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Abstract: The integration of new CO2 capture and storage technologies in energy 

generation processes has led to the development and research in oxy-fuel combustion. 

In this technology, the carbon footprint is reduced if the fuel comes from a renewable 

source such as bio-oil (pyrolysis oil derived from biomass). This is a subject of growing 

interest. In this manuscript, we show bio-oil characterization using advanced 

techniques to elucidate the presence of oxygenated groups and aromatic compounds. 

We report that the presence of CO2 present in oxy-fuel environments modifies the 

thermal behavior of pyrolysis oils derived from sugarcane. At temperatures between 

400°C and 700°C under CO2 atmosphere, there is evidence of reactions induced by the 

presence of CO2 modifying the behavior of carbonization reactions as crosslinking, 

aromatization, and condensation. The presence of CO2 likely induced a pH reduction. 

The chemical composition of char samples obtained at 400 °C and 700 °C were analyzed 

using FTIR and Thermal Analysis. These analyzes, allowed to elucidate the role of CO2 

in carbonization. It was found that the cleavage of functional groups corresponding to 

the oligomers of lignin present in the bio-oil is strongly influenced by the presence of 

CO2. The presented results show that in CO2 atmospheres several new functional groups 



 

 

were observed in the char after carbonization processes. The phenomena observed 

were explained by the interactions of carbon dioxide with the oxygenated compounds 

in the solid phase formation at temperatures close to 400°C.  
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1. Introduction  

The gradual reduction of cheap high-quality petroleum sources with the consequent 

increase in petroleum extraction and refining cost are important drivers for the 

increased interest in alternative sources of fuel production. Biomass represents 12.8% 

of the world’s energetic matrix and it is mainly used for electricity (0.4%), transport 

(0.9%), industry heat (1.4%), and district heat (9.2%) [1]. Liquid bio-oil from biomass 

pyrolysis provides a great opportunity for countries like Colombia where waste 

biomass from palm oil residue, sugar cane bagasse, banana trunks and fiber, and the 

coffee residue is more than 50 million tons per year [2]. Of this, less than 30% is used 

to produce fuels today.  

 

Bio-oil from biomass pyrolysis is a complex mixture of organics (sugars, esters, furans, 

acids, ketones, alcohols, phenols, guaiacols, etc.)[3,4]. The presence of acidic 

compounds and heavy oligomers is responsible for bio-oil high viscosity and acidity. 

This mixture of reactive oxygenated groups is prone to condensation reactions to form 

high molecular weight carbon precursors. The reduction in the content of light 

molecules and the formation of water and high molecular weight oligomers induce 

phase separation during storage [5].  

 

Bio-oil composition and physicochemical properties are directly linked with biomass 

feedstock make-up, pyrolysis conditions (temperature, pressure, residence time), and 

condensation parameters[5–8]. The yield of pyrolysis oil can be described using global 

models to predict product distribution from cellulose, hemicellulose, and lignin. The 

mechanism for cellulose decomposition proposed by Chaiwat et al. [9] showed the 

structure cellulose is modified by the competition of dehydration and glycosidic 

cleavage reactions to form partially cross-linked precursors, which are transformed in 

decomposition products as levoglucosan and furfural, gases as carbon dioxide, and 

solids by carbonization way. The decomposition of cross-linked precursors begins with 

the transformation of OH cellulose groups into the water, then the de-polymerization 

and release of light compounds take place, and finally, the carbonization of high 



 

 

molecular weight aromatic compounds is carried out. Low heating rates favor the 

dehydration reactions forming new compounds with higher molecular weight. 

During the spray combustion of bio-oil, 60% of the weight is released by evaporation 

and cracking mechanism. Then the fixed carbon is formed by re-polymerization 

reactions [10,11] while the oxygenated compounds bonded to aromatic structures and 

high temperature allow the dehydration reactions to the formation of polyaromatic 

compounds [12], and the follow coke structures formation which one is modified 

strongly by the heating rate [11,13]. 

Oxy-fuel combustion is one of the most promising technologies for carbon capture and 

storage. This technology uses a mixture of recycled carbon dioxide and oxygen for fuel 

combustion and it has been widely studied and applied to carbon-based power plants. 

[14,15] The implementation of carbon dioxide allows flame temperature control and 

reduces NOx formation. Ahmed et al. [16] and Wang et al., [14], examined numerically 

and experimental the oxy-fuel combustion in a burner of heavy oil. Their results 

showed a reduction in NOx formation with the production of flue gas with CO2 

concentrations higher than 95% of volumetric concentration, making the sequestration 

process technically viable.  

On the other hand, The presence of CO2 during the pyrolysis of lignocellulosic material 

has an impact on the yield and chemical characteristics of char and liquids produced 

[17–20], for example, Seneca et al. [17,20] showed that carbon dioxide accelerates the 

thermal decomposition of the hemicellulose. Also, carbon dioxide modifies the chemical 

characteristics of the char and the liquids obtained after pyrolysis increasing the 

number of compounds with more than three aromatic rings in their structure [21]. 

Considering that there is limited knowledge of the use of pyrolysis oils in oxy-fuel 

combustion, their thermal behavior in the presence of carbon dioxide warrants further 

investigation.  

2. Material and Methods  

2.1. Experimental setup  

The bio-oil studied in this manuscript was produced from sugar cane bagasse (SCB) 



 

 

from sugarcane mill Risaralda, Colombia. A detailed physicochemical characterization 

of this material was published elsewhere [15]. The bio-oil was produced in a spoon (see 

Figure 1) using a horizontal electric furnace of 30 cm in length. A quartz tube of 3 cm in 

diameter was placed inside the furnace, A flow of 50 cm3/min of N2 provided an inner 

atmosphere, and like a carrier gas, the temperature of the furnace was set in 550°C. This 

temperature was chosen from previous work on SCB pyrolysis [22]. When the 

temperature was stable, a stainless-steel spoon with 1.5 g of SCB was introduced into 

the hot zone reaching heating rates between 100 and 200 °C/s and an estimated 

residence time of 50 s for the gases and vapors released, and products from the 

reactions were immediately condensed in a U-type stainless-steel trap, submerged in 

an ice bath. A similar experimental set-up was reported elsewhere [23,24]. 

 

Figure 1. Experimental model for bio-oil production and char collection setup 

2.2.  Char samples preparation  

The char samples were collected after pyrolysis, with controlled conditions in the 

model previously described. The furnace heating rate was set at 10°C/min., from room 

temperature to 900°C, the flow of N2 and CO2 was set in 50 ml/min. and maintained 

during the entire run. A sample of 2 ml of bio-oil was placed in the stainless-steel spoon 

at room temperature inside the furnace. Char material was sampled when the sample 

reached the desired temperature (400 and 700 °C), then the spoon was quickly 

removed from the hot zone and cooled in the same atmosphere using an ice bath.  
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2.3. Bio-oil Characterization 

Due to the complexity of the mixture of organic compounds in bio-oil and the wide 

range of molecular mass distribution, a quantitative macro analysis (Elemental 

analysis, Karl-Fischer titration) coupled with qualitative techniques (GC-MS-FID, ESI-

FT-ICR MS) was used to determine the composition and molecular parameters of the 

bio-oil studied. 

GC-MS-FID Characterization: A qualitative gas chromatography/mass spectrometry 

(GC-MS) analysis was performed in a THERMO Trace GC Ultra with MS DSQ II, the 

system was fitted with a flame ionization detector (FID) to integrate the main identified 

light compounds in bio-oil. Liquid samples were filtered and diluted with methanol 

(1:10). The capillary column was a DB-Petro (50 m × 0.25 mm ID × 0.50 μm film 

thickness) with helium as a carrier gas with a flow of 2.3 ml/min. First, the oven was 

set with a temperature was of 40°C (4 min), followed by a heating rate of 1°C/min up 

to 55°C; the second heating rate was 2°C/min to 185°C, then 10°C/min to 250°C; finally, 

when the temperature reached 250°C, it was maintained for 60 minutes. The 

temperature of the injector, the ion source, and the transfer line was maintained at 300, 

230, and 280 ºC respectively. A sample volume of 1 μl was injected applying 1:7 split 

mode. After a solvent delay of eight minutes, a full mass spectrum was obtained. The 

MS was operated within a positive electron ionization mode and an m/z range from 30 

to 500 was scanned. The voltage applied to the multiplier detector was 1275 V to obtain 

the total ion chromatograms (TICs) using a full-scan acquisition method whit a scan 

velocity of 1600 μ/second. The identification of peaks was based on computer matching 

of the mass spectra with that in the NIST library. 

ESI-FT-ICR: The bio-oil sample was analyzed using a SolariX XR Fourier Transform 

Ion Cyclotron Resonance Mass Spectrometer (Bruker Daltonik GmbH, Bremen, 

Germany), equipped with a 9.4 T superconducting magnet and an analyzer Paracell. 50 

μL bio-oil is dissolved in 5 mL of dichloromethane to form the sample solution, which 

is further diluted in methanol (5ppm). The instrument was operated under ESI (-) 

ionization source, with the infusing flow rate of 10 μL/min. The instrument was 

externally calibrated with sodium formate within the mass range of 154-1150 Da and 



 

 

8 M data points, and the data were acquired with the same mass range and data size, 

300 scans were accumulated for each acquisition. For ESI settings, the temperature of 

the vaporizer was set at 240 °C, drying gas temperature at 200 °C, the pressure of the 

nebulizer at 1 bar. The resulted mass spectrum was internally calibrated with known 

homologous series and the overall mass accuracy was less than 0.5 ppm. The calibrated 

data were further analyzed by PetroOrg software. The peaks, which can be assigned a 

unique chemical formula within the chemical formula range of C1-100 H1-200 O0-10 

N0-6 with a mass error lower than 0.5 ppm, were further discussed. The aromaticity of 

the bio-oil was deduced from double bond equivalents (DBE) value using the following 

equation: 𝐷𝐵𝐸 = 𝑐 − ℎ/2 + 𝑛/2 + 1, where c, h, and n are the numbers of carbon, 

hydrogen, and nitrogen atoms, respectively, in the molecular formula. 

TGA-DSC Pyrolysis study: A TGA-DSC pyrolysis test was performed in a Linseis STA 

PT1600-furnace L75/230 with a range of operation that varied from room temperature 

to 900°C. A heating rate of 10°C/min was set, and the flow mass control was maintained 

in 50 ml/min during all the testing. N2 and CO2 gases were used as the surrounding gas. 

In each test, 10 mg of sample was placed into the furnace and flushed with N2 or CO2 for 

20 min to displace the remnant oxygen in the furnace. Each thermogram was repeated 

three times and the average found was implemented to assess the results. 

FTIR: The characterization of the chemical structure of the char samples was carried 

out the using a Fourier-transform infrared (FTIR) spectrometer, Shimadzu brand, 

model IRTracer-100, with DLATGS detector and laser He/Ne, typically KBr pellets were 

prepared with a 2% sample, and for each sample, 30 spectra between 4000 to 400 cm-

1 with 2 cm-1 as resolution were accumulated and averaged. The results were reported 

in absorbance as the average of tree samples at the same temperature. 

3. Results and Discussion 

3.1.  Bio-oil characterization 

Bio-oil from SCB showed an organic phase content (free of water) of carbon (46.6 wt. 

%), hydrogen (2.3 wt. %), nitrogen (0.14 wt. %), oxygen (14.6 wt. %), and a very low 

percentage of sulfur (0.09 wt. %). These values were within the range of bio-oil from 

biomass pyrolysis [7,25–27]. Also, an important characteristic of the bio-oil is the 



 

 

amount of oxygen because its stability is related to the oxygenated groups. On the other 

hand, a 32.5 ± 2 % content of water in the bio-oil, measured by Karl-Fischer, could be 

explained as a result of the low heat velocity at pyrolysis as well as large particles and 

large residence time of the vapors. 

The species composition of the bio-oil was analyzed in gas chromatography coupled to 

mass spectrometry (GC-MS-FID) to determine the main organic compounds. Figure 2 

shows a typical chromatogram. Table 1 lists those, which were the most likely to be 

identified by the MS search file (HP-ChemStation).  

 

Figure 2. GC-MS-FID chromatogram for SCB bio-oil 

 

A semi-quantitative analysis shows that the area of the peaks in Table 1 represents 

approximately 65% of the total area of the peaks quantified during the GC-MS-FID test. 

Acetic acid, 2,3-dihydrobenzofuran, 1-hydroxy-2-propanone, 2-ethoxyphenol, furfuryl 

alcohol, hydroxyacetaldehyde, and, 1,6-anhydro-β-D-glucopyranose are the most 

important ones found in this fraction as other authors have reported [20]. On the other 

hand, the presence of oxygenated compounds is a characteristic of the bio-oil from 

biomass, and they were identified from this analysis.  

 



 

 

Table 1. Principal compounds identified in bio-oil GC -MS -FID 

Index Retention time 

(min) 

Area (%) Probable substance 

1 10.3 3.3 hydroxyacetaldehyde (glycolaldehyde) 

2 14.3 10.3 acetic acid 

3 15.2 5.7 1-hydroxy-2-propanone (acetol) 

4 21.2 0.7 glycerin 

5 24.0 2.7 1-hydroxy-2-butanone 

6 33.4 3.5 furfuryl alcohol 

7 36.0 2.9 2(5H)-furanone 

8 39.2 2.7 2-hydroxy-2-cyclopenten-1-one 

9 45.0 2.5 phenol 

10 48.4 2.3 2-hydroxy-3-methyl-2-cyclopenten-1-one 

11 53.8 1.8 2-methoxyphenol 

12 59.7 2.5 4-ethylphenol 

13 61.8 3.5 2-ethoxyphenol 

14 63.3 9.3 2,3-dihydrobenzofuran (Coumaran) 

15 70.3 2.4 2-methoxy-4-vinylphenol 

16 72.1 2.1 2,6-dimethoxy-phenol 

17 78.3 0.9 1,2,4-trimethoxybenzene 

18 80.5 3.2 1,6-anhydro-β-D-glucopyranose (Levoglucosan) 

19 83.3 1.3 hexahydro-4,4,7a-trimethyl-2(3H)-benzofuranone 

20 85.2 0.5 4-chromanediol 2-(3,4-dimethoxyphenyl)-6-methyl-3 

21 89.8 0.9 2,6-dimethoxy-4-(2-propenyl)-phenol 

 

The bio-oil has a broad distribution of compounds from low molecular to high 

molecular weight such as pyrolignic or poly-sugars compounds, which are not possible 

to identify in GC-FID-MS. For this reason, ESI(-)-FT-ICR analysis was used to determine 

molecular compounds over a broad spectrum. Figure 3 shows the ESI(-)-FT-ICR mass 

spectra for the SCB bio-oil. The ESI(-)-FT-ICR analysis depicts the distribution of polar 

species with high molecular weight (mainly oxygen-containing compounds derived 



 

 

from the cellulose, sugars, and lignin pyrolysis that gas chromatography cannot 

identify[28,29]). Values of m/z are between 150 and 800 Da represent the 80% of the 

cumulative mass as report elsewhere [13,30], reaching a molecular weight average 

close to 539 Da, and, the CzHwOxNy compounds represent 75 % of the total compounds 

identified. 

 

Figure 3. ESI (-)-FT-ICR-MS mass/z vs. H/C ratio for SCB bio-oil 

 

Figure 4 shows the Van-Krevelen diagram, which reveals the distribution of compounds 

using the atomic ratio between hydrogen/carbon and oxygen/carbon. The upper 

histogram of figure 4 shows that the O/C relationship has a bimodal distribution, the 

first peak appears around a relationship of O/C = 0.1 and the second round a relation 

of 0.2, and in the histogram, on the right side of figure 4, it can be seen that the data are 

centered around a relation H/C = 1 which means that the number of hydrogen atoms is 

equal to the number of carbon atoms in the species. This is a characteristic of 

compounds with aromatic rings, thus, the compounds of this region have been assigned 

to decomposition products of lignin and have a large number of oxygen atoms in their 

structure. Furthermore, as can be seen in Figure 4, the size of the markers used 

represents the DBE (Double bonding equivalents) that represents the degree of 

unsaturation or rings present in the molecular formula. DBE increases in the region 

below an H/C ratio of less than 1 and O/C less than 0.2. This characteristic is feasible 

because bio-oil was produced from the thermal decomposition of lignin, cellulose, and 

hemicellulose. The oxygenated groups present in the heavier fraction come from the 

polymerization of sugars and molecules with thermal stability such as lignin. 



 

 

 

 

 

Figure 4. Van-Krevelen diagram from ESI (-)-FT-ICR of hit compounds in SCB bio-oil 

 

 

Figure 5. DBE vs. carbon number from ESI (-)-FT-ICR of hit compounds in SCB bio-oil 

 

 The chemical structure of the bio-oil shows the distribution of carbon numbers 

between ten to 70 carbon atoms in the identified compounds. Figure 5 shows the DBE 

scatter vs. carbon atoms in the molecular formula, and the color scale represents the 

amount of oxygen in each species. The DBE show values in the region from five to 50, 

indicating that the main structure is a polyaromatic ring with a high number of oxygen 

Lignin region 

These should be poly-aromatics  

This material  
has little oxygen  



 

 

atoms, the oxygen classification is shown in Figure 6. A significant fraction of the species 

showed more than six oxygen atoms with four nitrogen atoms and the number of 

carbon atoms between ten and 40. 

 

Figure 6. Oxygen family’s classification of CxHyOzNw Compounds and the number of 

Nitrogen atoms participation. 

In general, the chemical structure of bio-oil has a high amount of oxygen atoms in its 

structure mainly in a mixture of different functional groups, The average molecular 

weight is close to 250 Da and the results of the ESI (-)-FT-ICR-MS possible to determine 

that the poly-aromatic rings are formed from biomass pyrolysis by thermal degradation 

of stable molecular polymeric chains such as lignin. Also, the cenosphere and unburned 

residue are produced by this heavy fraction of bio-oil during combustion or oxy-

combustion[31–33]. 

3.2. Bio-oil thermal degradation in N2 and CO2 atmospheres 

 TG, DTG, and DSC for SCB bio-oil in N2 and CO2 atmospheres are shown in Figure 7, 
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Figure 7. TG-DTG and heat flow of bio-oil in N2 and CO2 atmosphere  

 

The thermal behavior of the bio-oil shows four zones as shown in figure 7: The first 

zone, from room temperature to 150 °C, characterized by the vaporization of polar light 

compounds such as alcohols, aldehydes, ketones, and water, with a weight loss of 49.78 

wt. % at 100°C. The next evaporation stage occurs from 150°C to 280°C, this zone also 

includes the evaporation of some monosugars and the cracking of poly-sugars a weight 

loss around 80% in this zone according to Branca and Di Blasi [34]. The third zone is 

characteristic of carbonization reactions which take place up to 280°C to 680°C, 

corresponding to the formation of solid char. Finally, in Zone 4, there is an increase in 

DTG due to the weight loss by gasification reactions. 

Z1 Z2 Z3 Z4 



 

 

 

In figure 7, zone 1 it can be seen that the volatility release rate is higher in nitrogen than 

in CO2, this can be interpreted as difficulties in the transport of light species in 

atmospheres rich in CO2, this under the assumption that CO2 does not it solubilizes in 

the remaining bio-oil. Also, as shown below there are differences in the reorganization 

of functional groups, specifically in the formation of aromatic compounds during the 

carbonization stage. Previous works [9,35] showed than the carbonization reactions as 

crosslinking occurs at temperatures up to 400°C, and the char is a product promoted 

by the interaction of the pyro-lignin with the high molecular weight molecules [13]. 

When it releases water, the crosslinking reaction takes place to produce a net of organic 

compounds, and the aromaticity of this char increase[9], Therefore, carbon dioxide 

increases the degree of aromatization in carbonized more than nitrogen at the same 

temperature [24]. 

In bio-oil evaporation and pyrolysis, zone 2 is associated with the degradation of mono 

sugars and the first stages of formation of polyaromatics of high molecular weight 

[36,37]. These compounds are the product of the glycosidic cleavage and dehydration 

reactions of the cellulose and hemicellulose[9]. Seneca et al[20]. had study the pyrolysis 

of hemicellulose in a carbon dioxide atmosphere, and its pyrolysis rate was notoriously 

affected by the carbon dioxide presence. Hence, there was evidence that carbon dioxide 

affected the pyrolysis of oxygenated structures as sugars (xylose, arabinose). In our 

measurements the pyrolysis rate in zone 2, don’t show a significant effect of carbon 

dioxide compared with the nitrogen atmosphere, a small difference in the rate of weight 

loss can be appreciated. However, as the otter's authors had reported the amount of 

mono-sugars product of hemicellulose decomposition is in the range of 4 to 10 [mg/g 

bio-oil][38], Thus, the effect of carbon dioxide in this zone is not enough to be detected. 

Concerning the zone 3, there is no significant change in the speed of the process due to 

the presence of carbon dioxide. However, in zone 4 the results show a significant loss 

of mass, with an increase in the rate of thermal degradation and a clear decrease in the 

heat released. This suggests the occurrence of an endothermic reaction above 680 °C, 

this behavior is typical of the gasification reaction with carbon dioxide as described 



 

 

elsewhere [39,40] 

Finally, during the thermal decomposition of bio-oil at temperatures higher than 400 

°C in N2 and CO2, a secondary char is formed[40]; the char obtained possibly present 

changes in its chemical structure, these changes, in that case, the changes found will be 

the product of the interaction of the compounds formed during pyrolysis with the 

carbon dioxide present in the atmosphere as will be shown below in this work. These 

changes in the structure of the char have been studied previously in coal pyrolysis, and 

the processes are characterized by two kinds of phenomena crosslinking and thermal 

annealing [41], and both are strongly affected by the presence of CO2 [30,39].  

3.3. The functional group of char products 

The char samples obtained in both atmospheres were analyzed using FT-IR to identify 

the chemical functional groups. All the FT-IR spectra are firstly baseline corrected and 

the average and Standard deviation (STD) of three samples were calculated. Three 

sections of the spectrum are of interest. The first one is placed between 3000 and 2750 

cm− 1 corresponding to the stretching vibrations of -CH3, -CH2, and -CH. The second 

region (1850-900 cm− 1) that allows evaluating groups such as C-O and O-H single bonds 

(1350–900 cm− 1) and C = O bond (1850–1650 cm− 1), and finally the third region (900 

to 650 cm− 1) showing characteristic signals of aromatic substitutions. The results of the 

average spectrum and its standard deviation for each temperature in N2 and CO2 

atmosphere are shown in figure 8,9 and 10 respectively 

 



 

 

 

Figure 8 FT-IR spectra between 3000 and 2750 cm−1 of the char from the pyrolysis of bio-

oil at 300-700°C 

 



 

 

 

Figure 9 FT-IR spectra between 1850 and 900cm−1 of the char from the pyrolysis of bio-

oil at 300-700°C 

 

 



 

 

 

Figure 10. FT-IR spectra between 900 and 650 cm−1 of the char from the pyrolysis of bio-

oil at 300-700°C. 

 

Figure 8 shows that the intensity of the stretching vibrations of -CH3, -CH2, and -CH is 

reduced as the temperature is increasing. The latter could be because the CH3, -CH2, 

and -CH functional groups from aliphatic chains are reduced during char formation. The 

signal of the samples obtained at 600 °C and 700 °C is very weak because the solid 

structure is condensed into aromatic rings with very low stretching vibrations for these 

functional groups. The presence of carbon dioxide does not show a significant 

difference in the evolution of these functional groups. 

Figure 9 shows the FT-IR spectra in the region of 1850 to 900 cm− 1. In this region, it is 

possible to identify the group's CO, OH of a single bond and C = O in a double bond, as 

well as the band located around 1603 cm− 1 characteristic of the C = C bonds of aromatic 

rings, the intensity of the signal in this region, decreases as the temperature increases 



 

 

such as it occurs in the vibrations of aliphatic groups. The oxygen-containing groups 

promote the formation of char and therefore its intensity is reduced to become very 

weak as reported by previous work[12,13,42–45]. Additionally, the presence of carbon 

dioxide as a pyrolysis atmosphere shows a decrease in the intensity of the char signal 

obtained at 400 ° C. the characteristic signal of 1650 cm-, shows a decay with the 

increase in temperature, but the reduction in absorbance between 300 and 400 ° C is 

greater in CO2 atmosphere than in nitrogen, This seems to be due to greater interaction 

of carbon dioxide with oxygen-containing groups. 

Finally, Figure 10. FT-IR spectra between 900 and 650 cm−1 of the char from the 

pyrolysis of bio-oil at 300-700°C.shows the FT-IR spectra in the region of less than 900 

cm− 1, typically for coals and char are characterized by bands of aromatic structures 

with isolated aromatic hydrogen (870 cm-1), two adjacent aromatic hydrogens per ring 

(815 cm-1) and four adjacent aromatic hydrogens (750 cm-1) respectively [46]. These 

substitutions do not seem to have the same decreasing behavior that was shown in the 

stretching signals and the oxygenated groups. As expected, in the char obtained at 

500,600 and 700°C the degree of aliphatic substitutions on aromatic rings increases as 

the temperature increases and the carbon dioxide shows a positive effect in the 

generation of structures with a high degree of saturation of aromatic structures. 

However, there are differences between the spectra of the char obtained at 300 and 400 

C from the others. the char spectra obtained at 300 and 400°C in nitrogen and carbon 

dioxide shows a reduction of the peak with high intensity around 825 [1/cm]. This 

signal is typical of the aliphatic substitution of monoaromatics in position para, while 

the three predominant signals of the char obtained at 500, 600, and 700 are typical of 

the aliphatic substitution of mono and polyaromatics in position Meta 

To realize a semi quantification of the char evolution in both atmospheres, four indexes 

were used to analyze the char obtained: The aromaticity index IA, a ratio between the 

signal of aromatic compounds C=C (1603 cm− 1) y C-H ([869-747] cm− 1) and the total 

area assigned to the aromatic and paraffinic signals (Eqn 1) [47]. The aliphatic index 

𝐼𝐴𝑙𝑖𝑝ℎ, which one allow to assess the ratio of aliphatic signals by stretching with the 

aromatic and paraffinic signals(Eqn 2), The Branching index 𝐵𝐼(Eqn 3), and the 

condensation index 𝐼𝐶  (Eqn 1)[48] were used to evaluate the dispersion of functional 



 

 

aliphatic groups in the macrostructure, and the relationship between the isolated 

organic structures by comparison with the concentrated aromatic structures as multi 

rings aromatics respectively.  

𝐼𝐴 =
𝐴1603 + 𝐴869−747

𝐴1700 + 𝐴1603 + 𝐴1465 + 𝐴1377 + 𝐴1031 + 𝐴869−747 + 𝐴(2954+2925+2850)
 

(1) 

𝐼𝐴𝑙𝑖𝑝ℎ

=
𝐴1465 + 𝐴1377

𝐴1700 + 𝐴1603 + 𝐴1465 + 𝐴1377 + 𝐴1031 + 𝐴869−747 + 𝐴(2954+2925+2850)
 

(2) 

𝐵𝐼 =
𝐴1377

𝐴1465 + 𝐴1377
 

(3) 

𝐼𝐶 =
𝐴869−747

𝐴1603
 

(4) 

 

𝐴𝑖  is the relative area of the peak at the i wavenumber or range. The result of the indexes 

is displayed in Figure 11. In the chars obtained, the aromatic index (Figure 11a) 

increases with the increment of the temperature, this behavior has sense because the 

condensation reactions involved in the crosslinking process occurred during the 

carbonization and is promoted by the temperature. In this sense, the aromatic rings 

increasing in the char implies the disappearance of aliphatic groups as we can see in 

Figure 11b.  

 

 

 

 

 

  



 

 

  

  

Figure 11. FT-IR based index of the char from the pyrolysis of bio-oil at 300-700°C in N2 

and CO2 a) Aromatic Index, b) Aliphatic index, c) Condensation index, and d) Branching 

index 

 

The branching and condensation index account for the degree of distribution of 

aliphatic and aromatic functional groups respectively. In Figure 11c. the condensation 

index increases with the temperature and is an indicator of multiple rings bounding 

evolution, typically this behavior has been described in coal structure evolution during 

pyrolysis and gasification. On the other hand, the branching index Figure 11d, which is 

an indicator of the length of the chains outside the organic matrix (aliphatic groups 

substituting aromatic rings or sets of aromatic rings) shows a decrease with increasing 

temperature, this means that the length of the chains has been diminished possibly by 

those chains helped the formation of aromatic rings. The results obtained in these 

experiments are consistent with the work of Xiong [11], however, we found that the 

a 

 

b 

c d 



 

 

presence of CO2 accelerates the aromatization of carbonized. Moreover, the results also 

show that at any temperature the presence of aromatic groups is greater than the 

carbonized obtained in nitrogen. 

 

4. Conclusions 

 

In this paper, we analyze the chemical composition and distribution of the oxygenated 

functional groups in the bio-oil obtained by rapid pyrolysis using. Gas chromatography 

coupled to mass spectrometry was used to describe the volatile components present. 

Also, an analysis of heavy compounds by ESI (-) - FT-ICR-MS was performed to provide 

an overview of the distribution of oxygen in heavy molecules, as well as the types of 

bonds in the functional groups obtained. 

 

The ESI (-) - FT-ICR-MS analysis allows us to observe that chemical compounds with six 

oxygen atoms in their structure, representing 35.46% of all the molecules identified in 

the bio-oil, and 10% of all oxygenated compounds have more than ten oxygen atoms in 

their structure. There is evidence to show that oligomers with high molecular weight 

and a large number of oxygens in their structure are involved in dehydration reactions, 

thereby forming structures of greater molecular weight. 

 

The char formation during the pyrolysis of bio-oil in nitrogen and carbon dioxide and 

their chemical characteristics were investigated in this study. Our results show that the 

char obtained in carbon dioxide has a higher degree of aromaticity, than the samples 

obtained in nitrogen, and these functional groups are concentrated in aromatic groups 

with external substitutions with a short size, this was verified by the values obtained 

with the branching index. 
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