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Abstract 

The present work focuses on the effects of pressure on the quality of char and 

primary tar produced from fast pyrolysis of lignocellulosic biomass. Heat treatment 

has been carried out in a heated strip reactor (HSR) at 1573 K in nitrogen at 2, 4, 8 

bar, with holding times of 3 s and heating rate of 104 K/s. The equipment allows 

quenching the volatiles as soon as they are emitted from the particles and collecting 

them for further chemical analyses. The char samples are also collected for 

thermogravimetric analysis in air. The DTG curves in air of char prepared at 2 bar 

shows two resolved peaks. Increasing the pressure of heat treatment from 2 to 4 bar 

has a minor effect on char reactivity, whereas further increase to 8 bar drastically 

changes the char combustion patterns, and the DTG curves exhibit only one well 

defined peak. For all the process conditions investigated, Oxo-aromatics are the 

dominant species in the tar. Benzendiol prevails in the 2 bar tar, followed by oxo-

aromatic compounds related to lignin structure, while PAHs are mainly present as 

Fluorene. When pressure increases, Phenols compounds drastically prevail, and 

PAHs as Anthracene and Pyrene appear. 

 

Introduction  

In the EU the share of renewable power in the energy mix is constantly increasing 

and encouraged to secure the containment of CO2 emissions. As a consequence, 

important resources are dedicated to the development of processes for the recovery 

of energy from biomass which are inherently CO2 neutral. 

Pyrolysis conversion processes are an important technological option for biofuel 

production and energy recovery from biomass. Pyrolysis is also a first step in 

gasification and in other thermochemical conversion processes [1]. Thus, the 

investigation of the influence of operating conditions in pyrolysis processes is an 

important element to enhance the design and the optimization of new biomass to 

energy processes.  

An extensive literature exists on pyrolysis of biomass and its main components, 

such as cellulose and lignin, as well as on combustion and gasification of biomass 

chars [2-6], demonstrating that the conditions under which pyrolysis is carried out 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/biomass
https://www.sciencedirect.com/topics/engineering/pyrolysis
https://www.sciencedirect.com/topics/engineering/conversion-process
https://www.sciencedirect.com/topics/chemistry/biofuel
https://www.sciencedirect.com/topics/chemistry/biofuel
https://www.sciencedirect.com/topics/engineering/gasification
https://www.sciencedirect.com/science/article/pii/S0016236114007224#b0050
https://www.sciencedirect.com/topics/engineering/operating-condition
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dramatically influence the properties and in particular the reactivity of the chars 

towards combustion and gasification. Heat treatment prolonged beyond the 

completion of pyrolysis has been in fact indicated as responsible for thermal 

annealing and progressive loss of char reactivity [5-6]. Pressurized pyrolysis was 

reported to enhance the bio-oil transformation and improve the characteristics of 

products [7], but most of the current research focused on the effect of pressure on 

biomass pyrolysis have been carried out by thermogravimetric analysis [8], with 

relatively low heating rates and temperatures.  

The present study investigates on the influence of pressure on the pyrolysis 

products of a lignocellulosic biomass (Walnut shells), but experiments are carried 

out in a special heated grid device (HRS) that can reach the temperature and pressure 

up to 2800 K and 40 bar with the heating rate of 104 K/s. Furthermore, the 

equipment allows quenching of the volatiles as soon as they are emitted from the 

particles and therefore permits to investigate tars before they undergo secondary 

reactions.  

 

Experimental  
Walnut shells (WS) used for the current experiments have been sieved to the size 

90-106 μm. Proximate and ultimate analysis of the sieved samples are given in 

Table 1. Notably proximate analysis has been carried out in accordance to EN ISO 

standards EN ISO 18134-3 (moisture at 378 K), 18122 (ash at 823 K), 18123 

(volatiles at 1173 K), 16948 (ultimate analysis) and 18125 (higher heating value, 

HHV). All values are given on raw, dry or dry and ash-free (daf) basis. 

 

Table 1. Standardized analyses of Walnut shells sample. 

 

Sample 

Moisture 

raw 

(wt%) 

Ash 

dry 

(wt%) 

Volatiles 

dry 

(wt%) 

C 

daf 

(wt%) 

H 

daf 

(wt%) 

N 

daf 

(wt%) 

O* 

daf 

(wt%) 

HHV 

daf 

(MJ/kg) 

Walnut 

shells 
4 0.42 81.07 52.15 5.77 0.28 41.80 20.51 

*by difference 

 

A first set of thermogravimetric analysis (TGA) experiments was carried out on the 

raw biomass in order to characterize the behaviour upon heating under standard TGA 

conditions in N2 and air at constant heating rate of 10 K/min. Approximately 20 mg of 

sample were loaded in a NETZSCH 409CD apparatus. A gas flow of 200 ml/min of 

either N2 of chromatographic grade or air (STP) was used. Double determinations 

have been performed to ensure the reproducibility of the results. 

Walnut shells sample was subjected to severe heating conditions in N2 atmosphere, 

using a special heated grid device (HRS), where the metal grid, usually employed as a 

sample holder, is replaced by a pyrolytic graphite foil thermally stabilized for use up 

to 2800 K. For the experimental campaign a heating rate of 104 K/s was used [6]. The 
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apparatus is enclosed in a stainless-steel vessel with a volume of 2L. The temperature 

of the grid is set by changing the value of the voltage at the two ends of the strip and is 

measured using a Pyrometer (Land System 4). For each test about 100 mg of fine 

particles were placed on the strip in a thin layer. The reactor was flushed with the test 

gas (N2) for 10 min to remove any air traces. The strip was then heated up to 1573 K 

for 3s at pressure of 2, 4 and 8 bar. A Pyrex glass support was located above the strip 

to collect the emitted volatiles. The Pyrex bridge remained fairly cool as it was nearly 

transparent to thermal radiation, hence, tars condense on its surface. The tar samples 

condensed on the Pyrex bridge located above the HSR were recovered by washing the 

support 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). The 

GC–MS employed is an AGILENT GC 6890 - MSD 5975C. The mass spectrometer 

operating in electron ionization mode was scanned from m/z=50 to 400. Char samples 

have been collected from the graphite strip and analysed by TGA using a Perkin-

Elmer Pyris 1. Thermogravimetric Analyzer, suitable for operation with small 

samples. Approximately 1-2 mg were used indeed for each test. After a 

dehumidification step, samples were heated up to 1150 K in a flow of air of 50 ml/min 

(STP) at constant heating rate of 10 K/min. Double determinations have been 

performed to ensure the reproducibility of the results.  

 

Results 

Figure 1 reports the preliminary analysis of Walnut Shells upon heat treatments in 

TGA. Figure 1 shows A) the differential thermogravimetric curves (DTG) of 

biomass pyrolysis in N2 (A) and of biomass combustion in air (B). w0, w and wf are 

the actual, initial and final weight of the sample. 
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Figure 1. DTG curves of Walnut Shells in: A) N2, B) air.  

 

Figure 1A shows that pyrolysis of Walnut Shells spans over the temperature 

interval 500-650 K with two distinct peaks at 530 and 630 K. The presence of air 

facilitates pyrolysis anticipating the two peaks, and decreasing the second. A char 

combustion stage appears after pyrolysis with peak at 690 K.  

After the HSR pyrolysis test, the char and the tar fractions have been labelled HSR-

A-1573 N2-B, where A indicated the char or the tar fraction and B indicated the 

pyrolysis pressure (2, 4, 8 bar).  
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The ash content of chars is reported in Table 2. The mass balance on ash content 

allows estimating that the volatile loss occurred in the HSR ranged around 93-94%. 

Comparison of such values with the proximate analysis of raw biomasses confirms 

the completion of pyrolysis in all the heated strip treatments. 

Figure 2A-B reports the thermogravimetric curves and the differential 

thermogravimetric curves obtained from combustion tests of the 3 char samples. 

The patterns of HSR char 1573 N2 2 bar and HSR char 1573 N2 4 bar samples 

result from superposition of multiple peaks. In the HSR char 1573 N2 8 bar only 

one component with peak at 750 K is identified. Within a first order 

approximation, each peak identifies one component and the temperature of the 

peak provides an indication of its combustion reactivity. The peak temperatures are 

reported in Table 2. Notably they are all higher than the peak temperatures 

obtained in the differential thermogravimetric curves of the raw biomass, 

confirming that no residual undevolatilized matter was included in the char 

samples. 
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Figure 2. Combustion test in air of HSR chars: A)TG and B)DTG curves. 

 

Table 2. Results of combustion tests in TGA on raw biomass and HSR chars. 

 

 Ashdry (%) DTG peaks (K, ±5) 

Raw biomass 0.4 (±0.1) 520; 560; 690 

HSR char 1573 N2  2 bar 5.8 (±2) 720;735; 790 

HSR char 1573 N2  4 bar 6.7 (±2) 735; 790 

HSR char 1573 N2  8 bar 6.0 (±2) 750 

 

The of HSR char 1573 N2 2 bar sample exhibits 3 partly overlapping peaks at 720, 

735 and 790 K. Increasing the pressure of heat treatment from 2 to 4 bar in N2  has  

a minor effect on char reactivity. However, it seems that the first component (the 

most reactive peaks) almost disappear. In fact, in the HSR char 1573 N2 4 bar 

sample only two components can be identified. Increasing the pressure of heat 

treatment up to 8 bar in N2 drastically changes the pattern, showing only one well 

defined single peak at 750 K.  
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Figures 3 reports the results of the analyses carried out on the fraction of tars. 

Three classes of chemical species are identified: Aliphatics (alkanes and alkenes, 

aliphatic acid), Oxo-aromatic compounds (aromatic aldehydes and alcohols), and 

Polycyclic Aromatic Hydrocarbons (PAH) with C18  
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Figure 3. GC-MS analysis on tar samples.  

 

It can be observed that, in all the process conditions investigated, the Oxo-

aromatics are the dominant species, heavy Aliphatics decrease with pressure, while 

the PAHs show the opposite trend. Oxo-aromatics definitely prevail as Benzendiol 

at 2 bar, followed by oxo-aromatic compounds related to lignin structure as 

Vanillin and Cinnamaldehyde (p-syrincol alcohol). When pressure increases, 

Phenols compounds drastically prevail at the expense of Benzendiols. At low 

pressure PAHs are mainly present as Fluorene, while increasing pressure favours 

Anthracene and Pyrene. Interestingly, the effect of increasing pressure on tar 

composition (increasing total PAH and increasing PAH molecular weight) is 

similar to the effect of increasing residence time, as found in previous work where 

biomass tar from HSR was compared with biomass tar from a drop tube system [9]. 

The effect of temperature at the same residence time is under study and will be 

object of a next publication. 

 

Conclusions 

Slow pyrolysis is an ancient thermochemical conversion technique that has been 

used for charcoal production for thousands of years. Meanwhile, the application of 

fast pyrolysis is a most recent biomass process technique for bio-oil production. 

Understanding the influence of operating conditions in pyrolysis processes is 

fundamental for the improvement of the design and the optimization of new 

biomass to energy processes. The present study shows the influence of pressure on 

https://www.sciencedirect.com/topics/engineering/operating-condition
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the fast pyrolysis products of Walnut shells. Experiments were carried out using a 

special heated grid device (HRS) at temperature of 1573 K and pressure up to 8 bar 

with the heating rate of 104 K/s. Increasing the pressure of heat treatment has a non 

monotonous trend on char reactivity. In fact, up to 4 bar there are a minor effects, 

while further increasing up to 8 bar drastically changes the pattern. In all the 

process conditions investigated, the Oxo-aromatics dominate in the tar fractions. 
However, the chemical composition of the compounds show significant 

differences. Benzendiols, heavy Aliphatics and light PAHS are dominant at 2 bar. 

When pressure increases, Phenols compounds drastically prevail, light Aliphatics 

are formed and PAHs are present as Anthracene and Pyrene. 
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