Characterisation of spruce, salix, miscanthus and wheat straw for pyrolysis applications
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Abstract
This research details the characterization of four Irish-grown lignocellulosic biomasses for pyrolysis by HPAEC, TGA, and Py-GC/MS. Ash content increased in the order spruce (0.26 wt%)<willow (1.16 wt%)<miscanthus (3.43%)<wheat straw (3.76%). HPAEC of hydrolysis-derived sugar monomers showed that glucose concentrations did not vary significantly as xylose or mannose concentrations. Higher hemicellulose and ash contents appeared to result in increased non-volatile matter, and decreased the temperature of maximum degradation (by TGA), as well as yields of GC-detectable compounds. Changes in the composition of the of the pyrolysate due to higher hemicellulose and ash contents were reflected in lower quantities of sugars (principally levoglucosan), pyrans, and furans for willow, miscanthus, and wheat straw compared to spruce, and increased concentrations of cyclopentenones and acids.  It is likely that miscanthus lignin had a relatively high concentration of p-hydroxyphenyl units and β-Ο-4 linkages  and was thus responsible for a high concentration of 4-vinyl phenol (2.41 wt%) in the pyrolysate.
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Introduction
EC Directive (2009/28/EC) requires a substitution of 16% of gross final energy consumption with renewable energy by 2020, and biomass is expected to play an important role. In Ireland, biomass resource assessments have shown that a portion of demand can be met by waste and residue contributions. For example, sawmill residues (predominantly spruce) totalled 845,000 m3 in 2010. Furthermore, between 80 and 325 kt of agricultural straw residues could also be available for bioenergy applications. Wheat straw in particular does not have significant markets, apart from the animal husbandry sector and mushroom composting sector. It is expected that remaining biofuel requirements can be met by processing energy crops (Hayes and Hayes, 2009). In recent years, government grants have aided the establishment of miscanthus and willow in Ireland, with current acreage lying at approximately 2,600 ha and 1,100 ha respectively (Jossart, 2011). On suitable land, miscanthus is generally favoured over willow due to greater yields and lower disease risks.
The substitution of transport fuels is perhaps the most challenging aspect of the renewable energy target. While research into biomass conversion technologies is on-going, no single dominant technology has emerged for large-scale development (Sims et al., 2009). In recent times, there has been significant interest in integrated biorefinery concepts, whereby several biomass feedstocks and conversion technologies may be employed in parallel or in series for the production of biofuels or biochemicals (Melero et al.). Fast pyrolysis is a flexible thermochemical conversion process occurring in inert atmospheres at moderate temperatures (500˚C). The most important parameters for fast pyrolysis include high heating rates and good heat transfer, pyrolysis temperature, and low vapour residence times. In standard configuration, fast pyrolysis of a clean wood biomass yields a liquid product, termed “biooil” (75%), charcoal (12%), and gas (13%). For transport fuel applications, further upgrading is required (Bridgwater, 2007). An attractive advantage of pyrolysis and upgrading is that it is more cost-effective when compared with technologies like biomass gasification with methanol or Fischer-Tropsch synthesis (Haq, 2012). Recent developments in the pyrolysis sector have been described by Butler et. al (2010) and Vebderbosch and Prins (2010). A concept which has gained significant attention is delocalised pyrolysis followed by upgrading to transport fuels in a central facility. This might include gasification of biooil followed by synthesis of fuels, or integration of biooil upgrading with adapted refinery infrastructure. To achieve the latter goal, it is widely accepted that biooil would first need to be processed in a two stage hydrotreatment and hydrodeoxygenation process before co-processing with petroleum derivatives in a fluidised catalytic cracking unit (Melero et al., 2012). 
Considering the scales of operation required for viable transport fuel production via pyrolysis of biomass, feedstock flexibility should be a priority. It is important to be aware that the composition of lignocellulosic biomass can vary significantly between e.g. softwoods, hardwoods and herbaceous crops/agricultural residues, and this can have a significant bearing on the thermal decomposition process as well as the final product. This is particularly important for pyrolysis, where the biooil composition is strongly related to the cell-wall composition (and presence of inorganic species) and can have a bearing on suitability for/ease of downstream processing or upgrading. 
Several authors have previously compared different biomass feedstocks for analytical pyrolysis (Azeez et al., 2010; Greenhalf et al., 2012; Ralph and Hatfield, 1991; Torri et al., 2010) and applied pyrolysis approaches (Azeez et al., 2011; Fahmi et al., 2008; Oasmaa et al., 2009; Piskorz et al., 1988; Yanik et al., 2007). The objective of this study is to compare the pyrolytic decomposition and products of four different types of Irish-grown biomass and to provide a better understanding of the possible industrial implications of fast pyrolysis as a conversion technology for biofuels and biochemicals. 
Methods and Materials
Biomass feedstocks
Spruce shavings, short rotation willow coppice, miscanthus, and wheat straw were investigated in this study. The latter two feedstocks were procured from the UCD Research Farm at Lyons Estate, Newcastle, Kildare, Ireland. The willow was sourced from Rural Generation Limited, Derry, Northern Ireland, while the spruce shavings (without bark) were sourced from an Irish Sawmill. 
Characterization of biomass
Ash content was determined gravimetrically - oven-dry biomass samples were pre-ashed and heated in a Heraeus furnace at 520˚C for 6h. Volatile content and thermogravimetric (TG) curves were obtained from a thermogravimetric analyser (Netzsch STA 449F3). Vacuumed-dried biomass samples (10 mg) were heated from room temperature to 700˚C at 10˚C/min in a Nitrogen atmosphere and held for 5 minutes. The fixed carbon content of the biomass samples was calculated by subtraction.
For extractive content determination, biomass samples were successively extracted with solutions of petroleum benzene, acetone and 70% methanol in water, with each extraction lasting 12h. Extracted samples were subsequently used for determination of hollocellulose and lignin content (using HPAEC borate). Sample preparation consisted of a two-step hydrolysis step.  For the prehydrolysis step 2 ml of 72% H2SO4 was added to 200 mg of the sample and was hydrolysed for 1 hour. The reaction was terminated by addition of 6 ml of distilled water.  Post-hydrolysis was carried out at 120 °C under pressure for 50 mins using a Systec VX-75 autoclave (Systec GmbH, Germany). The hydrolysed sample was made up to the 100 ml mark with distilled water and allowed to cool, followed by filtration through a 0.45m glass-frit filter. Residue was dried at 105 °C and gravimetrically determined for condensed lignin, and an aliquot of the supernatant was taken for sugar analysis on a high-performance borate-complex anion-exchange chromatography Ultimate 3000 (Dionex Corporation) equipped with a 6.6 mm Omnifit bore column of 115mm length. The column is packed with a strong anion exchange resin (MCI Gel CA08F (Mitsubishi) at 60°C. The mobile phase was made of (A) 0.3M potassium borate buffer pH 9.2 and (B) 0.9 M potassium borate buffer pH 9.2. A gradient elution of 0.7 ml min-1 was used. Separation commenced with 90% A and 10% B, following sample injection with a 35 min linear gradient to 10% A and 90%. Data acquisition lasted 47 min. Sugars were quantified after column derivatisation with Cu-bichinconiate according to previous authors (Willför et al., 2009).
Py-GC/MS of biomass samples
A one-point calibration for 13 major compounds on the Py-GC/MS was conducted. Calibration standards dissolved in an acetone/fluoranthene (internal standard) solution were injected manually. For analysis, biomass samples were milled using a HERZOG Pulveriser HSM 100A grinding mill under liquid Nitrogen. Stainless steel pyrolysis cups (Eco cup, Frontier Laboratories) were spiked with 1µl of internal standard solution with a high precision 5µl plunger-in-needle syringe (SGE Analytical Sciences, Model 5BR-5). The solution comprised fluoranthene dissolved in acetone at a concentration of 202.95 ug ml-1. Approximately 80 µg of powered biomass sample were then weighed into the cup and analysed. A minimum of three replicates per feedstock were carried out.
The Py-GC/MS system comprised a double shot Py-202iD 2020 microfurnace pyrolyser (Frontier Laboratories Ltd.) mounted on an Aligent 6890 GC system. The system is fitted with a DB-1701 (Aligent J&W) fused-silica capillary column (60m x 0.25 mm i.d., 0.25 m film thickness) and an Aligent 5973 mass selective detector (EI at 70eV, ion source temperature of 280 °C). Pyrolysis was carried out at 470 °C. The GC oven temperature program started at 45 °C (4 min hold) and was ramped to 255 °C at 3 °Cmin-1 (70 min hold) using He carrier gas at 1 mL min-1.  The compounds were identified by comparing their mass spectra profiles to those in NIST and in-house developed libraries. 
The quantification calculation employed the relative response factors (RRF) obtained via calibration to correlate the relative response of components to mass: mx=(Ax.mis/Ais).RRF where mx = mass of component x, Ax = FID peak area of component x, mis = mass of internal standard (Fluoranthene), Ais = FID peak area of internal standard, RRF = relative response factor. RRFs for uncalibrated compounds were estimated based on comparison with an identical GC/MS system.   
Results and Discussion
Basic biomass characterization and cell wall composition

Table 1 shows the proximate and ultimate analysis of the feedstock. The ash content increases in the order spruce (0.26%)<willow (1.16%)<miscanthus(3.43%)<wheat straw(3.76%), and agrees with previous observations that agricultural biomasses/herbaceous biomasses contain higher ash contents compared to woody biomasses (Azeez et al., 2010; Oasmaa et al., 2009; Torri et al., 2010). While there is scope for reducing the ash content of miscanthus by scenescing before harvesting, the possibilities for wheat straw are more limited since harvesting of the grain occurs within a limited time-window. The relative composition of inorganic species in the ash can vary significantly between biomass feedstocks (Fahmi et al., 2008; Greenhalf et al., 2012), with potassium concentrations being a critical parameter for pyrolysis applications (Eom et al., 2012; Hodgson et al., 2010; Nowakowski et al., 2007). In terms of proximate analysis, increasing concentrations of potassium in biomass decrease portions of volatile matter while increasing char yields (Eom et al., 2012). This can be seen quite clearly in the case of miscanthus and wheat straw. Willow appeared to have less fixed carbon compared to spruce, and this may be attributable to the lignin character of the feedstocks – hardwood lignin has more ß-O-4 linkages (60%) compared to softwoods (45-48%), which are easier to thermally cleave compared to other lignin linkage types. In terms of elemental composition, the lignocellulosic feedstocks are similar. Spruce has a marginally higher carbon content compared to the other feedstocks, possibly due to a higher lignin content.
Table 2 presents the cell wall composition of the four biomasses used in this study. The herbaceous biomasses, miscanthus and wheat straw, possess comparatively higher amounts of extractives (6.42% and 7.89%) compared to spruce (3.45%) and willow (2.67%). Klasson lignin contents are similar for willow and miscanthus (22.5%and 21.4%), highest for spruce (27.73%) and lowest for wheat straw (15.96%). Wheat straw and miscanthus are associated with higher amounts of hemicelluloses like xylose (26.73% and 20.87% respectively) compared to willow (14.64%) or spruce (4.69%). Glucose contents in spruce and miscanthus (49.42% and 47.51% respectively) are higher than in willow and straw (43.83% and 40.98% respectively). A comparison of the hollocellulose make up for the feedstocks under investigation illustrates typical differences in cell wall structures. 
For softwoods like spruce, galactoglucomannans predominantly make up the hemicellulose fraction, accounting for 20 % of dry weight, with arabinoglucuronoxylan making up a smaller portion (5- 10 wt %). On the other hand, the main hemicellulose in willow is O-acetyl-4-O-methylglucuronoxylan (Möller et al., 2007), while those of wheat straw and miscanthus are glucuronoarabinoxylans and ß1,3-ß1,4-glucans (Möller et al., 2007; Peng and Wu, 2010; Sun et al., 2005). Lignins are synthesized from the polymerization of phenylpropane units: coniferyl, sinapyl and p-coumaryl alcohol, with the relative abundance in the form of p-hydroxyphenyl, guaiacyl and syringyl units, depending on the contribution of a particular monomer to the polymerization process (Henry, 2004; Sannigrahi et al., 2010). Generally speaking, hardwood lignin consists mainly of syringyl and guaiacyl units with minor amounts of p-hydroxyphenyl while softwoods have mainly guaiacyl and trace amounts of p-hydroxyphenyl (Sannigrahi et al., 2010). Grass species usually embody higher p-hydroxyphenyl ratios. For example, miscanthus typically contains more p-hydroxyphenyl units (4-15% ) than dicotyledeons (Möller et al., 2007). For willow, syringyl and guaiacyl components are higher than herbaceous biomass, which is to be expected considering the higher p-hyroxyphenyl content of grass lignin (Sannigrahi et al., 2010). For example, Lu and Ralph (1998) found the H:G:S ratio of a willow sample to be 0.03:1.1:1.39, while El Hage et al. reported a HGS content of 4:53:44 for a miscanthus specimen (2009). 
Another important aspect of lignin strucure is the type of linkage. ß-O-4 linkages are one of the most common lignin linkages in biomass and are easier to degrade by chemical and thermal processes compared to other linkages like ß-5, ß-ß, 5-5, 4-Ο-5 and ß-1 linkages (Sannigrahi et al., 2010). The proportion of this linkage varies significantly depending on the biomass: from 45-48% of total phenylpropane units for softwoods to 60% for hardwoods. Miscanthus lignin is much higher in this type of linkage (93-94%) compared to softwoods or hardwoods, and very low in condensed linkages such as spirodienone (ß-1) < 0.5%, phenylcoumaran (ß-1) and resinol (ß-ß) (Möller et al., 2007; Villaverde et al., 2009). Wheat straw lignin is to a lesser extent comprised of ß-O-4 structures (65-74%), with the remaining lignin comprising combined ß-5, ß-ß and ß-1 structures ranging between 18-28%, and combined coniferyl alcohol and aldehyde end groups (6-8%) (Terashima et al., 1997).
Thermal analysis of biomass

Fig. 1 shows the DTG curves for the four feedstocks. The thermal decomposition of hemicellulose, cellulose, and lignin range between 225-325°C, 325-375°C, and 250-300°C respectively. The principal peaks in the diagram correspond to maximum decomposition of cellulose. Trends observed here generally agree with those observed by other authors (Grønli et al., 2002; Heikkinen et al., 2004). Peak rates of decomposition are reached at lower temperatures for straw (310 °C) and miscanthus (304 °C) compared to spruce or salix (both 337 °C). This is most likely due to lowered activation energy due to the effect of ash, particularly potassium, with a possible contribution from extractive devolatilisation (Grønli et al., 2002). In fact, the effect of potassium alone can significantly shift maximum rate of devolatilisation to lower temperatures and decrease the resolution between distinct peaks for maximum rates of hemicellulose and cellulose decomposition (Eom et al., 2012). The fact that miscanthus devolatilisation begins at a lower temperature than wheat straw and reaches a maximum decomposition rate sooner than wheat straw may suggest higher concentrations of potassium in the biomass. Salix DTG curves exhibit the characteristic separation of the hemicellulose and cellulose, not observed for softwoods (Grønli et al., 2002). 
An overview of the composition of the biomass and pyrolysate can be seen in Fig. 2. Since it was not possible to estimate the char by the Py-GC/MS method, the char was estimated from the TGA measurement at 470°C. It is likely that these values are overestimated for fast pyrolysis, since slow pyrolysis in the TGA is associated with different conditions, namely poorer heat transfer and more secondary reactions, which would favour char and gas formation. It is also important to note that certain compounds e.g. heavy oligomeric compounds are precluded from GC/MS analysis.
GC-detectable compounds based on a dry biomass feedstock basis decreased in the order:  spruce (50.7 wt%)>salix(46.2 wt%)>miscanthus(39.3 wt%)>wheat straw(36 wt%). It is likely that the high ash contents of miscanthus and straw (3.43 wt% and 3.76 wt% respectively) catalysed the decomposition of hollocellulose intermediates to char, lighter compounds and gas. Furthermore, wheat straw and miscanthus contain greater portions of xylose (20.87% and 27.73% respectively), which is known to yield more char and gas and less liquid organic product compared to glucose (Shen et al., 2010). Significantly more GC-detectable compounds were quantitated for spruce (50.7 wt%), which had a minimal ash content (0.26 wt%) and the highest portion of glucose (49.42 %). 
The ratio of of Klasson lignin to that of lignin derivatives detected by GC/MS is an interesting parameter. Differing ratios, however,  may be attributable to different phenemena. For example, ratios for spruce (4.10) and straw (4.12) are similar. But while spruce lignin is expected to be less volatile than wheat straw lignin, it is possible that the reactive pyrolysis environment in straw decomposition results in greater conversion of lignin monomers to oligomers, which would not be detectable by GC/MS. The ratios for salix (3.28) and miscanthus (3.32) were  similar. So, relatively more lignins were detected in salix and miscanthus compared to spruce and straw. The lignin in miscanthus is likely to have a higher portion of easily clevabale linkages (β-Ο-4) compared to salix. However, it is also more likely to have a more reactive environment under pyrolysis conditions for oligomerisation of lignin monomers. Comparing the ratio for miscanthus and straw, more ligin volatiles were detected for miscanthus. This is logical since miccanthus is likely to have a higher portion of β-Ο-4 linkages in the lignin.
Fig. 3 compares grouped compound families in the pyrolysate for different biomass feedstocks. Differences in hollocellulose-derived compounds can be explained by variation in cell wall make up and the larger portions of ash (and most likely potassium) in some of the feedstocks. On the other hand, relative portions of lignin derived compounds (lignin-derived phenols, syringols, guaiacols) agree with the expected lignin structure – namely a relatively high portion of syringol compounds (4.14 wt%) from syringyl lignin units for willow, guaiacol compounds (6.69 wt%) for spruce from guaiacyl lignin units, and lignin-derived phenols (2.82 wt%) from p-coumaryl units for miscanthus. Wheat straw, possessing a relatively lower portion of p-coumaryl units was associated with a less lignin-derived phenols (0.55 wt%). Compared to hollocellulose decomposition, the role of ash in lignin decomposition is not as important. Nonetheless, potassium appears to play an important role in the yield of lignin-derivatives (Eom et al., 2012). The instance of 4-vinyl phenol in the pyrolysate of herbaceous biomass is  frequently observed (Ralph and Hatfield, 1991), and is though to be derived from p-coumaric acid residues. Since miscanthus is expected to have a larger portion of p-coumaryl units and ß-O-4 linkages than wheat straw, concentrations of 4-vinyl phenol are much higher (2.41 wt% compared to 0.41 wt%) (Bayerbach and Meier, 2009).
Variations in portions of  hollocellulose-derived chemical families is attributable to the different character of the hemicellulose and the catalytic effect of ash. The yield of sugars from spruce was significantly higher compared to other feedstocks, mainly due to the contribution of levoglucosan (3.93 wt%). Lower concentrations of levoglucosan in salix (1.67 wt%), miscanthus (0.46 wt%) and wheat straw (0.40 wt%) are attributable to alkali-catalysed decomposition of cellulose to light oxygenates and char-catalysed dehydration  of levoglucosan (Ronsse et al.). 
Table 3 summarises absolute quantitation of 11 of the calibrated compounds, while Fig. 4 illustrates the chromatograms from Py-GC/MS of the different feedstocks. Hydroxyacetaldehyde is one of the main decomposition products from cellulose (Piskorz et al., 2002), and was maximimum in Spruce pyrolysate (12.74 wt%). Lower concentrations were observed for willow (7.43 wt%), miscanthus (6.37 wt%) and wheat straw (6.57 wt%), possibly due to dehydration and subsequent rehydration to form acetic acid, which was significantly higher in wheat straw (4.56 wt%), miscanthus (5.63 wt%) and willow (6.42 wt%), compared to spruce (2.24 wt%). Significant contribution to the formation of acetic acid also comes from decomposition of the Ο-acetyl group on the xylan molecule (Lv et al., 2010), and xylan was present in much greater quantities in these feedstocks compared to spruce. 
Hydroxypropanone derives from cellulose, but predominantly hemicellulose decomposition. Concentrations are higest from miscanthus (3.52 wt%) and wheat straw (3.28 wt%), probably due to contributions from hemicellulose, but yields are also significantly increased by the presence of potassium (Eom et al., 2012). 
The sum of cyclopentanones is highest for miscanthus (1.24 wt%) and wheat straw pyrolysate (1.23 wt%) compared to salix (1.09 wt%) or spruce (0.86 wt%). Cyclopentenones are a major product of wheat hemicellulose pyrolysis (Lv et al., 2010; Peng and Wu, 2010), and their yields by pyrolysis are significantly enhanced in the presence potassium (Eom et al., 2012).  It can also be seen from Fig. 2. that yields of furan and pyran compounds are maximised in spruce compared to other feedstocks. Furans decrease in the order spruce (4.55 wt%)>salix(4.08 wt%)>miscanthus(3.53 wt%)>wheat straw(3.18 wt%), while the reductions in pyran compounds was more significant (spruce(2.61 wt%)>salix(0.45 wt%)>miscanthus (0.45 wt%)>wheat straw (0.61 wt%). Eom et al. (2012) also observed significant decreases in the concentrations of furans and pyrans with increasing concentrations of potassium in the biomass. Spruce pyrolysate contained significantly more 5-(hydroxymethyl)-2- furaldehyde (0.92 wt%) compared to the other feedstocks (willow (0.23 wt%), miscanthus (0.13 wt%), wheat straw (0.10 wt%)). This compound orignates from cellulose degradation, either directly or via levoglucosan. Azeez (2011) suggests that it is formed in paralell with levoglucosan. 
In this study, thermal analysis of the selected biomass feedstocks has shown that relative portions of chemical families in the pyrolysate among feedstocks differ, mainly due to differences in cell wall constitution and the influence of inorganic species during thermal deomposition. This has implications for downstream processing of biooils. 
Greenhalf el al. (2012)  suggest that lignin and ash are the two most critical parameters for downstream processing - high molecuar weight polyphenols originating from lignin decomposition may cause processing problems for chemical extraction and purification of chemical species, while catalytic cracking of vapours by ash components reduce organic yields. It has been widely proposed that the optimal way to integrate biooil into refinery infrastructure is to carry out a separate mild hydrotreatment and hydrodeoxygenation followed by co-processing with petroleum derivatives in a Fluid Catalytic Cracking unit (Melero et al.). Elliot and coworkers have shown that during the first proposed hydrotreatment stage, differences exist in organic yield, hydrogen consumption, and relative strength of the exothermic reaction for different biooil feedstocks from poplar, corn stover, and mixed wood, with more signigicant differences existing in the composition of the treated biooils (Elliott et al., 2009). Westerhof et al. (2009) found that biooil with a higher portion of lower molecular weight compounds yielded less organic product during hydrodeoxygenation of bioils. The relative portion of chemical families in the biooil are also important, since the reactivities of groups differ for hydrodeoxygenation and fluid catalytic cracking applications (Melero et al.). Furthermore, biooil quaity is also important for gasification applications - increased average molecular weight of biooil (from thermal cracking of lignin) leads to increased charring and therefore decreased conversion of carbon to the gas phase during atomisation of biooil for e.g. gasification and synthesis applications (Westerhof et al., 2009).  
Without comprehensive analysis of the pyrolysate i.e. oligomers, and clearly defined criteria for downstream processing of biooil, it is challenging to judge the suitability of the feedstocks for various applications. Spruce and to a lesser extent salix appear to be more desirable feedstocks for pyrolysis and upgrading applications compared to miscanthus or straw. The high ash content associated with miscanthus and straw is likely to result in lower organic yield, more water, and possibly phase separation of the produced biooil. These points could be taken into account when considering the applications for biomass feedstocks i.e. using higher quality biomass for the production of fuels via pyrolysis, and lower quality biomass for e.g. combined heat-and-power or co-firing applications.
Conclusions
Four biomasses cultivated in Ireland were characterized for fast pyrolysis. HPAEC analysis showed that the composition of the hollocellolose was unique for each feedstock, with miscanthus and wheat straw possessing some similarities. The higher concentration of ash in miscanthus and wheat straw compared to willow and spruce shifted the temperature of maximum degradation to lower temperatures. Higher quantities of hemicellulose and ash in the biomasses are likely to have been responsible for decreasing quantities of GC-detectables: spruce (50.7 wt%)>salix(46.2 wt%)>miscanthus(39.3 wt%)>wheat straw(36 wt%). The effect of ash was more important for the decomposition of hollocellulose than lignin.
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Figure Captions

Fig. 1. TGA profiles of spruce, salix, miscanthus and straw.

Fig. 2. Biomass and pyrolysate composition for different biomass feedstocks:   ash,  extractives, hollocellulose,  Klasson lignin, and their pyrolysate:  lignin-derived compounds,   hollocellulose derivatives, and     char (estimated by TGA at 470°C). 

Fig.3. Chemical compounds in biomass pyrolysate arranged by family. LDPs = Lignin-derived phenols.
Fig. 4. Chromatograms of the investigated feedstocks: A) Spruce, (B) Willow, (C) Miscanthus, (D) Wheat Straw: 1) propanal-2-one, 2)  2-3-diacetyl butanone, 3) 3-pentanone, 4) hydroxyacetaldehyde, 5) Acetic acid, 6)  hydroxy propanone,  7) 3hydroxy-propionaldehyde, 8) butanedial/propenal, 9) 2-oxopropanoic acid methylester, 10) 2-furaldehyde, 11) 2-hydroxy-2, cyclopentene-1-one, 12) Furanone, 2(5H), 13) Pyran-4-one, 5,6-dihydro-3-hydroxy-(4H)-, 14) a cyclopentanone, 15) phenol, 16) guaiacol, 17) 4-methyl guaiacol, 18) anhydrosugar, 19) unknown carbohydrate, 20) unknown pyranone/furanone,  21) 4-vinyl guaiacol 22) 4-vinyl phenol, 23) 5-hydroxymethyl-2-furaldehyde, 24) syringol, 25) Pyran-4-one, 2-hydroxymethyl-5-hydroxy-2,3-dihydro-,-(4H)-, 26) isoeugenol 27) 4-methyl-syringol, 28) vanillin, 29) hydroquinone, 30) 2H, 6-hydroxy, 7-methoxy, indene, 31) 4-vinyl Syringol, 32) levoglucosan, 33) syringol4(1-propenyl)-trans, 34) coniferyl alcohol.



Fig.1. TGA profiles of spruce, salix, miscanthus and straw.



Fig. 2. Biomass and pyrolysate composition for different biomass feedstocks:   ash,  extractives, hollocellulose,  Klasson lignin, and their pyrolysate:  lignin-derived compounds,   hollocellulose derivatives, and     char (estimated by TGA at 470°C). 




[bookmark: _Ref324951845]Fig. 3. Chemical compounds in biomass pyrolysate (wt. %) arranged by family. 
*LDPs: Lignin-derived phenols
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Fig. 4. Chromatograms of the investigated feedstocks: A) Spruce, (B) Willow, (C) Miscanthus, (D) Wheat Straw: 1) propanal-2-one, 2)  2-3-diacetyl butanone, 3) 3-pentanone, 4) hydroxyacetaldehyde, 5) Acetic acid, 6)  hydroxy propanone,  7) 3hydroxy-propionaldehyde, 8) butanedial/propenal, 9) 2-oxopropanoic acid methylester, 10) 2-furaldehyde, 11) 2-hydroxy-2, cyclopentene-1-one, 12) Furanone, 2(5H), 13) Pyran-4-one, 5,6-dihydro-3-hydroxy-(4H)-, 14) a cyclopentanone, 15) phenol, 16) guaiacol, 17) 4-methyl guaiacol, 18) anhydrosugar, 19) unknown carbohydrate, 20) unknown pyranone/furanone,  21) 4-vinyl guaiacol 22) 4-vinyl phenol, 23) 5-hydroxymethyl-2-furaldehyde, 24) syringol, 25) Pyran-4-one, 2-hydroxymethyl-5-hydroxy-2,3-dihydro-,-(4H)-, 26) isoeugenol 27) 4-methyl-syringol, 28) vanillin, 29) hydroquinone, 30) 2H, 6-hydroxy, 7-methoxy, indene, 31) 4-vinyl Syringol, 32) levoglucosan, 33) syringol4(1-propenyl)-trans, 34) coniferyl alcohol.

Table Captions

Table 1 
Proximate and ultimate analysis of the feedstocks (wt. % dfb)


Table 2 
Cell wall structure of the feedstocks used in this study (wt. %)


Table 3 
Compound yields from biomass by Py-GC/MS in decreasing order (wt. % dfb)



Table 1 
Proximate and ultimate analysis of the feedstocks (wt. % dfb)
	
	Spruce
	Willow
	Miscanthus
	Wheat
straw

	Ash
	0.26
	1.16
	3.43
	3.76

	Volatiles
	76.6
	84.1
	70
	69.3

	Fixed carbon*
	23.1
	14.7
	24.2
	26.9

	C
	48.89
	47.78
	45.78
	46.06

	H
	6.24
	6.01
	5.91
	6.06

	N
	0.15
	1.04
	0.49
	0.62

	O*
	44.72
	45.17
	47.82
	47.26



*calcuated by difference


Table 2 
Cell wall structure of the feedstocks used in this study (wt. %)
	
	Spruce
	Willow
	Miscanthus
	Wheat
 straw

	Extractives
	3.45
	2.67
	6.42
	7.89

	Klasson lignin
	27.73
	22.5
	21.4
	15.96

	Hollocellulose
	72.1
	64.18
	71.71
	74

	   Glucose
	49.42
	43.83
	47.51
	40.98

	   Xylose
	4.69
	14.64
	20.87
	26.73

	   Mannose
	13.95
	2.48
	0.29
	0.48

	   Galactose
	2.09
	1.08
	0.64
	1.4

	   Arabinose
	1.34
	0.9
	1.86
	3.68

	   Rhamnose
	0.11
	0.38
	0.13
	0.29

	   Cellibose
	0.11
	0.65
	0.74
	0.64

	   4-O-methyl-glucuronic acid
	0.5
	0.87
	0.41
	0.44



Table 3 
Compound yields from biomass by Py-GC/MS in decreasing order (wt. % dfb).
	
	Spruce
	Salix
	Miscanthus
	Wheat Straw

	Acetic acid
	5.55
	6.43
	5.63
	4.56

	Levoglucosan
	3.14
	1.09
	0.43
	0.36

	Hydroxypropanone
	2.24
	2.04
	3.52
	3.28

	2(5H)-furanone
	0.99
	1.29
	0.94
	0.81

	5-(hydroxymethyl)-2-furaldehyde
	0.92
	0.23
	0.13
	0.10

	2-hydroxy-2-cyclopentene-1-one
	0.45
	0.52
	0.57
	0.57

	2-Furaldehyde
	0.37
	0.57
	0.52
	0.48

	4-methyl guaiacol
	0.42
	0.10
	0.09
	0.16

	Guaiacol
	0.41
	0.18
	0.37
	0.27

	Syringol
	.
	0.10
	0.09
	0.06
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-DTA (%/min)

Klason lignin	biomass	pyrolysate	biomass	pyrolysate	biomass	pyrolysate	biomass	pyrolysate	spruce	salix	miscanthus	straw	27.73	22.5	21.4	15.96	hollocellulose	biomass	pyrolysate	biomass	pyrolysate	biomass	pyrolysate	biomass	pyrolysate	spruce	salix	miscanthus	straw	72.099999999999994	64.180000000000007	71.709999999999994	74	extractives	biomass	pyrolysate	biomass	pyrolysate	biomass	pyrolysate	biomass	pyrolysate	spruce	salix	miscanthus	straw	3.45	2.67	6.42	7.89	ash	biomass	pyrolysate	biomass	pyrolysate	biomass	pyrolysate	biomass	pyrolysate	spruce	salix	miscanthus	straw	0.26	1.1599999999999999	3.43	3.76	lignin derivatives (gc)	biomass	pyrolysate	biomass	pyrolysate	biomass	pyrolysate	biomass	pyrolysate	spruce	salix	miscanthus	straw	7.3	7.5	6.6	4	hollocellulose derivatives (gc)	biomass	pyrolysate	biomass	pyrolysate	biomass	pyrolysate	biomass	pyrolysate	spruce	salix	miscanthus	straw	43.4	38.700000000000003	32.700000000000003	32	non volatile matter (TGA)	biomass	pyrolysate	biomass	pyrolysate	biomass	pyrolysate	biomass	pyrolysate	spruce	salix	miscanthus	straw	30.6	32.9	34.9	33.700000000000003	as % of dry biomass

spruce	Acids	Aldehydes	Ketones	Furans	Pyrans	LDPs*	Guaiacols	Syringols	Sugars	2.8233445038603575	20.566269069308294	2.3901458820642576	4.5584359005951116	2.6234829173436114	7.380293902685392E-2	6.6912566547451195	0	6.7784335258592954	salix	Acids	Aldehydes	Ketones	Furans	Pyrans	LDPs*	Guaiacols	Syringols	Sugars	6.5357151913341927	15.741778635691283	4.4400934593646317	4.0776539402485747	1.5032706195795167	0.24134503968726589	2.4828341799024618	4.1442129760668154	3.2228593113922965	miscanthus	Acids	Aldehydes	Ketones	Furans	Pyrans	LDPs*	Guaiacols	Syringols	Sugars	5.9197783351323698	12.729215352574188	5.9390898468542836	3.5350087270370487	0.45638450388034812	2.8225855420826744	2.0956208295818639	1.5363290894297033	3.4038756138882595	wheat straw	Acids	Aldehydes	Ketones	Furans	Pyrans	LDPs*	Guaiacols	Syringols	Sugars	5.2379890928745372	13.6	5.848926640286237	3.1866255168198996	0.61135491172362944	0.55264944707663732	2.1713215318761061	1.1476911657600548	3.3800064550420803	% of dry biomass
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