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Abstract: The formation process of aromatic hydrocarbon tar during the pyrolysis process of biomass components of cellulose and lignin was carried out by quantum chemical calculation based on density functional theory method B3LYP/6-31G++(d, p). 5-Hydroxymethylfurfural was chosen as the model compound of cellulose and hemicellulose, and syringaldehyde was chosen as the model compound of lignin. The calculation results show that the formation process of cellulose monocyclic aromatic hydrocarbon tar is the conversion process of benzene ring from furan ring, and the highest reaction energy barrier appears in the process of decarbonylation, which is 370.8 kJ/mol. The formation of lignin monocyclic aromatic hydrocarbon tar is mainly the process of side chains removal and the formation of phenol, The highest reaction energy barrier appears in the process of decarbonylation, which is 374.9 kJ/mol. The reaction mechanism of phenanthrene formation from naphthalene was selected as the formation of cellulose and lignin polycyclic aromatic hydrocarbon tar. The calculation results show that he total barrier of the pathway that naphthalene dehydrogenates to form naphthalene free radicals and then reacts with ethylene twice by addition action, finally occurs cyclization reactions and isomerizes to produce phenanthrene is lowest, that is 38.6 kJ/mol. So it is proved that the evolution of tar is the process of deoxygenation and cyclization with the increase of the temperature from a theoretical point of view.
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1  Introduction

Guided by the goals of “Carbon peaking by 2030 and carbon neutrality by 2060”, biomass energy is getting more and more attention [1]. The focus and difficulty of biomass energy utilization lie in the treatment of tar [2]. The definition of biomass tar is an important issue in the research of tar. A clear definition of biomass tar was attempted to give by scholars at home and abroad [3]. Biomass tar was defined as a condensable organic pollutant whose chemical components are mainly monocyclic and polycyclic aromatic compounds (PAHs), with a molecular weight greater than benzene [4]. A broader definition of tar was given by Milne et al. [5] of National Renewable Energy Laboratory (NREL) in the United States, which is that all the organic compounds of aromatic hydrocarbon with larger molecular weight produced under pyrolysis and gasification can be regarded as tar. Based on Milne’s research, Dayton [6] believed that the condensable produced in the process of pyrolysis and gasification is tar, and its chemical components are macromolecular aromatic hydrocarbons, including benzene. However, Moersch thought that benzene was used as the dividing substance of tar need to be discussed. Furthermore, whether it will block and corrode the equipment should be the standard to define tar [7]. The chemical composition of tar is complex, and these compounds have different dew-points. Up to now, tar still has not been given a unified definition. The reasons lie in its complicated components. As the conditions of biomass pyrolysis and gasification change, the chemical composition of tar produced changes as well. The analysis of tar has to be based on specific experimental conditions. The classification is also hard to be defined [8]. In summary, the major classifications are based on the composition of tar, the dew point of tar, the location of tar production, and the characteristics of tar. Tar was divided into primary, secondary and tertiary tar on the basis of the three components of biomass by Evans of NREL [9]. Elliott holds that the temperature of generation determines the composition of tar. In the light of temperature, tar is classified into oxygenated mixture, phenol hexyl ether, alkylphenol, heterocyclic ether, PAH and PAH with higher molecular weight [10]. According to the composition of organic compounds in tar, Tar was divided into four groups by Hasler, which is that the sum of high molecular weight organic compounds, PAH, aromatic compounds containing one or more phenolic hydroxyls and water soluble organic matter residue [11]. Tar was divided into two major categories based on the reactivity of tar by Perez et al. [12] and Corella et al. [13], that is, “easy to break” tar with good reactivity and “hard to break” with poor reactivity. Although scholars came to different research conclusions and hold different opinions on the definition and classification of tar, it is difficult to understand tar thoroughly from the location, characteristics and dew point of tar production. The composition of tar changes when temperature rises, which reflects the formation process of tar to a certain extent. Generally, it is the process of deoxidation and cyclization. The formation process of aromatic tar can be regarded as the main line of tar formation.

The mechanism of thermal cracking of biomass components has been studied by scholars. The cracking process of D-glucopyranose monomer was calculated and deduced by Wang et al. [14]. The study concluded that D-glucopyranose undergoes four transition states and finally generated 5-hydroxymethyl base furfural, which further generates furfural. Through the analysis of the reaction energy barrier, the opening of the glucose ring is relatively easy, and the cyclization to furan is relatively difficult. The xylan cycle unit was used as a model to simulate the formation mechanism of furfural by Zhang et al. [15]. The study concluded that highest reaction energy barrier of xylan to furfural was calculated to be 236 kJ/mol. Eugenol was used as a lignin model for pyrolysis analysis, which formed 3-methoxycatechol, 2-methoxy-6-methylphenol were carried out chemical calculations. The result shows that the total reaction energy barriers are 366.6, 474.8 kJ/mol [16]. In order to analyze the cracking mechanism of lignin, 1-guaiacol-2-(2-methoxybenzene) oxy)-1,3 propanediol was selected as the model. The results show that: 1-guaiacol-2-(2-methoxyphenoxy)-1,3-propanediol pyrolysis can generate guaiacol, 1-guaiacol-3-hydroxyacetone, 3-Guaiacyl-3-hydroxypropionaldehyde, guaiacyl formaldehyde, etc., the reaction energy barrier is in the range of 265∼442 kJ/mol [17].

The main components of tar are aromatic compounds, so the formation and cracking mechanism of biomass aromatic hydrocarbon tar from the molecular level is need. In this paper, the formation mechanism of monocyclic aromatic hydrocarbon tars from biomass and the formation mechanism of three rings polycyclic aromatic hydrocarbon tars from three rings polycyclic aromatic hydrocarbon tars were researched.

2  The Formation Mechanism of Monocyclic Aromatic Hydrocarbon Tar

2.1 The Mechanism of Benzene Formation from 5-HMF

5-HMF is an important product of the pyrolysis of cellulose and hemicellulose. Its formation process has been extensively researched, and the decarboxylation, decarbonylation and cyclization reactions of further pyrolysis of 5-HMF was deduced through experiments [18]. However, there is lack of studies on the pyrolysis mechanism of 5-HMF. The reaction pathway in Fig. 1 is designed to show the process of pyrolysis of 5-HMF to benzene. The mechanism was studied by density functional theory B3LYP/6-31G++(d, p) of Gaussian software. The standard thermodynamic parameters under pressure 1.13 × 105 Pa and temperature 298 K were obtained.
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Figure 1: Proposed reaction pathway and energy profiles of benzene formation from pyrolysis of furfural

5-HMF first removes hydroxymethyl to form formaldehyde and furfural. Furfural removes formaldehyde side chains to form furan, which releases heat of 27.8 kJ/mol. The transition state is TS2 and the reaction energy barrier is 370.8 kJ/mol. The furan reacts with ethylene to forms IM3, which emits a small amount of heat of 0.6 kJ/mol. The transition state is TS3 and the reaction energy barrier is 122.4 kJ/mol. IM3 undergoes an isomerization reaction to form IM4, which releases energy of 42.6 kJ/mol. TS4 is the transition state and the reaction energy barrier is 191.2 kJ/mol. IM4 undergoes dehydration reaction to form benzene, which emits heat of 92.2 kJ/mol. The transition state is TS5 and the reaction energy barrier is 159.1 kJ/mol. The possibility of generating benzene from 5-HMF is theoretically verified, which is consistent with Yang Hao’s speculation [18]. The reaction energy of furfural pyrolysis to benzene is shown in Fig. 1 in details. The optimized geometric configurations of reactants, products, intermediates and transition states in the reaction pathway are presented in Table 1.
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2.2 The Mechanism of Phenol Formation from Syringaldehyde

The process of forming aromatic hydrocarbon tar from lignin was designed as follows: Phenolic substances forms from primary tar, and then phenolic substances are further converted into aromatic hydrocarbon substances. The pyrolysis process of phenols from structural units can be used as an important means to analyse the formation of aromatic tars from lignin primary tars. Syringal is one of the representative substances of syringyl phenols. Its side chain is composed of hydroxyl group, aldehyde group and methoxy group so it is a typical syringyl phenol. Fig. 2 shows the chemical structural formula of syringaldehyde and the homolysis of ten kinds of molecular bonds. Table 2 is the calculation result of the dissociation energies of various major bonds. The order of dissociation energy of various bonds in syringaldehyde is CH3—O<O—H<CH2—H<CH3O—Caromatic<HO—Caromatic<Caromatic—H.
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Figure 2: Homolytic cleavage ways of syringaldehyde
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Based on the results of the dissociation energy of the syringaldehyde bond and the quantum chemical analysis of the pyrolysis pathway of syringol [16], the pyrolysis reaction pathway of syringaldehyde is shown in Fig. 3. The density functional theory method B3LYP/6-31G++(d, p) is applied to carry out the quantum chemical theoretical research on the pyrolysis reaction mechanism of syringaldehyde The standard thermodynamic parameters under pressure 1.13 × 105 Pa and temperature 500 K were obtained. The reactants, products, intermediates and transition states of various reactions are fully optimized by the energy gradient technique. The Potential energy profiles of phenol formation from pyrolysis of syringaldehyde is shown in Fig. 4. A hydrogenation reaction occurring on the carbon atom adjacent to the benzene ring and the methoxy group forms IM5, which releases heat of 121.1 kJ/mol. The transition state is TS6 and the reaction energy barrier is 24.2 kJ/mol. This hydrogenation reaction reduces the stability of the benzene ring structure and facilitates the overall removal of methoxy groups. This indicates that for lignin monomers such as syringaldehyde, hydrogenation of carbon atoms adjacent to the methoxy group can reduce the reaction energy barrier of the demethoxy reaction. IM5 removes the entire methoxy group to form IM6, absorbing heat of 50.3 kJ/mol. The methyl group on the other side of IM6 removes an H to form a free radical IM7 which absorbs heat of 392.7 kJ/mol. Through the isomeric transformation, IM7 forms the intermediate IM8. A further isomeric reaction on IM8 forms IM9, which releases heat of 54.2 kJ/mol. The process transforming IM9 into IM11 through IM10 is the process of changing the position of methylene and oxygen atoms. IM9, going through the transition state TS8, undergoes dehydrogenation to form IM10. This reaction absorbs heat of 65.8 kJ/mol and the energy barrier is 98.8 kJ/mol. IM10 undergoes decarbonylation to form IM11 with CO produced, which goes through the transition state TS9 and the reaction absorbs heat of 12.9 kJ/mol, the reaction energy barrier is 349.2 kJ/mol. The decarbonylation of IM11 forms P2 with CO produced, which goes through the transition state TS10 and the reaction absorbs heat 27.1 kJ/mol, the energy barrier is 374.9 kJ/mol. The decarbonylation of IM11 forms P2 with CO produced. It shows that there are two pathways of methoxy removal. It shows that there are two ways to remove the methoxy group. One is that methoxy group forms a carbonyl group after isomerization of the methoxy group with the small molecule gas CO produced. The other is that the carbon atom adjacent of the methoxy group occurs hydrogenation reaction to destroy the stability of the benzene ring, and then the entire methoxy group is removed. Therefore, some experimental results of the pyrolysis of bio-oil to generate tar are theoretically verified: the molecular weight is getting smaller and smaller, and the generation of phenol is generated by the removal of side chains from various free radicals containing benzene rings [18]. The geometric structures of the reactants, transition states, intermediates and products are shown in Table 3.
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Figure 3: Proposed reaction pathway of phenol formation from pyrolysis of syringaldehyde
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Figure 4: Potential energy profiles of phenol formation from pyrolysis of syringaldehyde
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The formation of cellulose and lignin includes deoxygenation. High temperature promotes the breakage of the oxygen-containing functional groups. 5-HMF can be deoxygenated to form benzene rings, and the basic structural unit of lignin can also form phenols, which is consistent with the experimental results [19,20].

3  The Formation Process of Polycyclic Aromatic Hydrocarbons Tar

As the temperature of aromatic hydrocarbon tar increases, the degree of aromaticity strengthens. Naphthalene is the main component of aromatic tar containing two PAH benzene rings [21]. Li et al. [22] found that at 800°C, the proportion of bicyclic PAHs in tar is 55%, and the content of naphthalene in aromatic tar accounts for 30% at 800°C. Phenanthrene is the main component of aromatic tar containing three PAHs benzene rings. The proportion of tricyclic PAHs in tar is 20%, and the content of phenanthrene in the aromatic tar accounts for 20% at 800°C. Based on the relevant experiments of the process of naphthalene forming phenanthrene and the HACA (hydrogen abstraction-acetylene addition) studied by Kislov et al. [23], three reaction pathways of phenanthrene formation from naphthalene were designed as Figs. 5–7.
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Figure 5: Proposed reaction pathway 1 of phenanthrene formation from pyrolysis of naphthalene
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Figure 6: Proposed reaction pathway 2 of phenanthrene formation from pyrolysis of naphthalene
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Figure 7: Proposed reaction pathway 3 of phenanthrene formation from pyrolysis of naphthalene

The density functional theory method B3LYP/6-31G ++(d, p) was adopted to conduct a quantum chemical theoretical study on the pyrolysis reaction mechanism of phenanthrene formation from biphenyl. The standard thermodynamic parameters under pressure 1.13 × 105 Pa and temperature 700 K were obtained. The reactants, products, intermediates and transition states of various reactions are fully optimized by the energy gradient technique. In the reaction pathway 1, phenanthrene formation from naphthalene, naphthalene undergoes hydrogenation reaction first to form IM12, which releases heat of 133.6 kJ/mol. The transition state is TS11 and the reaction energy barrier is 3.8 kJ/mol. After the dehydrogenation, IM12 forms naphthalene radical IM13 and generates H2, which emits heat of 133.0 kJ/mol. The transition state is TS12 and the reaction energy barrier is 172.2 kJ/mol. The addition reaction occurs between IM13 and acetylene to produces IM14, which emits heat of 91.9 kJ/mol and passes through the transition state TS13 with a reaction energy barrier of 109.5 kJ/mol. IM14 continues to undergo the addition reaction with acetylene to form IM15, which emits heat of 150.7 kJ/mol, and its reaction energy barrier is 23.2 kJ/mol. IM15, a naphthalene radical, reacting with ethylene twice by addition action to form butadiene side chains, and the side chains gradually cyclizes to form phenanthrene radical IM16, which emits heat of 157.3 kJ/mol. The reaction goes through the transition state TS15 and the reaction energy barrier is 7.1 kJ/mol. Hydrogenation reaction occurs on IM16 to produce IM17 with the heat of 139.3 kJ/mol emitted, which goes through the transition state TS16 and the reaction energy barrier is 99.4 kJ/mol. Dehydrogenation reaction occurs on IM17 to form phenanthrene and generates H2 with heat of 250.8 kJ/mol emitted, which goes through the transition state TS17 and the reaction energy barrier is 225.1 kJ/mol. The potential energy profiles of this reaction pathway is shown in Fig. 8.
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Figure 8: Potential energy profiles of reaction pathway 1 of phenanthrene formation from pyrolysis of naphthalene

As for the reaction pathway 2 of phenanthrene from naphthalene, the kinetic process of naphthalene to intermediate IM14 is the same as that of reaction pathway 1. Then, the dehydrogenation reaction of IM14 side chain makes the vinyl side chain convert to ethynyl, and finally form the intermediate IM18. The reaction absorbs heat of 157.6 kJ/mol, which goes through the transition state TS8 and the reaction energy barrier is 169.8 kJ/mol. The hydrogenation reaction can destroy the stability of the benzene ring structure and reduce the reaction energy barrier for the subsequent formation of free radicals. IM19 forms the intermediate IM20 with H2 produced through the dehydrogenation reaction and the reaction absorbs heat of 105.1 kJ/mol, which goes through the transition state TS20 and the reaction energy barrier is 128.5 kJ/mol. IM20 continues to react with acetylene to form IM21. The difference from reaction pathway 1 is that the acetylene does not react with the ethynyl group on the original side chain, but carries out the addiction reaction on the benzene ring to generate another vinyl side chain. The addition reaction is an endothermic reaction, which absorbs heat of 154.1 kJ/mol. The transition state TS21 and the reaction energy barrier is 15.6 kJ/mol. The acetylene and vinyl side chains on IM21 are cyclized to form phenanthrene radical IM22, which absorbs heat of 259.0 kJ/mol. The transition state TS22 and the reaction energy barrier is 11.6 kJ/mol. The phenanthrene free radical IM22 generates phenanthrene after hydrogenation, and the reaction emits heat of 463.8 kJ/mol. The potential energy profile of the reaction path is shown in Fig. 9.
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Figure 9: Potential energy profiles of reaction pathway 2 of phenanthrene formation from pyrolysis of naphthalene

In reaction pathway 3 of phenanthrene formation from naphthalene, the kinetic process of naphthalene to intermediate IM14 is the same as that of reaction pathways 1 and 2. And then the carbon atoms at the end of IM14 side chain undergoes the hydrogenation reaction to form the intermediate IM23, which emits 456.2 kJ/mol of heat. IM23 proceeds with the hydrogenation reaction to form intermediate IM24. The position of hydrogenation is the carbon atom connected to the benzene ring and the side chain. The hydrogenation reaction is an exothermic reaction, emitting heat of 88.3 kJ/mol. This reaction passes through the transition state TS23 and the reaction energy barrier is 18.3 kJ/mol. The structural stability of the benzene ring after hydrogenation is less stable, which reduces the reaction energy barrier for the formation of subsequent free radicals. The dehydrogenation reaction of IM24 produces the intermediate IM25 with heat of 102.1 kJ/mol absorbed. The reaction passes through the transition state TS24 and the reaction energy barrier is 106.6 kJ/mol. The addition reaction between IM25 and acetylene produces IM26, which absorbs heat of 134.4 kJ/mol. The reaction passes through the transition state TS25, and the reaction energy barrier is 26.5 kJ/mol. After this reaction, the two side chains of IM26 form a bond to form IM27 with an exotherm of 229.2 kJ/mol, which goes through the transition state TS26 and the reaction energy barrier is 1.0 kJ/mol. Finally, the dehydrogenation of IM27 produces phenanthrene, which is an exothermic reaction with heat absorption of 108.1 kJ/mol. The reaction goes through the transition state TS27, the reaction energy barrier is 115.3 kJ/mol. The potential energy profile of this reaction pathway is shown in Fig. 10. The geometric structures of the reactants, transition states, intermediates and products are shown in Table 4.
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Figure 10: Potential energy profiles of reaction pathway 3 of phenanthrene formation from pyrolysis of naphthalen
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Three pathways were designed for the process of the formation of phenanthrene from naphthalene. The total energy barrier of reaction pathway 1 and reaction pathway 3 is 38.6 kJ/mol, which is slightly lower than 47.4 kJ/mol of reaction pathway 2, indicating that reaction pathways 1 and 3 are most likely to happen. By comparing the reaction energy barrier of the second addition reaction of acetylene in the three reaction pathways, pathway 1 is 23.2 kJ/mol, pathway 2 is 15.6 kJ/mol, and pathway 3 is 26.5 kJ/mol. So the reaction energy barrier of pathway 2 is the lowest. This shows that on the one hand, the way of the second addition action exerts some influence on the reaction energy barrier, and the energy barrier of addition reaction directly on the side chain is slightly smaller than that on the benzene ring adjacent to the original side chain. On the other hand, for the addition reaction happens at the adjacent position of the original side chain on the benzene ring, different functional groups of the original chain also affect the reaction energy barrier, and the ethynyl is more prone to acetylene addition than the carbon atom next to vinyl.

As the temperature further increased, the number of PAH rings in the tar increased, which further verified the experimental results [24,25]: 3-ring PAHs are generated from 2 rings at 500 K, and the temperature further increased, and 4-ring PAHs are slowly generated.

4  Conclusions

It is theoretically proved that the formation process of tar in the biomass pyrolysis process is the process of benzene cyclization, and the reaction path and reaction energy barrier are theoretically calculated. The difference between cellulose and lignin to form tar is that cellulose is a process of deoxygenation and remodeling cyclization, and the highest reaction energy barrier appears in the process of decarbonylation, which is 370.8 kJ/mol. Lignin is a process of de-side chaining, and the highest reaction energy barrier also appears in the process of decarbonylation, which is 374.9 kJ/mol. With the temperature further increases, the number of benzene rings further increases. The pathway that naphthalene dehydrogenates to form naphthalene free radicals and then reacts with ethylene twice by addition action, finally cycles and isomerizes to produce phenanthrene is mostly to happy, for the barrier is lowest, that is 38.6 kJ/mol.
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Table 3: Optimized structure of reactants, products, intermediates and transition states in reaction pathway
of phenol formation from pyrolysis of syringaldehyde (unit: nm)
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Table 4: Optimized structure of reactants, products, intermediates and transition states in reaction pathway
of phenanthrene formation from pyrolysis of naphthalene (unit: nm)
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Table 2: Bond dissociation energies (D) of the major bonds in syringaldehyde (unit: kJ/mol)
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