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Abstract  
In the present work, the pyrolysis of a lignocellulosic biomass sample, namely 
walnut shells, was investigated in different systems, with particular regard to tar 
formation. The goal is to study the effect of operative conditions and gas 
environment on the chemical composition of tar, which is of concern for assessing 
its environmental impact, its possible application and its role in soot formation. 
 
Introduction 
Nowadays, energy security and sustainable development are two major challenges 
encountered by the world. Biomass is one of the most important renewable energy 
sources and is considered an alternative to fossil fuels.  
Biomass pyrolysis is a thermal decomposition of the biomass into gas, liquid (tar), 
and solid (char and soot), whose yields and distribution depend on various 
parameters [1]. The yields of char, liquids or gas are known to depend from heating 
rate and temperature: fast heating rates and moderate temperature are generally 
applied to maximize the yields of primary tars. Also, the gaseous atmosphere may 
severely affect the product yield. Recent studies have shown that coal pyrolysis 
conducted in higher CO2 concentrations environment produce less reactive chars 
and more aromatic tars [2-4]. Soot formation has also been observed to be favored 
during coal pyrolysis in CO2-rich atmospheres.  
To investigate the effects of CO2-rich atmosphere on biomass pyrolysis products, 
the pyrolysis of walnut shells has been studied at low heating rates in a very recent 
work [5]. The present work focuses on pyrolysis of walnut shells under N2 and CO2 
atmospheres at high temperature and fast heating rates with particular regard to the 
properties of the produced tars. 
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Experimental 
Biomass Fuel 
Walnut shells (WS) used for the current experiments have been sieved to the size 
90-106 µm. Proximate and elemental analysis are reported in Table 1. More 
information is reported in Ref. [5]. 
 

Table 1. Properties of the walnut shells. 
 

Moisture 
raw 

Ash 
dry 

Volatiles 
dry 

C 
daf 

H 
daf 

N 
daf 

S 
daf 

O 
daf 

HHV 
daf 

(wt%) (MJ/kg) 
4 0.42 81.07 52.15 5.77 0.28 0.02 41.78 20.514 

daf = dry and ash free basis 
 
Pyrolysis experiments 
WS has been pyrolyzed in atmospheres of N2 and CO2 using gases of chromato-
graphic grade. Two different reactors have been used for pyrolysis experiments, 
namely a drop tube reactor and a heated strip reactor, which are shortly described. 
Drop tube reactor (DTR): The reactor was designed for high heating rate and short 
residence times, comparable to devolatilization conditions of pulverized fuel 
boilers. The particles (60 g WS in 30 min) are fed through a water-cooled injection 
tube to avoid preterm exposure to heat or reaction atmosphere. A microwave-based 
plasma source is used to heat the gases to a pre-selected temperature. The volume 
flow rate (process and feed gas flow) has been set to (49+1) l/min in all 
experiments. The reactor tube is a 320 mm long electrically heated Al2O3 pipe 
(i.d.= 50 mm). The wall temperature has been set to 1573 K. Due to the thermal 
conditions, particles are heated up rapidly by radiation and convection with 
maximum heating rates in the order of 3·104 K/s.  An oil-cooled probe was used to 
sample and quench reaction products. The probe was positioned 180 mm from the 
top, which, based on CFD calculations, corresponds to residence times of roughly 
80 ms in N2 and 87 ms in CO2. The exhaust gases pass through a Pyrex glass tube, 
where the tar condenses. A more detailed description of the system is given in 
Refs. [4-6]. 
Heated strip reactor (HSR): The reactor is a special heated grid device, where the 
usual metal grid is replaced as the sample holder by a pyrolytic graphite foil 
thermally stabilized for use up to 2773 K [7]. The apparatus is enclosed in a 
stainless-steel vessel which can be pressurized up to 12 bar. The temperature of the 
grid is set by changing the value of the voltage at the two extremes of the strip. Due 
to the very high heating rate of the HSR, the strip can be considered isothermal for 
the entire duration of the test. About 100 mg of WS particles have been laid on the 
strip. The reactor is flushed with the test gas (either N2 or CO2) for 10 min with a 
high flow rate to remove any oxygen traces. After flushing, the pressure was 
increased to 2 bar. The strip has then been heated up to 1573 K and the total 



 
40th Meeting of the Italian Section of the Combustion Institute 

reaction time is 3 s. Due to the very small particle size, particles heated up by 
contact with the strip can be considered isothermal and at the same temperature as 
the strip. A Pyrex glass support was positioned over the strip to intercept ejected 
volatiles. The bridge did not heat up being nearly transparent to thermal radiation 
therefore tars condensed as soon as they impact on in. 
 
Tar analysis 
The tar samples were recovered by washing the glass tube placed downstream of 
the DTR and the glass support located above the HSR with acetone in ultrasonic 
bath. The acetone volume was reduced to 0.5 ml under vacuum for analysis by gas 
chromatography-mass spectrometry (GC-MS, AGILENT GC 7890 - MSD 5975C). 
In the GC, an HP-35 (length 30 m, i.d. 250 μm, film 0.25 μm) column is mounted. 
Sample injection was done in splitless mode at 300 °C with a gas flow of 1 ml/min 
(STP). The temperature program consists of four isothermal steps: 323 K (5 min), 
constant heating for 30 min to 473 K (5 min), constant heating for 1.75 min to 
543 K (5 min) and finally, constant heating for 6 min to 573 K (15 min). The 
transfer line between the GC and the MS is held at 573 K. The mass spectrometer 
operated in electron ionization mode, and m/z was scanned from 50 to 400.  
 
Results and Discussion 
The GC-MS profiles of HSR and DTR tars generated in both N2 and CO2 
environment are reported in Fig. 1. It can be noticed that both HSR and DTR tar 
samples present the same peaks in N2 and CO2. 
 

 
Figure 1. GC-MS profiles of tars collected in HSR (a) and in DTR (b) in N2 and 
CO2 environment. 
 
The list of identified species, reported in Table 2, show that they are constituted of 
aromatic oxygenated compounds (aldehydes and alcohols) and polycyclic aromatic 
hydrocarbons (PAH), as expected from biomass pyrolysis. For a semiquantitative 
evaluation of the differences between tar samples, each chromatogram was 
Table 2. Species identified by GC-MS analysis of tar samples sorted by increasing 
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retention time from 17 to 44 min. PAHs are highlighted in grey. 
 

PEAK COMPOUND NAME PEAK- COMPOUND NAME 

1 1,2-Benzenediol 19 [1,1'-Biphenyl]-3-ol 
2 Benzofuran, 2,3-dihydro 20 p-Hydroxybiphenyl 

3 1,2-Benzenediol, 3-methoxy- 21 4-Hydroxy-2-
methoxycinnamaldehyde 

4 1,2-Benzenediol, 4-methyl- 22 9H-Fluoren-9-one 
5 2-Methoxy-4-vinylphenol 23 Phenanthrene 
6 Phenol, 2,6-dimethoxy- 24 Anthracene 
7 Vinylbenzylaldehyd 25 Anthracene, 2-methyl- 

8 Benzaldehyde, 4-hydroxy-3-
methoxy- 26 Benzo[def]fluorene 

9 Phenol, 2-methoxy-4-(1-
propenyl)- 27 Hexadecanoic acid 

10 Acenaphthylene 28 2-Phenylnaphthalene 

11 Phenol, 2-methoxy-4-propyl- 29 
3-(3',5'-dimethoxy-4'-
hydroxypheny 1l)-E-2-propenal 
5,5-Difluoro-6-methoxy-1,3-
dimethy 1l-5,6-dihydrouracil  

12 Ethanone, 1-(4-hydroxy-3-
methoxyphenyl)- 30 PAH with target ion 202  

13 1-Naphthalenol 31 Fluoranthene 
14 2-Naphthalenol 32 Pyrene  

15 
2,6-Dimethyl-3-
(methoxymethyl)-p-
benzoquinone 

33 Octadecanoic acid 

16 9H-Fluorene 34 Pyrene, 1-methyl- 

17 Benzaldehyde, 4-hydroxy-3,5-
dimethoxy- 35 Fluoranthene, 2-methyl- 

18 Phenol, 2,6-dimethoxy-4-(2-
propeny 1l)-  36 Benzo[ghi]fluorantene 

 
integrated from 17 to 44 min retention time. The most intense signals, analyzed by 
comparison of the mass spectra with library spectra and considering compounds 
with matching factors > 70, are listed in Table 2. For each sample, the area of these 
compounds was set to 100% to get a relative distribution of each compound 
detected. Fig. 2 reports the chromatograms obtained after normalization by height 
for a direct comparison of the different reactors. The area percentage of each peak 
is reported in the bar diagram of Fig. 3 for HSR and DTR tars.  
PAH compounds marked with * in the diagram appear predominant in DTR 
compared to the HSR, while monocyclic oxygenated compounds are more 
abundant in the HSR tar. As the two reactors were operated at the same 
temperature (1573 K), the main difference lay in the reaction time. The effect of 
the pyrolysis atmospheres on tars is overall less significant. 
In previous work [8] the effect of N2 and CO2 atmospheres on the pyrolysis 
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products of coal was investigated in the same DTR and opposite conclusions were 
drawn as regards the tendency to form aromatic compounds and soot, which was 
considerably enhanced in CO2. In a recent work, WS was investigated under low 
heating rate conditions with a thermogravimetric apparatus and fixed bed reactor 
and it was obtained that the nature of surrounding gas had modest effects on the 
yield of liquid and solid products. However, moderately larger amounts of aromatic 
compounds were obtained in N2 environment. 
 

 
Figure 2. GC-MS profiles of tars collected in N2 (a) and CO2 environment (b). 

 

 
Figure 3. Area% of peaks of species detected by GC-MS (see Table 2) in N2 and 
CO2 environment in DTR and in HSR. PAH compounds are marked with *. 
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Final Remarks 
Overall, the results above presented indicate an important role of residence time on 
biomass pyrolysis at 1573 K. The effect of the pyrolysis atmosphere (N2 and CO2) 
on tar composition is not significant, differently from what observed in previous 
work for coal under similar conditions. Future work will be directed to understand 
the effect of residence time and gas composition also on char and soot quality, in 
order to elucidate the role of tar in soot formation. 
 
Acknowledgments 
We acknowledge the German Research Foundation (DFG) for financing the 
research stay of A. Wütscher and  S. Heuer  in Naples within the framework of the 
SFB/Transregio 129 “Oxyflame” and Ruhr-University Bochum Research School 
for awarding O. Senneca with an International Visiting Professor Grant 
(VIP_4_2016_02).  
 
References 
[1] Liu W.-J., Li W.-W., Jiang H., Yu H.-Q., “Fates of Chemical Elements in 

Biomass during Its Pyrolysis”, Chem. Rev. 117: 6367–6398 (2017) 
[2] Guizani C., Escudero Sanz F.J., Salvador S., “Effects of CO2 on biomass 

fast pyrolysis: Reaction rate, gas yields and char reactive properties”, Fuel 
116: 310–320 (2014). 

[3] Cruz G., Crnkovic P.M., “Investigation into the kinetic behavior of biomass 
combustion under N2/O2 and CO2/O2 atmospheres” J Therm Anal Calorim 
123:1003–1011 (2016) 

[4] Heuer S., Senneca O., Wütscher A., Düdder H., Schiemann M., Muhler M., 
“Effects of oxy-fuel conditions on the products of pyrolysis in a drop tube 
reactor” Fuel Process Technol; 150: 9 (2016) 

[5] Senneca O., Cerciello F., Cortese L., Heuer S., Schiemann M. and Scherer 
V., “Effects of oxy-fuel conditions on walnut shells pyrolysis in a drop tube 
reactor” MCS 10, Naples, Italy, 17.-21.09.17. 

[6] Apicella B., Senneca O., Russo C., Heuer S., Cortese L., Cerciello F., et al, 
“Separation and characterization of carbonaceous particulate (soot and char) 
produced from fast pyrolysis of coal in inert and CO2 atmospheres” Fuel  
201:118–123 (2017) 

[7] Senneca O., Allouis C., Chirone R., Russo S., “Set up of an experimental 
apparatus for the study of fragmentation of solid fuels upon severe heating”, 
Experimental Thermal and Fluid Science 34:366–372 (2010) 

[8] Senneca O., Cerciello F., Heuer S., Ammendola P., “Slow pyrolysis of 
walnut shells in nitrogen and carbon dioxide” MCS 10, Naples, Italy, 17.-
21.09.17. 


	Abstract
	Experimental
	Results and Discussion
	In previous work [8] the effect of N2 and CO2 atmospheres on the pyrolysis products of coal was investigated in the same DTR and opposite conclusions were drawn as regards the tendency to form aromatic compounds and soot, which was considerably enhanc...
	Final Remarks

	Acknowledgments
	References


