysis reaction rate. Since the biomass sample of populus falls outside the 

PoliMi triangle, the lignin reference components were estimated using a fitting 

procedure. To this end, the mass loss curve of isolated lignin was considered as the 

reference data and the amounts of the reference components were optimize in order 

to obtain the best fit between the experimental curve and the predicted curve by the 

Bio-PoliMi mechanism.  This as achieved by means of a hybrid optimisation 

procedure consisting in a genetic algorithm step followed by a pattern search. 

 

Results and discussion 

In this section the results of the experimental tests of PN and Mix XCLr in the 

thermogravimetric balance and in the steam pyrolysis reactor will be discussed in 

relation to the data obtained for the Mix XCLc. 

Thermogravimetric analyses 

Thermogravimetric (TG) and differential thermogravimetric (DTG) curves are 

reported in Figs. 1a and 1b. The experimental curves have been compared with the 

curve simulated using Bio-PoliMi kinetic model. In the curve related to Mix XCLc 

it is possible to distinguish three stages of devolatilization: 

• in the first stage (450-600 K) weight loss is mainly due to xylan primary 

pyrolysis. Devolatilization rate presents a peak at 80 K with a shoulder at 525 K. 

• The second stage, from 600 to 680 K, is characterized by a very sharp weight loss 

and presents the maximum devolatilization rate at 635 K representative of cellulose 

devolatilization.  

• The last stage (680-873 K) is characterized by a low devolatilization rate 

representative of the residual devolatilization of xylan, cellulose and lignin. 

The differences in the relative importance of the three stages reflect the intrinsic 

devolatilization behavior of the single biomass components and their weight ratio 

in the calculated mixtures. The behavior of the real mixture is qualitatively similar 

to the calculated one, but a partial overlapping between xylan and cellulose 

devolatilization is observed due to the onset of cellulose decomposition at lower 

temperature. The final char yield of the model mixture is higher than the computed 



 

XXXVIII Meeting of the Italian Section of the Combustion Institute 

one given the lower extent of cellulose devolatilization. 
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Figure 1. TG (a) and DTG (b) curves (daf basis) of PN, Mix XCLc and XCLr and 

PoliMi. 

 

The behavior of the real mixture is qualitatively similar to the calculated one, but a 

partial overlapping between xylan and cellulose devolatilization is observed due to 

the onset of cellulose decomposition at lower temperature. The final char yield of 

the model mixture is higher than the computed one given the lower extent of 

cellulose devolatilization.  

The devolatilization curve PN is qualitatively very different from the calculated 

one, indeed, it is possible to identify two stages. The behavior of the real biomass is 

well predicted by Bio-PoliMI kinetic model. The first stage lies in the temperature 

range 450-655 K and the second one in the range 655-873 K. In this case cellulose 

decomposition is shifted at temperature even lower than the one observed for the 

real mixture; the overlapping between hemicellulose and cellulose devolatilization 

results in a unique peak in the DTG curve. For temperature higher than 655 K, PN 

sample is characterized by a residual devolatilization qualitatively similar to the 

one observed for both the calculated and the real mixture determining at the end of 

the examined temperature range a char yield comparable to the expected one. 

Accordingly with a previous study on Arundo donax [5] the presence of inorganic 

species in the biomass has a catalytic effect on cellulose devolatilization that occurs 

at lower temperature resulting in an overlapping of hemicellulose and cellulose 

devolatilization in the case of Mix XCLr and PN sample. The inorganics are also 

responsible of the reduction of the extent of cellulose devolatilization in the case of 

Mix XCLr, The same effect should have been noted in the case of PN, but, 

surprisingly, char yield observed for PN and Mix XCLc is comparable. This is in 

agreement with the results obtained for Arundo donax [5]. It can be postulated that 

during cellulose devolatilization in PN sample, interactions between components 

promote cracking and devolatilization of primary species and depress 

anhydrosugars polymerization reactions responsible of the formation of secondary 

char in the calculated not interacting mixture affecting the char yield in the 

opposite way with respect to the inorganic species. This effect is evident only in 

the real biomass and not in the model mixture, probably because only in this case 
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cellulose is in intimate contact with the other organic biomass constituents. 

Steam pyrolysis tests 

The characteristic temperatures obtained from weight loss curves in TG tests have 

been related to the thermal path of the main gaseous species evolving from the 

steam pyrolysis experiments. For the lack of the room in Fig. 2 only releasing rate 

of the main gaseous compounds (CO2 and CO) have been presented. 
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Figure 2. Releasing rate of gas compounds evolving from PN, Mix XCLr and Mix 

XCLc as a function of temperature. 

Accordingly with TG analysis, the calculated gas releasing curves allow to 

highlight three different stages: 

• in the first stage, from 450 to 573 K, devolatilization of xylan is associated to the 

release in the gas phase of CO2 and CO both peaking at 517 K; 

• in the second stage, from 573 to 723 K, cellulose releases CO2 and CO whose 

releasing rate peaks at 674 K; 

• the last stage (700-873 K) is characterized by a residual releasing of CO2 and CO 

representative of the residual devolatilization of xylan, cellulose and lignin.  

In the case of PN, characteristic temperature of CO2 and CO associated with 

hemicellulose fraction is quite well predicted from the model and the calculated 

mixture. Accordingly with the results obtained for Arundo donax [3], the 

characteristic temperatures of CO2 and CO release due to cellulose devolatilization 

are overestimated by the curves related to Mix XCLc due to the presence of alkali 

metal ions in the real model mixture and even more in PN sample.  

As it can be deduced from Table 2, the differences observed between the real 

biomass (PN) and the calculated mixture (Mix XCLc) reflect on products yields 

and gas characteristics, though the relative content of biomass main components 

remains anyway determinant. As highlighted in Giudicianni et al. [3] even if in PN 

sample ashes favor the devolatilization of lighter volatiles determining an increase 

of char yield and a decrease of liquid yield, the influence of lignin on heavier 

volatiles entrapped in the solid matrix favors their cracking to lighter volatiles that 

are released as secondary products. Moreover the positive effect of ashes on char 

gasification contributes to reduce char yield. 
 

Table 2. Yields of products and gas composition of PN and model mixtures (wt% 
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on dry basis). 

  Char Liquid Gas CO CO2 H2 CH4 

PN 18.8 59.9 21.4 16 79.4 2 5.4 

Mix XCLr 20 55 24.9 17.4 79.8 1.8 2.8 

Mix XCLc 21.6 55.7 22.7 13.6 80.5 1.8 5.8 
 

Conclusion 

The results obtained in this work on Populus nigra together with the analogous 

results previously obtained for Arundo donax allow to state that the superposition 

of results obtained from xylan, cellulose and lignin pyrolysis is not generally able 

to predict in details the pyrolysis behavior of a real biomass due to the presence of 

interactions between inorganic and organic components in the original biomass. 

Nevertheless, a rough estimate of products yield and gas composition is possible on 

the ground of available data on the single components. 
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