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Abstract 
Previous studies have addressed the effects of carbon dioxide (CO2) rich 
atmospheres, as those established in oxy-firing of solid fuels, on the properties of 
chars produced from pyrolysis of biomass. The present work complements 
previous investigation with experiments carried out under high heating rate/high 
temperature conditions in a purposely designed heated strip reactor (HSR). Walnut 
shell samples have been heat treated in the HSR in N2 and CO2 at temperatures of 
1573-2073 K with holding times of 3s. Primary tar has been analyzed by GC-MS, 
char has been analyzed by thermogravimetric analysis and Raman spectroscopy. 
The effect of substitution of N2 with CO2 during heat up of biomass is not 
straightforward, as it can result in either an enhancement or reduction of char 
reactivity and structural order depending on the temperature. At 1573 K, CO2 chars 
are less reactive and more graphitized than N2 chars. In contrast, when the 
temperature is increased to 2073 K, CO2 chars turn out to be more porous, less 
graphitized and more reactive than N2 chars. The behavior is discussed within the 
frame of the competition of pyrolysis, gasification and thermal annealing. 
 
1. Introduction 
The classical approach for the prediction and modeling of the combustion or 
gasification of solid fuel particles is to assume a purely sequential course of drying, 
pyrolysis and heterogeneous combustion/gasification. Oxy-combustion is a case of 
practical relevance where the overlapping of purely thermally activated processes 
(pyrolysis, thermal annealing) and heterogeneous gasification occurs [1].  
In oxy-combustion, fuel particles undergo devolatilization in CO2 enriched 
atmospheres. Some recent studies investigated the course of pyrolysis of biomass 
in CO2 rich atmospheres in different experimental setups. The authors reported 
cases in which the composition of the pyrolysis atmosphere affected the quality of 
the resulting chars, suggesting the existence of mutual interactions between the 
purely pyrolytic process and the heterogeneous reaction with CO2, and cases in 
which this effect was negligible [2,3]. The current study investigates the influence 
of CO2 atmosphere on the chars produced under more severe pyrolysis conditions 
than those previously examined. To this end a heated strip reactor described in 
previous publications [4,5] has been used. The reactor can be operated in N2 and 
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CO2. It can be heated up to 2100 K in approximately 0.1s and allows holding times 
of the order of seconds. 
 
2. Experimental description 
Biomass fuel 
Experiments have been carried out on Walnut Shells (WS) whose properties are 
summarized in Table 1. Notably WS is a biomass where the lignin component 
prevails over the cellulosic/hemicellulosic ones with a ratio in the order 2:1. 
Samples have been pyrolyzed in atmospheres of N2 and CO2 of chromatographic 
grade. 
 

Table 1. Standardized analyses of the examined fuel 
 

Fuel Moisture 
raw 
wt% 

Ash 
dry 

wt% 

Volatiles 
dry 

wt% 

C 
dafa, 
wt% 

H 
dafa, 
wt% 

N 
dafa, 
wt% 

S 
dafa, 
wt% 

O 
dafa, 
wt% 

HHV 
dafa, 

MJ/kg 
WS 4 0.4 81.1 52.15 5.77 0.28 0.02 41.78 20.514 

a dry and ash free 
 
Pyrolysis apparatus 
The reactor used for pyrolysis, depicted in Fig. 1, is a special heated grid device, 
where the usual metal grid, used as sample holder, is replaced by a pyrolytic 
graphite strip thermally stabilized for use up to 2773 K [4,5].  
 

 
Figure 1. Heated strip pyrolysis reactor. 

 
The apparatus is enclosed in a stainless-steel vessel which can be pressurized up to 
12 bar. The temperature of the strip is set by changing the value of the voltage at 
the two ends 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. For each test about 100 
mg of fine WS particles (diameter approx. 130 µm), have been placed on the strip 
in a thin layer. 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. The strip has then been heated 
up to 1573 or 2073 K. The total reaction time was 3s. Due to the very small size, 
the particles heated up by contact with the strip and could be considered at the 
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same temperature as the strip. Details on equipment and heating rate profiles are 
provided in [4,5]. The char samples were collected from the strip. A pyrex support 
is positioned above the strip and tar samples were recovered by washing the 
support located with acetone in ultrasonic bath.  
 
Product analysis methods 
The tar sample solutions were analysed by gas chromatography-mass spectrometry 
(GC-MS, AGILENT GC 7890 - MSD 5975C). 
Char samples were investigated by thermogravimetric analysis (TGA), Raman 
spectroscopy and scanning electron microscopy (SEM). TGA analysis was carried 
out in Perkin-Elmer Pyris 1 Thermogravimetric Analyzer. Approximately 1-2 mg 
were used for each test. After a dehumidification step, samples were heated up to 
1073 K in a flow of air of 50 ml/min (STP) at constant heating rate of 5 K/min. The 
weight loss data measured during combustion experiments have been worked out 
to obtain instantaneous rates of reaction df/dt. 
Raman spectra were measured by means of a Horiba XploRA Raman microscope 
system with an excitation wavelength of λ = 532 nm (frequency doubled Nd:YAG-
solid state laser, laser power on the sample less than 1mW). SEM analysis was 
performed using a FEI INSPECT S. 
 
3. Results and Discussion 
Figure 2 reports the results of GC-MS analysis on tar produced in N2 and CO2 
environment. The area% of the peaks and the corresponding chemical species 
associated with each peak are shown. In particular PAH compounds are marked 
with*. The effect of exposure to CO2 on tars during fast pyrolysis in HSR at 2073 
K is remarkable. PAH compounds appear predominantly in CO2, while monocyclic 
oxygenated compounds are more abundant in N2  
 

 

 

 

Figure 2. GC-MS analysis on tar samples. 
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A B C 
 

Figure 3. A) TG analysis of chars in air; Raman spectra of chars: B) 1st order, C) 
2nd order. 

 
The results of the TG analyses carried out on chars are summarized in Fig. 3A. 
The DTG curves show that 1573 CO2 char is the most reactive among the char 
samples. It features a DTG curve with a single well-defined peak at Tmax= 710 K. 
The DTG peak of the 1573 N2 char occurs at a moderately higher temperature 
(Tmax= 720 K, with a shoulder at 770 K) suggesting that the CO2 char is moderately 
more reactive than the N2 char prepared at the same temperature of 1573 K. The 
DTG curve of the 2073 CO2 char still features a single peak, but in this case the 
peak occurs at Tmax= 760 K, indicating a more remarkable effect of the temperature 
of heat treatment on the char reactivity. The least reactive of the four chars is the 
one prepared in N2 at 2073 K. In this case, a DTG peak appears at Tmax= 820 K. 
The values of the residual weight from TG curves are reported in Table 2. Notably 
the ash content in the CO2 chars is higher than in the N2 chars, suggesting the 
occurrence of heterogenous gasification. This effect is more remarkable at the 
higher temperature of 2073 K and is confirmed by SEM analysis (Fig. 4) of the 
samples which shows a clear occurrence of pitting on the surface of chars prepared 
in CO2 at 1573 K. Surface pitting was not detected on the surface of the N2 chars 
and is attributed to gasification effects.  
 

A B 
Figure 4. SEM of char: A)1573 N2, B) 1573 CO2. 

 
Results of Raman analysis are reported in Figs. 3B-C. The two most remarkable 
spectral modes of the Raman spectra are the G peak (at about 1600 cm-1) and the D 
peak (at about 1350 cm-1). The accurate quantification of Raman spectra by a 
systematic procedure is necessary to derive reliable spectral parameters. The 
deconvolution procedure and the peak attribution were already described in a 
previous study [6]. The ratio of the D to the G peak intensities, I(D)/I(G), reported 
in the Table 2, is commonly used to express the order/disorder quantification.  
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Table 2. Results of characterization of the char samples by Raman spectroscopy 
and TG analysis. 

 
Sample I(D)/I(G) FWHM (D), 

cm-1 
DTG peaks 

Tmax (K) 
TG residue, 

w% 
1573 N2 0.92 156.50 720 5.8 ± 1 
2073 N2 1.00 121.04 820 5.4 ± 1 

1573 CO2 1.01 163.81 710 8.8 ± 2 
2073 CO2 0.97 122.35 760 17 ± 2 

 
However, in this case the I(D)/I(G) ratio seems not to be representative of the 
differences that can be visually appreciated in Figs. 3-4. This is due to the non 
monomodal character of the I(D)/I(G) ratio with the size of the graphitic clusters 
La [7]. Indeed, Tuinstra and Koenig [8] showed that I(D)/I(G) varied inversely 
with the aromatic layer size La. Later on, Ferrari and Robertson [18] found that the 
Tuinstra-Koenig equation is no longer valid for small crystallite (La < ~2 nm) and 
showed that in such case the D band intensity is proportional to the area of the 
aromatic domains. To overcome this ambiguity, as the D band is usually very 
strong and easy to fit in the case of pyrocarbons, the full width at half maximum of 
the D band (FWHM(D)) is often chosen as a reliable structural order parameter, 
specifically, it is found to decrease as the order increases [9]. The Raman spectra of 
the samples at 1573 K are all characterized by a FWHM(D) around 145-155cm-1. 
However, they can be compared on the basis of the I(D)/I(G) ratio since the 
absence of a well-defined second order means that they are in the range of La < 
2 nm. In fact, they present a small modulated bump from 2400 to 3100 cm-1. 
Instead, the samples with a FWHM(D) around 120 cm-1 (2073 N2/CO2 chars) 
present a well-defined second-order Raman peaks, confirming the strong 
aromatization they underwent at 2073 K. 
 
4. Conclusion 
Pyrolysis of high-lignin biomass samples in a high-temperature/high heating rate 
heated strip reactor has been scrutinized. Experiments were carried out in either 
CO2-rich or N2-rich atmospheres, representative of oxy-fuel or conventional 
combustion conditions at two peak temperature levels and 3 s holding time. The 
results confirm that char reactivity decreases as the severity of heat treatment is 
increased, and this is well correlated with increased microstructural order assessed 
via Raman spectroscopy. The effect of the CO2 vs. N2 atmosphere on the reactivity 
of the resulting char is not straightforward, as it results from conflicting effects of 
CO2-char interaction. At moderate temperature, CO2 apparently fosters pyrolysis, 
promotes structural order and reduces char reactivity. At higher temperatures, 
exposure to CO2 enhances char reactivity, a feature that is explained based on the 
progress of CO2 gasification and activation of the char. 
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The effect of exposure to CO2 on tars during fast pyrolysis in HSR at 2073 K is 
remarkable. PAH compounds appear predominantly in CO2, while monocyclic 
oxygenated compounds are more abundant in N2  
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