Yi Qiu 
  
Dian Zhong 
  
Kuo Zeng 
  
Jun Li 
  
Gilles Flamant 
email: gilles.flamant@promes.cnrs.f
  
Ange Nzihou 
email: ange.nzihou@mines-albi.fr
  
Haiping Yang 
  
Hanping Chen 
email: hp.chen@163.com
  
Effects of cellulose-lignin interaction on the evolution of biomass pyrolysis bio-oil heavy components

Cellulose, lignin and their mixture were pyrolyzed at 500-700 • C for 60 s and 90 s to investigate the influence of cellulose-lignin interaction on the evolution of biomass pyrolysis bio-oil heavy components with temperature and reaction time. Fourier transform-ion cyclotron resonance-mass spectrometry (FT-ICR-MS) and Fourier transform infrared spectroscopy (FT-IR) were used to characterize the composition and main functional groups of the heavy oil. Strong interaction among cellulose and lignin was revealed, which promoted the generation of lipids and unsaturated hydrocarbons while inhibiting the generation of the condensed aromatic hydrocarbons, phenolic species and sugars in the heavy components. With the use of van Krevelen diagrams, three reaction pathways are proposed to explain the evolution of heavy species under the influence of interaction, which is strongly affected by the removal of oxygen containing functional groups.

Introduction

Fast pyrolysis techniques have been widely used to transform lignocellulosic biomass into high value-added bio-oil, which can be further processed to produce electricity, heat, bio-fuels, carbon materials or chemicals [START_REF] Pires | Challenges and Opportunities for Bio-oil Refining: A Review[END_REF][START_REF] Han | Hydrotreatment of pyrolysis bio-oil: A review[END_REF][START_REF] Wang | A Review of Recent Advances in Biomass Pyrolysis[END_REF]. However, the heavy components (with molecular weight > 200 Da) produced during the pyrolysis process remain the main issue to value-added bio-oil usage [START_REF] Gholizadeh | Different reaction behaviours of the light and heavy components of bio-oil during the hydrotreatment in a continuous pack-bed reactor[END_REF][START_REF] Qin | Ultrasonic-Assisted Upgrading of the Heavy Bio-Oil Obtained from Pyrolysis of Pine Nut Shells with Methanol and Octanol Solvents[END_REF]. The high viscosity of bio-oil due to the existence of heavy components normally causes the contamination of the reactor and the deactivation of the catalyst [START_REF] Nowakowska | Detailed kinetic study of anisole pyrolysis and oxidation to understand tar formation during biomass combustion and gasification[END_REF]. Moreover, the oxygen abundant heavy components are highly reactive, non-volatile and easy to polymerize when heated, resulting in the thermal and chemical instability of bio-oil and the corrosion of equipment [START_REF] Chua | Thermal decomposition of pyrolytic lignin under inert conditions at low temperatures[END_REF][START_REF] Xiong | Pyrolysis of the aromatic-poor and aromatic-rich fractions of bio-oil: Characterization of coke structure and elucidation of coke formation mechanism[END_REF]. Therefore, to better utilize bio-oil in the future, it is of great significance to clarify the composition and formation mechanism of the heavy compounds.

Lignocellulosic biomass is usually regarded to be formed through cross-linking of three major components (cellulose, hemicellulose and lignin) that demonstrate different properties and behaviors during the pyrolysis process [START_REF] Wang | A Review of Recent Advances in Biomass Pyrolysis[END_REF][START_REF] Yu | Characteristics of tar formation during cellulose, hemicellulose and lignin gasification[END_REF]. The influence of their interaction matters a lot during biomass pyrolysis [START_REF] Collard | A review on pyrolysis of biomass constituents: Mechanisms and composition of the products obtained from the conversion of cellulose, hemicelluloses and lignin[END_REF][START_REF] Wu | Cellulose-lignin interactions during fast pyrolysis with different temperatures and mixing methods[END_REF][START_REF] Hosoya | Cellulose-hemicellulose and cellulose-lignin interactions in wood pyrolysis at gasification temperature[END_REF]. Wu et al. reported that celluloselignin interaction enhanced the formation of low weight molecular products and proposed a possible interaction mechanism [START_REF] Wu | Cellulose-lignin interactions during fast pyrolysis with different temperatures and mixing methods[END_REF][START_REF] Wu | Intensive Interaction Region during Copyrolysis of Lignin and Cellulose: Experimental Observation and Kinetic Assessment[END_REF][START_REF] Wu | Cellulose-hemicellulose interactions during fast pyrolysis with different temperatures and mixing methods[END_REF]. Hosoya et al. found that during co-pyrolysis, lignin inhibited the thermal polymerization of levoglucosan (mainly from cellulose) while cellulose enhanced the formation of some lignin-derived products (guaiacol, 4methylguaiacol and 4-vinylguaiacol) [START_REF] Hosoya | Cellulose-hemicellulose and cellulose-lignin interactions in wood pyrolysis at gasification temperature[END_REF]. They further proposed a possible interaction mechanism where the cellulose-derived volatiles act as H-donors and the lignin-derived volatiles act as H-acceptors [START_REF] Hosoya | Solid/liquid-and vapor-phase interactions between cellulose-and lignin-derived pyrolysis products[END_REF]. These studies have presented valuable insights into the interaction mechanism of biomass three major components during pyrolysis, though it still remains a controversial topic [START_REF] Wu | Cellulose-lignin interactions during fast pyrolysis with different temperatures and mixing methods[END_REF]. In addition, most of the previous studies mainly focused on substances with small molecular weight using gas chromatography mass spectrometry (GC-MS), ultraviolet fluorescence (UV-F) spectroscopy, nuclear magnetic resonance (NMR) or gel permeation chromatography (GPC) [START_REF] Bai | Formation of phenolic oligomers during fast pyrolysis of lignin[END_REF][START_REF] Kadarwati | Polymerization and cracking during the hydrotreatment of bio-oil and heavy fractions obtained by fractional condensation using Ru/C and NiMo/Al2O3 catalyst[END_REF][START_REF] Xiong | Effects of the component interaction on the formation of aromatic structures during the pyrolysis of bio-oil at various temperatures and heating rates[END_REF], all of which are not adapted for effective analysis of the heavy components due to their high molecular weight and nonvolatility [START_REF] Hertzog | Catalytic Fast Pyrolysis of Biomass over Microporous and Hierarchical Zeolites: Characterization of Heavy Products[END_REF][START_REF] Xiong | Formation of the heavy tar during bio-oil pyrolysis: A study based on Fourier transform ion cyclotron resonance mass spectrometry[END_REF][START_REF] Xiong | Assessing the chemical composition of heavy components in bio-oils from the pyrolysis of cellulose, hemicellulose and lignin at slow and fast heating rates[END_REF]. Therefore, more detailed chemical composition of the heavy components should be further identified.

The electrospray ionization Fourier transform ion cyclotron resonance mass (ESI FT-ICR-MS) spectrometry is known for its ultrahigh resolving power (>200,000) and wide detectable range (molecular weight of 200-1000 Da) [START_REF] Terrell | Novel Strategy To Analyze Fourier Transform Ion Cyclotron Resonance Mass Spectrometry Data of Biomass Pyrolysis Oil for Oligomeric Structure Assignment[END_REF][START_REF] Li | Characteristics and Evolution of Nitrogen in the Heavy Components of Algae Pyrolysis Bio-Oil[END_REF][START_REF] Zhong | Characteristics and evolution of heavy components in bio-oil from the pyrolysis of cellulose, hemicellulose and lignin[END_REF]. Due to these advantages, the ion mass detected by the FT-ICR-MS can be used to calculate the accurate chemical formula of each heavy component [START_REF] Tessarolo | Characterization of thermal and catalytic pyrolysis bio-oils by high-resolution techniques: H-1 NMR, GC x GC-TOFMS and FT-ICR MS[END_REF][START_REF] Hertzog | Characterization of Heavy Products from Lignocellulosic Biomass Pyrolysis by Chromatography and Fourier Transform Mass Spectrometry: A Review[END_REF]. With the use of FT-ICR-MS, Xiao et al. [START_REF] Xiao | The formation mechanism for OPAHs during the cellulose thermal conversion in inert atmosphere at different temperatures based on ESI(-) FT-ICR MS measurement and density functional theory (DFT)[END_REF] explored the formation mechanism of the oxygenated polycyclic aromatic hydrocarbons during cellulose pyrolysis. Xiong et al. [START_REF] Xiong | Formation of the heavy tar during bio-oil pyrolysis: A study based on Fourier transform ion cyclotron resonance mass spectrometry[END_REF][START_REF] Xiong | Assessing the chemical composition of heavy components in bio-oils from the pyrolysis of cellulose, hemicellulose and lignin at slow and fast heating rates[END_REF] revealed the significance of oxygen-containing functional groups during the formation of bio-oil heavy compounds. Li et al. [START_REF] Li | Characteristics and Evolution of Nitrogen in the Heavy Components of Algae Pyrolysis Bio-Oil[END_REF] explored the evolution of nitrogen-containing species in the heavy components of algae pyrolysis bio-oil and found that N-containing components become more aromatic with rising temperature. These studies have successfully applied FT-ICR-MS into the investigation of bio-oil heavy components and proved its accuracy and effectivity. In our previous study [START_REF] Zhong | Characteristics and evolution of heavy components in bio-oil from the pyrolysis of cellulose, hemicellulose and lignin[END_REF], bio-oil heavy components from the pyrolysis of cellulose, hemicellulose and lignin were investigated using FT-ICR-MS and Kendrick mass defect (KMD) analysis. In terms of evolution pathways of bio-oil heavy compounds, obvious similarities between cellulose and hemicellulose, as well as large differences between holocellulose and lignin were revealed [START_REF] Zhong | Characteristics and evolution of heavy components in bio-oil from the pyrolysis of cellulose, hemicellulose and lignin[END_REF]. However, the interaction of cellulose and lignin in their pyrolysis heavy components has not been investigated yet.

In the present research, the physical mixture of cellulose and lignin was pyrolyzed at 500, 600 and 700 • C for 60 s and 90 s to investigate the effects of temperature and reaction stage on the co-pyrolysis heavy components. Meanwhile, cellulose and lignin were pyrolyzed independently to check the results without interaction. The comparison between co-pyrolysis results and independent pyrolysis results allowed deducing the effects of cellulose-lignin interaction. The van Krevelen diagram are used for data visualization, which sorts heavy components into different classes and makes it possible to investigate possible reaction pathways through linkages on the diagrams [START_REF] Lozano | Unlocking the potential of biofuels via reaction pathways in van Krevelen diagrams[END_REF][START_REF] Terrell | Contributions to Lignomics: Stochastic Generation of Oligomeric Lignin Structures for Interpretation of MALDI-FT-ICR-MS Results[END_REF][START_REF] Qi | Assessment of molecular diversity of lignin products by various ionization techniques and high-resolution mass spectrometry[END_REF]. In addition to FT-ICR-MS analysis, FT-IR analysis was also used to reveal the changes of functional groups.

Materials and methods

Materials

The cellulose sample (CAS 9004-34-6) and alkali lignin (CAS 8068-05-1) were purchased from Sigma-Aldrich Pte. Ltd. (with purity ≥ 95%) and dried at 105 • C for 4 h before used. The cellulose and lignin samples were mixed with a mass ratio of 1:1 and milled using a planetary ball mill (PM 100, Germany) operating at a speed of 400 r/min for 15 min to form a physical mixture. In the following paragraphs, results derived from the pyrolysis of cellulose sample, lignin sample and cellulose-lignin mixture are labeled "C" "L" and "CL", respectively. The proximate and ultimate analyses of the two basic components are shown in Table 1. The N and S contents of lignin are significantly higher than those of the cellulose, while its oxygen content is relatively lower. This

Table 1

The proximate and ultimate analysis (dry basis, wt.%). V, FC and A represent volatile, fixed carbon and ash respectively. difference has a great impact not only on the subsequent data processing but also on its pyrolysis behavior.

Experimental methods

The experiment was conducted in a closed reaction system shown in Fig. 1a. The system includes a vertical tube furnace (OTF-1200X-4-VTQ) and a quartz U-tube reactor. The specific size of the reactor is shown in Fig. 1b.

Before pyrolysis, 100 mg sample was loaded in the U-tube reactor, and then the system was flushed by N 2 (99.999%, 300 ml/min) for 3 min. The thermocouple was placed at a depth of 250 mm from the entrance of the furnace to measure the temperature of reaction zone. Once the target temperature was reached (500 • C, 600 • C, 700 • C), the gas inlet and outlet valves were closed immediately, and the reactor was quickly lowered down for pyrolysis. With small reactor size and sample amount, the heat transfer is considered very quick compared with reaction time. Hosoya and Jiang [START_REF] Hosoya | Pyrolysis gasification reactivities of primary tar and char fractions from cellulose and lignin as studied with a closed ampoule reactor[END_REF][START_REF] Jiang | Modeling pyrolytic behavior of pre-oxidized lignin using four representative beta-ether-type lignin-like model polymers[END_REF] found that the secondary reactions mainly take place after 60 s of pyrolysis for a small amount (100 mg) of cellulose and lignin, and that the pyrolysis is nearly completed after heating for 90 s or longer. Accordingly, the reaction time were set as 60 s and 90 s to represent the primary pyrolysis and secondary pyrolysis respectively. It should be noted that the threshold of reaction time is not absolute and may depend on different reactor configuration.

After pyrolysis for the setting time length (60 s, 90 s), the reactor was taken out immediately and cooled with compressed air for 2 min and subsequently immersed in ice-water mixture for 1 min. Then the valves were open again, allowing uncondensed gas to be wiped out by N 2 (99.999%, 300 ml/min) for 3 min. The gas was gathered by gas bag for further analysis. The liquid products condensed in the reactor was extracted with CH 3 OH (LC/MS grade, purity ≥ 99.9%) to form a 10 ml solution. The dark-colored residue that cannot be dissolved as well as the solid product were together defined as char fraction in this paper.

Product analysis 2.3.1. Gas products

The gas products were qualitatively and quantitatively analyzed using a dual-channel micro-gas chromatography (Panna A91 GC) equipped with a thermal conductivity detector (TCD) and a hydrogen flame ionization detector (FID).

FT-ICR-MS analysis

FT-ICR-MS (Bruker, Solarix 7.0 T) was used to analyze the heavy compounds in bio-oil in negative mode using electrospray ionization (ESI) source, which has been reported effective for polar compounds (N, O, and S heteroatoms) in MS analysis [START_REF] Xiong | Formation of the heavy tar during bio-oil pyrolysis: A study based on Fourier transform ion cyclotron resonance mass spectrometry[END_REF][START_REF] Hu | Evolution of heavy components during sewage sludge pyrolysis: A study using an electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry[END_REF]. Furthermore, the negative ion mode (ESI(-)) was chosen instead of the positive one (ESI(+)) because the bio-oil obtained from model compounds has little nitrogen and sulfur, which are preferred by ESI(+) [START_REF] Li | Characteristics and Evolution of Nitrogen in the Heavy Components of Algae Pyrolysis Bio-Oil[END_REF]. The details of basic instrument setting have been mentioned in our previous study [START_REF] Li | Characteristics and Evolution of Nitrogen in the Heavy Components of Algae Pyrolysis Bio-Oil[END_REF]. Before analysis, the bio-oil was diluted with CH 3 OH (LC/MS grade) to 0.4 mg/ ml for a better ionization and separation in the FT-ICR-MS [START_REF] Cole | Molecular characterization of nitrogen-containing species in switchgrass bio-oils at various harvest times[END_REF][START_REF] Miettinen | Compositional Characterization of Phase-Separated Pine Wood Slow Pyrolysis Oil by Negative-Ion Electrospray Ionization Fourier Transform Ion Cyclotron Resonance Mass Spectrometry[END_REF][START_REF] Stas | Application of orbitrap mass spectrometry for analysis of model bio-oil compounds and fast pyrolysis bio-oils from different biomass sources[END_REF], and the instrument was calibrated by NaCOOH (≥99.99%) solution [START_REF] Wang | Characterization of Brominated Disinfection Byproducts Formed During the Chlorination of Aquaculture Seawater[END_REF].

Then the sample was infused into the MS at a rate of 120 μml/h. Each spectrum was gained after co-adding 128 scans to enhance the signal-tonoise ratio (S/N).

After acquisition, the mass spectra data were loaded into Bruker DataAnalysis 4.2 software for calibration. The full scan mass spectra were internally calibrated using a series of homologous compounds throughout the detected m/z range. Elemental formulas were assigned to the peaks inside the calibrated m/z range. The signals with a ratio of signal to noise (S/N) ≥ 3 were selected [START_REF] Xiong | Assessing the chemical composition of heavy components in bio-oils from the pyrolysis of cellulose, hemicellulose and lignin at slow and fast heating rates[END_REF] for further assignment using MATLAB script with tolerances listed in Table 2 to filter the formulas [START_REF] Li | Characteristics and Evolution of Nitrogen in the Heavy Components of Algae Pyrolysis Bio-Oil[END_REF]. Besides, the solvent used to dilute the oil sample was also analyzed, and the prominent signals in solvent mass spectrum were abandoned in the experiment results.

FT-IR analysis

Fourier transform infrared spectroscopy (FT-IR) technique is frequently used to identify the main functional groups present in bio-oil compounds [START_REF] Zhou | Analysis of the oxidative degradation of biodiesel blends using FTIR, UV-Vis, TGA and TD-DES methods[END_REF][START_REF] Aboulkas | Valorization of algal waste via pyrolysis in a fixed-bed reactor: Production and characterization of bio-oil and bio-char[END_REF]. In this study, a Fourier transform infrared spectroscopy (INVENIO-R, Bruker, Germany) was used to perform 32 scans

Table 2

The rules applied for assignment of chemical formulas. with 4 cm -1 resolution between 400 cm -1 and 4000 cm -1 to determine the functional groups of the bio-oil samples.

Results and discussion

Final product distribution

In general, the co-pyrolysis results resemble the cellulose pyrolysis results rather than the average of cellulose and lignin pyrolysis (Fig. 2). Oil yields are lower than 25% in lignin pyrolysis for all groups, while they are between 40%~60% in both cellulose pyrolysis and copyrolysis. Lignin pyrolysis produces the highest char yields (64.8% on average), which are reduced sharply to 38.5% on average during copyrolysis, much closer to the cellulose pyrolysis results (30.4% on average). These indicate that interaction between cellulose and lignin actually promotes oil yields and inhibits char formation.

Rising temperature causes obvious increase in oil yields from cellulose pyrolysis and co-pyrolysis. Extending reaction time from 60 s to 90 s promotes oil-yields from lignin pyrolysis and co-pyrolysis while inhibiting those from cellulose pyrolysis. Secondary reaction was reported to reduce the oil yield of cellulose [START_REF] Shen | The mechanism for thermal decomposition of cellulose and its main products[END_REF][START_REF] Lanza | Gas Phase Chemistry in Cellulose Fast Pyrolysis[END_REF]. However, during co-pyrolysis, radicals from cellulose could enhance the secondary tar formation from lignin [START_REF] Fushimi | Elucidation of interaction among cellulose, lignin and xylan during tar and gas evolution in steam gasification[END_REF][START_REF] Fushimi | Elucidation of the Interaction Among Cellulose, Xylan, and Lignin in Steam Gasification of Woody Biomass[END_REF], leading to higher oil-yields in 90 s co-pyrolysis groups. Changes of gas and char yields are not further discussed. 4. Effects of cellulose-lignin interaction on mass distributions, marked by relative content ratio (co-pyrolysis value/ independent pyrolysis value).

Evolution of mass distribution and elementary composition

Quasi-normal distributions are observed in the mass distributions of both cellulose and lignin heavy components as shown in Fig. 3, with main molecular weights (MW) in the range of 250-300 Da and 300-400 Da, respectively. The heavy components from co-pyrolysis, however, distribute more evenly in the concentrating area of 200-350 Da. With the extension of reaction time to 90 s, the co-pyrolysis heavy components with MW less than 300 Da reduced largely and more heavy components with MW of 450-550 Da were produced, which is attributed to the re-polymerization of the released volatiles in the secondary pyrolysis stage [START_REF] Xiong | Assessing the chemical composition of heavy components in bio-oils from the pyrolysis of cellulose, hemicellulose and lignin at slow and fast heating rates[END_REF]. Besides, as temperature rises, the abundance in the larger MW range (especially in 500-550 Da) grows rapidly, indicating that higher temperature also has a promoting effect on the repolymerization, as found in previous literature [START_REF] Xiong | Effects of heating rate on the evolution of bio-oil during its pyrolysis[END_REF].

Fig. 4 further demonstrates the effects of cellulose-lignin interaction on mass distribution. Interaction promotes generation of substances with relative content ratios greater than one and vice versa. Components with molecular weight less than 300 Da are obviously promoted by interaction, although the effect is weakened with the extension of pyrolysis time. Lignin or lignin-derived products might promote cellulose cracking or the decomposition of low MW products from cellulose, including anhydrosugars and furans [START_REF] Wu | Cellulose-lignin interactions during fast pyrolysis with different temperatures and mixing methods[END_REF]. Noticeably, the generation of heavy components with molecular weight higher than 450 Da are largely inhibited by the interaction. Because heavy components in this range are mainly produced by the pyrolysis of lignin (Fig. 3), it can be speculated that the existence of cellulose is inhibiting the lignin components from forming larger molecules.

The formation of bio-oil heavy compounds is significantly affected by the evolution of oxygen-containing species [START_REF] Xiong | Assessing the chemical composition of heavy components in bio-oils from the pyrolysis of cellulose, hemicellulose and lignin at slow and fast heating rates[END_REF]. To demonstrate their evolution trends, the oxygen contents of heavy components are calculated according to Eq. ( 1) [START_REF] Zhong | Characteristics and evolution of heavy components in bio-oil from the pyrolysis of cellulose, hemicellulose and lignin[END_REF].

C ON=x = ∑ I(O x ) ∑ I ( 1 
)
where ON stands for the number of oxygen atoms contained in each molecule, C ON=x represents the relative content of the compounds with x oxygen atoms, I is the peak abundance of each molecular detected, and

I(O x )
is the peak abundance of molecular with x oxygen atoms. The comparison of oxygen contents between co-pyrolysis and independent pyrolysis results is presented in Fig. 5, and the original data used to calculate independent pyrolysis results can be found in Table S1.

For the general distribution of O-containing species, obvious differences are observed (Fig. 5) between co-pyrolysis results and independent pyrolysis results, concentrating in the oxygen number (ON) range of 1-6 and spreading in a much larger range of 1-9 ON, respectively. Copyrolysis obviously reduces the generation of substances with ON greater than 7, while promoting the generation of those with ON less than 3. Previous results indicate that the interaction among cellulose and lignin can significantly promote the deoxygenation reactions of heavy components. The removal of O-containing functional groups of lignin volatiles, such as carbonyl and carboxyl, are accelerated by vaporsolid interactions between cellulose and lignin [START_REF] Yang | Vapor-solid interaction among cellulose, hemicellulose and lignin[END_REF]. Moreover, with the extension of reaction time, both co-pyrolysis and independent pyrolysis groups show a similar trend of deoxygenation, as substances with high oxygen content (ON ≥ 7) share an ever-smaller percentage and species with lower oxygen content (ON ≤ 3) increase. These trends are more obvious in the co-pyrolysis group, especially for species with no oxygen content, which increase drastically (at most by 79.2% at 600 • C) from 60 s to 90 s.

Evolution of different species in heavy components

The graphical plot of H/C ratio versus O/C ratio of each compound detected by FT-ICR-MS is illustrated in the van Krevelen diagram (Fig. S1). Different classes of species are located in their unique constant regions on the van Krevelen diagram. According to the methods introduced by previous studies [START_REF] Lozano | Unlocking the potential of biofuels via reaction pathways in van Krevelen diagrams[END_REF][START_REF] Terrell | Contributions to Lignomics: Stochastic Generation of Oligomeric Lignin Structures for Interpretation of MALDI-FT-ICR-MS Results[END_REF][START_REF] Qi | Assessment of molecular diversity of lignin products by various ionization techniques and high-resolution mass spectrometry[END_REF], they can be generally classified as lipids (0 ≤ O/C ≤ 0.2, 1.7 ≤ H/C ≤ 2.25), unsaturated hydrocarbons (UHs, 0 ≤ O/C ≤ 0.1, 0.7 ≤ H/C less than 1.7), condensed aromatic hydrocarbons (CAHs, 0 ≤ O/C ≤ 1.0, 0.3 ≤ H/C ≤ 0.7), phenolic-like species (0 ≤ O/C ≤ 0.6, 0.6 ≤ H/C ≤ 1.3) and saccharides (sugars, 0.5 ≤ O/C ≤ 0.9, 1.2 ≤ H/C ≤ 2.25). Characterization of different kinds of milled wood lignin with MALDI-FT-ICR-MS by Evan et al. [START_REF] Terrell | Contributions to Lignomics: Stochastic Generation of Oligomeric Lignin Structures for Interpretation of MALDI-FT-ICR-MS Results[END_REF] has shown almost all of the detected components are bounded roughly by 0.2-0.5 for O/C and 0.8-1.3 for H/C on van Krevelen diagram, completely within the region of phenolic-like species. It should be noted that this can only be roughly seen as a starting region of lignin before pyrolysis because of the complexity of lignin raw materials. As for cellulose, (C 6 H 10 O 6 ) n is considered as a representative starting point (H/C = 1.667 and O/C = 0.833) before pyrolysis (Fig. 6), which is very close with the average result calculated based on ultimate analysis in Table 1 (H/C = 1.742 and O/C = 0.896). After pyrolysis, the heavy compounds from the cellulose-oil are mainly distributed in the regions of sugars and phenolic-like species, while those from the lignin-oil concentrate mainly in the regions of lipids, unsaturated hydrocarbons and phenolic-like species (Fig. S1). On the whole, the diagrams of co-pyrolysis oil resemble the superimpositions of the cellulose-oil and lignin-oil, with abundant distributions in all regions except condensed aromatics. To better illustrate the influence of cellulose-lignin interaction, the compounds repeatedly emerging in Fig. S1 are sorted out and classified into three categories (Fig. 6): original components (detected in both copyrolysis experiments and independent pyrolysis of cellulose or lignin), disappearing components (detected in the independent pyrolysis of cellulose or lignin but not in the co-pyrolysis experiments) and newlyproduced components (detected only in the co-pyrolysis experiments).

Phenolic-like species are dominant in original components and are mainly derived from cellulose (Fig. 6). Since cellulose itself does not contain aromatic structures, phenolic-like species can only be produced through the depolymerization of polysaccharide precursors [START_REF] Wang | Initial pyrolysis mechanism and product formation of cellulose: An Experimental and Density functional theory (DFT) study[END_REF]. This reaction pathway (pathway 1) starts right from the raw cellulose as represented by its chemical formula (Fig. 6) and crosses all the way through the saccharides' region and phenolic-like region with a slope of H/O = 2, which corresponds to the loss of water molecules [START_REF] Lozano | Unlocking the potential of biofuels via reaction pathways in van Krevelen diagrams[END_REF]. This indicates that the saccharides species in cellulose have a strong tendency of transforming into phenolic-like species through dehydration. Moreover, pathway 1 is found only in the plot of disappearing components, from which it is speculated that this reaction pathway is accelerated by the cellulose-lignin interaction. The phenolic-like species are located in different regions in different diagrams (Fig. 6), which is caused by their different O/C ratio (Table 3). During co-pyrolysis, both original components and disappearing components can act as the precursors of newly-derived components. Under the influence of interaction, the phenolic-like species in newly-derived components lose on average about one oxygen atom from original components and three oxygen atoms from disappearing substances. This reaction pathway is marked as pathway 2 in Fig. 6, which is corresponding to the loss of -OH or -COOH. Intensive distribution is spotted in the lipids' region of disappearing components, all derived from lignin-oil. Very few points are spotted in the same region of newly-produced components, which indicates that lignin-derived lipids undergo excessive transformation during co-pyrolysis. It is speculated that the condensation reaction promoted by interaction causes the lipids to evolve along pathway 3 (Fig. 6) to form unsaturated hydrocarbons and even condensed aromatics.

Different species of heavy components from Fig. S1 are further compared in terms of their abundance (Fig. 7). In the 60 s groups, as temperature rises, the lipids' abundances in independent pyrolysis decrease while those in co-pyrolysis increase (Fig. 6). When reaction time extends to 90 s, more lipids are generated in both independent pyrolysis and co-pyrolysis. Lipids are mainly generated from the pyrolysis of lignin (Fig. 6), where the side chains are removed and recombined to form lipids and unsaturated hydrocarbons. The removal reactions on lignin side chains are likely to be completed with longer reaction time as the abundances of lipids become insensitive to both the changes of temperature and the co-pyrolysis with cellulose. In all groups of temperature and reaction time (Fig. 7), the abundances of UHs in co-pyrolysis are more than twice of those in independent pyrolysis, indicating a significant promoting effect of interaction on UHs generation. Like lipids, UHs are also formed mainly through the side chains removal and recombination of lignin. The interaction with cellulose-derived small molecules (radicals) is likely to promote the removal of lignin side chains, thus producing more UHs, as was suggested by pathway 3 (Fig. 6). The CAHs produced in co-pyrolysis are much less than those produced in independent pyrolysis in terms of abundance, indicating strong interaction-inhibiting effects. During the co-pyrolysis, the generation of both UHs and CAHs is slightly inhibited when reaction time extends to 90 s. For phenolic-like species, extending reaction time results in obvious reduction of abundances in all temperature sets. Longer reaction time and higher temperature is likely to strengthen the evolution of components through pathway 2 (Fig. 6), which transforms phenolic-like species to UHs. This pathway is also promoted by higher temperature and cellulose-lignin interaction, as is suggested by the changes in abundances (Fig. 7). With the extension of time, less sugars are generated in both independent-pyrolysis oil and copyrolysis oil. Cellulose-lignin interaction significantly inhibited the generation of sugars, as the abundances of sugars are reduced largely during co-pyrolysis. These findings are in accordance with the pathway 1 in Fig. 6.

As a brief conclusion, effects of interaction and longer reaction time on the abundances of different species in co-pyrolysis heavy components are presented in Table 4. As can be spotted, interaction promotes the generation of lipids and unsaturated hydrocarbons, while inhibiting that of the condensed aromatic hydrocarbons, phenolic-like species and sugars. Longer reaction time also favors the generation of lipids while all other species are inhibited.

Bulk physicochemical characteristics of the heavy components

Table 6 shows the bulk physicochemical characteristics of bio-oil heavy components by calculating the average molecular weight (AMW), O/C ratio, H/C ratio and average double bond equivalent (ADBE) of co-pyrolysis heavy oil and independent pyrolysis value. The calculating methods have been previously reported [START_REF] Zhang | Identification of the structural characteristics of the asphaltenes in the tetrahydrofuran-microwaveextracted portions from two Chinese coals[END_REF]. Original data of individual pyrolysis can be found in Table S2.

The average molecular weight is in accordance with Fig. 3. It is worth noticing that the independent pyrolysis MW is higher than the copyrolysis MW in 60 s groups, while they show no big difference in 90 s groups, indicating that the decomposition promoting effects of interactions on heavy components mainly happen in the primary stage. The O/C of cellulose-oil is about two times as much as that of lignin, which is in accordance with the more abundant O-containing phenolic likes and sugars in cellulose-oil (Fig. S1). The co-pyrolysis O/C ratios are reduced largely compared with the O/C ratios of independent pyrolysis, which is more obvious in 90 s groups. Lignin-oil contains more UHs and lipids (Fig. S1), resulting in its higher H/C ratio. The co-pyrolysis H/C ratio (1.303 on average) is lower than the independent pyrolysis H/C ratio (1.362), indicating that the condensation polymerization of heavy components is promoted by the interaction.

Moreover, the condensed degree of the heavy components can be represented by the ADBE [START_REF] Stankovikj | Characterization of the Water-Soluble Fraction of Woody Biomass Pyrolysis Oils[END_REF]. The co-pyrolysis ADBE (7.48 on average) is higher than the independent pyrolysis value (6.94 on average), which is mainly caused by more unsaturated hydrocarbons produced in the copyrolysis experiments (Fig. 7). As temperature rises, co-pyrolysis ADBE in both time sets drop down largely. This shows that high temperature generally promotes the decomposition of heavy components, causing the ADBE drop [START_REF] Xiong | Assessing the chemical composition of heavy components in bio-oils from the pyrolysis of cellulose, hemicellulose and lignin at slow and fast heating rates[END_REF]. These results are also in good agreements with the previous finding that UHs and CAHs tend to be reduced at higher temperature. 

FTIR analysis of bio-oils

The spectra are divided into eight groups of FTIR peaks indicating the main chemical functional groups of heavy oil identified during pyrolysis. The wavenumber ranges of these peaks and the corresponding types of vibrations are presented in Table 6 with their respective possible functional groups. The FTIR spectra is shown in Fig. 8. Wavenumber ranges of 4000-3000 cm -1 and 2800-1800 cm -1 are omitted because the peaks in these ranges are not significant or not discussed. The peaks at 2960, 2930 and 2850 cm -1 (Fig. 8a) are all linked to saturated C-H bond stretch [START_REF] Barbosa | Multi-response optimization of bio-oil production from catalytic solar pyrolysis of Spirulina platensis[END_REF]. They represent the existence of methyl (2960 cm -1 ) and methylene (2930 and 2850 cm -1 ) respectively. Lignin-oil has the highest peaks in accordance with its higher H/C ratio (Table 5). In the three curves of 90 s pyrolysis, the co-pyrolysis oil shows the lowest peak, which is also an obvious drop from the 60 s co-pyrolysis curve. This indicates that during the co-pyrolysis, methyl substituted groups of the heavy components could be demethylated [START_REF] Zhang | Pyrolysis Characteristics and Kinetics Analysis of Moso Bamboo[END_REF] or the carbon chains have been broken down.

The C--O double bond stretching vibrations occur in the wavenumber range of 1900-1650 cm -1 , which are associated with aldehydes, acids, and esters groups [START_REF] Barbosa | Multi-response optimization of bio-oil production from catalytic solar pyrolysis of Spirulina platensis[END_REF]. In the present study, cellulose-oil shows the highest peaks at 1705 cm -1 , consistent with its highest oxygen content (Fig. 6). According to previous research [START_REF] Naik | Pyrolysis of sorghum bagasse biomass into bio-char and bio-oil products[END_REF], the C--O vibrations in the range of 1725-1700 cm -1 are caused by the C--O on the carboxylic acids in particular. The lignin-oil show less obvious peaks in this range, indicating low acids content in its heavy components, contrary to that of the cellulose-oil and co-pyrolysis oil. The vibration peaks of C--O double bond on esters are identified to be in the range of 1750-1735 cm -1 [START_REF] Marcilla | Characterization of microalgal species through TGA/FTIR analysis: Application to nannochloropsis sp[END_REF]. As the six curves all show no significant peak in this range, it can be thus speculated that the heavy components classified as lipids are mostly carboxylic acids instead of esters. The combination of peaks at 1593, 1515 and 1460 cm -1 (Fig. 8b) are due to aromatic C--C vibrations, representing the existence of aromatic rings [START_REF] Naik | Pyrolysis of sorghum bagasse biomass into bio-char and bio-oil products[END_REF][START_REF] Ogunkanmi | Extraction of bio-oil during pyrolysis of locally sourced palm kernel shells: Effect of process parameters, Case Studies in Thermal[END_REF]. Zheng et al. attributed the variation of peaks at 1463 cm -1 to the deformation in the benzene rings [START_REF] Zheng | Comparative study on pyrolysis and catalytic pyrolysis upgrading of biomass model compounds: Thermochemical behaviors, kinetics, and aromatic hydrocarbon formation[END_REF]. Abundant benzene ring structures are detected in lignin-oil, as it shows the highest peaks at 1593, 1515 and 1460 cm -1 , especially in 90 s groups. Much fewer benzene rings are detected in the cellulose-oil and co-pyrolysis oil than in the lignin oil (Fig. 8b). They tend to become more stable in the co-pyrolysis oil as the extension of time causes little change on the peaks. The benzene ring structures can be found in the CAHs and phenolic-like species in heavy oil and the abundance of both are reduced with the effects of interaction (Table 4).

According to previous literature [START_REF] Peng | Co-pyrolysis between microalgae and textile dyeing sludge by TG-FTIR: Kinetics and products[END_REF], the C-O stretch in the wavenumber range of 1300-1000 cm -1 can be caused by alcohol, ethers, esters and carboxylic acids. Kotaiah et al. detected C-O peaks caused by carboxylic acids at 1220 cm -1 and C-O peaks caused by alcohols at 1100 cm -1 [START_REF] Naik | Pyrolysis of sorghum bagasse biomass into bio-char and bio-oil products[END_REF]. The strong peaks of co-pyrolysis oil at 1260 and 1095 cm -1 (Fig. 8c) can be thus classified as the carboxylic acids and alcohols, respectively. As reaction times extends, these two peaks are reduced significantly during co-pyrolysis, indicating the C-O breakages of carboxylic acids and alcohols among the ways of deoxygenation reactions. Intriguingly, the carboxylic C--O vibrations at 1725-1700 cm -1 show no big difference for different reaction time, indicating that the decarboxylation reactions are mainly through the removal of hydroxyl on carboxylic functional group. The vibrations in the range of 1000-650 cm -1 are attributed to C-H bending of double-bonded carbon atoms on alkenes [START_REF] Niu | Investigation on thermal degradation properties of oleic acid and its methyl and ethyl esters through TG-FTIR[END_REF]. Kotaiah et al. further confirmed that the peaks detected at 815 cm -1 are caused by alkenes [START_REF] Naik | Pyrolysis of sorghum bagasse biomass into bio-char and bio-oil products[END_REF]. In this study, peaks are detected at 800 cm -1 (Fig. 8c), which can also be attributed to the existence of unsaturated hydrocarbons. As the reaction time extends, a significant drop can be spotted in the co-pyrolysis oil at 800 cm -1 , indicating that the unsaturated hydrocarbons may experience hydrogenation during the secondary stage, causing the drop of ADBE (Table 5).

Cellulose-lignin interaction on the evolution of bio-oil heavy components.

The heavy components derived from the co-pyrolysis of cellulose and lignin at 500, 600 and 700 • C with different reaction times have been analyzed in the previous sections. Based on these results, the possible evolution routes of the heavy components are shown in Fig. 9. Most of the proposed evolution routes referring to the independent pyrolysis of cellulose and lignin have been reviewed in our previous study [START_REF] Zhong | Characteristics and evolution of heavy components in bio-oil from the pyrolysis of cellulose, hemicellulose and lignin[END_REF]. The effects of interaction revealed in this study are specially presented with different arrow colors. In addition, the width of arrows is proportional to the abundances of respective substances.

The UHs and phenolic like species are dominant in the primary stage. The generation of UHs and lipids are mainly due to the side chains removal and recombination of lignin components, which are significantly promoted by the interaction with cellulose. During the secondary stage, sugars undergo dehydration and deoxygenation reaction. And phenolic-like species become the most active components and undergo cracking, condensation and homologous evolution. More lipids and unsaturated hydrocarbons (UHs) are produced by the recombination of radicals generated by the secondary reactions of phenolic-like species and sugars. More light compounds are produced, mainly due to the side chain cracking of lipids and UHs. These possible routes of evolution are significantly affected by reactant interaction and process temperature, which have also been demonstrated.

Conclusions

Cellulose-lignin interaction promotes biomass pyrolysis oil yields and changes the mass distributions of heavy components as the components generally become lighter during co-pyrolysis. With the help of van Krevelen diagrams, three reaction pathways are proposed to explain the evolution of heavy species under the influence of interaction. Interaction promotes the generation of lipids and unsaturated hydrocarbons, while inhibiting that of the condensed aromatic hydrocarbons, phenolic-like species and sugars. Longer reaction time favors the generation of lipids while all other species are inhibited. Both the interaction and the extension of reaction time promote the removal of Ocontaining functional group in heavy components, mainly through the decarboxyl and dehydroxyl reactions of phenolic species and sugars.
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 1 Fig. 1. The closed pyrolysis system (a) and the U-tube reactor (b).

Fig. 2 .

 2 Fig.2. Yields of bio-oil, char and gas from cellulose pyrolysis, lignin pyrolysis and co-pyrolysis (bio-oil yields are calculated by difference).
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 3 Fig. 3. Mass distributions of heavy components from the cellulose-oil, lignin-oil and co-pyrolysis oil.
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 56 Fig. 5. Percentages of different O-containing species in heavy compounds in (a) co-pyrolysis oil and (b) independent pyrolysis results at 500, 600 and 700 • C for 60 s and 90 s.

Fig. 7 .

 7 Fig. 7. Abundances of different species derived from independent pyrolysis and co-pyrolysis of different reaction time and temperature (UHs: unsaturated hydrocarbons; CAHs: condensed aromatic hydrocarbons).

Fig. 8 .

 8 Fig.8. FTIR absorbance spectra of bio-oil samples produced at 600 • C for 60 s and 90 s. Wavenumber scales: (a) 3000-2800 cm -1 , (b) 1800-1300 cm -1 , (c) 1300-500 cm -1 . C, L and CL represent cellulose-oil, lignin-oil and co-pyrolysis oil, respectively.
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 9 Fig. 9. The evolution of heavy compounds derived from co-pyrolysis of cellulose and lignin (UHs: unsaturated hydrocarbons; CAHs: condensed aromatic hydrocarbons).

Table 3

 3 Average physiochemical characteristics of phenolic-like species with different origins. ON: oxygen number.

	Origins	Amount	MW	O/C	H/C	ON
	Original	102	268.176	0.321	1.134	4.549
	Disappearing	126	327.388	0.400	1.108	6.349
	Newly-produced	71	278.824	0.231	1.167	3.606

Table 4

 4 Summary of effects of interaction and longer reaction time on the abundance of different species in co-pyrolysis heavy components (+: promoted; ++: strongly promoted; -: inhibited; -: strongly inhibited).

	Factors	Effects on different species		
		Lipids	UHs	CAHs	Phenolics	Sugars
	Interaction	þ	þþ	-	-	-
	Longer reaction time	þ	-	-	-	-

Table 5

 5 Average physicochemical characteristics of heavy components in co-pyrolysis oil and independent pyrolysis results.

	Sample	Time	T	AMW	O/C	H/C	ADBE
		(s)	( • C)				
	Co-pyrolysis oil	60	500	315.72	0.274	1.278	7.88
			600	317.05	0.303	1.310	7.41
			700	313.29	0.265	1.271	7.00
		90	500	324.59	0.244	1.306	7.77
			600	316.45	0.257	1.288	7.75
			700	321.91	0.254	1.365	7.04
	Independent pyrolysis	60	500	352.77	0.306	1.332	7.88
	results		600	349.11	0.337	1.307	7.51
			700	345.12	0.331	1.308	7.73
		90	500	320.16	0.334	1.428	5.92
			600	316.75	0.313	1.403	5.90
			700	317.60	0.321	1.394	6.68

Table 6

 6 Types of vibrations and corresponding wavenumbers detected in FTIR spectroscopy process.

	Wavenumbers (cm -1 )	Types of vibrations	groups Functional	Ref.
	2960	C-H (saturated) stretch	methyl	[52]
	2930, 2850 1720-1703 1593, 1515, 1460	C --O stretch C --C (aromatic)	methylene carboxylic acid aromatic	[52] [54,55] [54,56]
	1260	C-O stretch	carboxylic acids	[55,57]
	1095, 1020		alcohol	[55,57]
	800	C-H (alkenes out-of-plane)	alkene	[55,58]
		bend		
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