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Non-structural components, such as inorganics and organic extractives, present in switchgrass were extracted with water and ethanol, and the resulting non-structural components-free materials were pyrolyzed to investigate the effect of the inorganic species on the pyrolytic products. The extraction was performed for switchgrass materials harvested from three consecutive growing seasons, removing 8.5 wt% of the organic extractives in the first season biomass, and 5.8 and 6.3 wt% in the second and third season, respectively, on total dry basis of biomass. In addition to organic extractives, from 0.7 to 2.7 wt% of ash were extracted. Specifically, 99% and 59% of total K and Mg were removed from the switchgrass harvested in the second and third growing season. Thermogravimetric analysis demonstrated that a predominant reduction of K and Mg content in the biomass increased temperature at which mass loss rate is maximized in the decomposition of cellulose, hemicellulose, and lignin. The reduction of K and Mg content also affected pyrolytic products generated at 450°C. The chromatographic peak area percentage of levoglucosan from the extracted samples in the second and third growing season was two to three times higher than that from the extracted samples in the first growing season, showing a strong negative correlation with K and Mg content, whereas most of the light oxygenated and furanic/pyranic/cyclopentanic products exhibited a strong positive correlation with K and Mg content. We concluded that the removal of non-structural components prior to thermochemical conversion processes such pyrolysis can potentially produce a valuable extractives stream while removing catalytic inorganics that negatively impact downstream pyrolysis process.
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INTRODUCTION

A wide variety of lignocellulosic biomass is under consideration as renewable resources, including woody and herbaceous biomass, to produce chemicals, biomaterials, and biofuels using various thermochemical and biochemical conversion technologies. Of these technologies, pyrolysis is a thermochemical conversion that liquefies biomass in the absence of oxygen at mild operating temperatures (450–600°C) (Kim et al., 2014). Conventionally, pyrolysis is used to directly convert biomass to a high yield bio-oil (60–75%) as well as a biochar fraction (15–25%) and non-condensable gases (10–20%) similar to syngas (Bridgwater, 2012). Bio-oil can be upgraded to biofuels and chemicals through hydrotreating or catalytic processes while non-condensable gases can be burned for combined heat and power (CHP). In addition, biochar can be used as soil amendment or alternatively be combusted for CHP. However, during thermochemical conversion, ash naturally present in the biomass can damage processing systems by slagging and fouling of reactors and pipes as well as influence the composition and quality of the pyrolytic products (Froment et al., 2013). The most abundant alkali and alkaline earth metallic species, such as potassium, calcium, sodium, and magnesium in ash, act as a catalyst for cellulose and hemicellulose depolymerization and fragmentation, and generate a high yield of light oxygenated compounds such as acids, ketones, aldehydes, and furans (Lian et al., 2012). The large amount of oxygenated compounds present in bio-oils has been found to deactivate catalysts by coke deposition during refinery upgrading processes (Bridgwater, 2012) and to restrain ethanol production by inhibiting the growth of fermentative microorganisms (Lian et al., 2012). Therefore, many efforts have been devoted to reduce inorganics present in biomass via water, mild, or strong acid pretreatment prior to fast pyrolysis and to promote the yield and quality of bio-oil in the aspect of heating value, viscosity, and water content. Bio-oil also contains high amount of levoglucosan due to the decrease of glycolaldehyde yield after water or acid pretreatment (Mourant et al., 2011; Wang et al., 2012). Levoglucosan is a useful starting chemical that can be converted into platform chemicals such as levulinic acid, levulinic esters, and 5-(hydroxymethyl) furfural (Yin et al., 2016). Levoglucosan can also serve as a precursor for bioethanol production through hydrolysis followed by fermentation (Luque et al., 2016). However, high severity pretreatment conditions, including high temperature, long reaction time, and high acid concentration, lead to the decomposition of the biomass matrix through the hydrolysis of cellulose and hemicellulose (Eom et al., 2011).

Switchgrass (Panicum virgatum), a perennial grass native to North America, is an attractive candidate for bioenergy production (Kline et al., 2013). Compared to woody biomass, switchgrass is a fast-growing crop that can reach up to three meters in height in one growing season (Parrish and Fike, 2005). Switchgrass can be harvested either annually or semi-annually for ten years before it needs to be replanted, leading to one of the most dependable feedstocks with low production costs and high renewability (Parrish and Fike, 2005). The quality of biomass reflected by its chemical composition is a key factor that affects efficiency of bioenergy production. The chemical constituents of switchgrass, are generally structural polymers such as cellulose (30.0–43.9 wt%), hemicellulose (24.4–30.5 wt%), and lignin (18.6–25.4 wt%), and non-structural components such as extractives (4.7–15.6 wt%) and inorganic ash-forming elements (1.8–7 wt%) (Lemus et al., 2002; Kline et al., 2015). Interestingly, the content of extractives in switchgrass is similar or higher than that of woody biomass and is mostly composed of lipophilic and hydrophilic types such as waxes, oils, fats, resins, free sugars, chlorophyll, organic acids, alditols, and polyphenolics, making them a potential source of value-added co-products (Sannigrahi et al., 2010). These extractives are generally extracted with water and organic solvents such as ethanol, acetone, hexane, dichloromethane, or diethyl ether (Thammasouk et al., 1997; Uppugundla et al., 2009). For example, a standard non-structural components extraction procedure using water and ethanol according to National Renewable Energy Laboratory (NREL) analytical procedure (NREL, 2008) extracts water soluble compounds such as non-structural sugars, inorganics, and ethanol soluble compounds such as chlorophyll, phytosterols, terpenes, and phenolic compounds, which have been reported to have a potential antimicrobial and antioxidant activity (Proestos et al., 2006; Uppugundla et al., 2009; Labbé et al., 2016).

Most of the aforementioned studies, however, have investigated the effect of removal of inorganics present in biomass via water or acid treatment on pyrolytic products, but have not taken the loss of non-structural components such as extractives into consideration although this biomass fraction, extractives, could be a potential high-value co-product if an integrated biorefinery is considered (Labbé et al., 2016). Therefore, the objective of this study was to evaluate the effect of non-structural inorganic species on pyrolytic products after the biomass, switchgrass, was subjected to an extraction step that was specifically designed to extract the organic extractives fraction of switchgrass. Switchgrass materials with a wide extractives and ash content range were initially treated with both water and ethanol, then analyzed by thermogravimetric analysis (TGA) and pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS). The inorganic composition of switchgrass before and after extraction was determined to evaluate the catalytic effects of existing inorganic species on pyrolytic products using statistical methods such as principal component and Pearson's correlation analyses.

MATERIALS AND METHODS

Material

Alamo switchgrass samples were collected from a University of Tennessee-Knoxville experiment field established in 2011. Eight switchgrass samples were harvested for three consecutive growing seasons in December of 2011 (year 1), 2012 (year 2), and 2013 (year 3). A total of 24 switchgrass samples were collected, dried, then ground to less than 0.42 μm particle size using a Wiley mill (Thomas Scientific). The samples are referred as S1 to S8 for year 1, S9 to 16 for year 2, and S17 to S24 for year 3.

Sample Extraction and Characterization

The ground samples were extracted using an accelerated solvent extractor (ASE 350, Dionex) to remove non-structural components, i.e., extractives and inorganics, according to the National Renewable Energy Laboratory (NREL) protocol (NREL, 2008). Approximately 5 g of the ground material were loaded with glass beads (1:5 wt/wt) in a 34 mL extraction cell. The sample-loaded cell was heated up to 100°C, then extracted with water by 3 cycles for 10 min/cycle, and followed by ethanol with 3 cycles for 10 min/cycle at 1600 psi of pressure. After extraction, the extractives-free samples were dried at 40°C for 7 days before further analyses.

Ash content of the unextracted and the extracted samples was measured according to ASTM D 1762-84. The inorganic composition was measured by inductively coupled plasma-optical emission spectroscopy (ICP-OES, Optima 7300 DV spectrometer, PerkinElmer) after acid microwave digestion of the material (Kim et al., 2011).

The thermal behavior of the sample was investigated by thermogravimetric analysis (TGA) and pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS). A thermogravimetric analyzer (TGA Q50 TA Instrument) was employed to monitor weight loss as a function of temperature and to evaluate thermal decomposition of the unextracted and extracted switchgrass over time. Approximatively 6–9 mg of the sample were heated from 30 to 110°C at a rate of 20°C/min and held for 10 min to remove moisture from the sample under nitrogen gas flow (20 mL/min). Then, the sample was heated to 550°C at 20°C/min and held for 15 min. The resulting TG and differential TG (DTG) curves described the thermal characteristics of each sample.

The unextracted and extracted switchgrass samples were also analyzed using a micro-pyrolyzer (Frontier EGA/Py-3030 D) fitted with a Perkin Elmer Clarus 680 Gas Chromatograph coupled with a Clarus SQ 8C Mass Spectrometer. Approximatively, 0.2 mg of sample in a stainless-steel pan was injected into the pyrolysis furnace which was heated to 450°C for 12 s of residence time. The vapor produced in the furnace was swept into a GC-injection port (temperature 270°C) by the GC carrier gas (helium, 1 mL/min) that passes through the furnace with a split ratio of 80:1. The vapor was then separated using a DB-1701 Agilent capillary column (60 m × 0.25 mm ID × 0.25 μm film thickness). The GC oven temperature program was as follows: 4 min at 50°C, ramp 5°C per minute to 280°C, and hold at 280°C for 4 min. The generated compounds were analyzed using a mass spectrometer with a source temperature of 270°C and a 70 eV electron ionization. Chromatographic peaks with S/N > 2000, including identifiable and non-identifiable peaks, were extracted using the TurboMass GC/MS software. These peaks were normalized to the peak area percentage based on the sum of the total peak areas. A total of 91 organic compounds were selected for statistical analysis.

Statistical Analysis

The relationships between the inorganics present in switchgrass and the resulting pyrolytic organic products were investigated using multivariate statistical analysis as well as Pearson's correlation analysis. Normalized peak areas % of the 91 organic compounds identified in each pyrogram were analyzed using principal component analysis (PCA, Unscrambler software ver. 9.0 CAMO) to determine similarities and differences in the pyrolytic organic compounds produced from the samples containing various levels of inorganics. PCA is a statistical procedure that transforms a large set of variables into a smaller set in a new system of axes of principal components (PCs). The PCA results show the trend of similarity and difference of the samples and the variables in the plot (Saporta and Niang, 2009). The scores plot visualizes the samples and helps to interpret the relationships among the samples while the loadings plot presents the contribution of each variable (chromatographic peaks) to each new PC and describes the relationship among the variables. The Pearson correlation coefficient (r) was calculated using the SigmaPlot 12 software and was considered significant when the p < 0.05.

RESULTS AND DISCUSSION

Non-structural Components of Switchgrass

A total of twenty four switchgrass samples, eight samples collected for three consecutive years, were extracted with water and ethanol (Figure 1). Non-structural components, including organic and inorganic constituents, were extracted from the biomass. The averaged extraction was 9.6 wt% for the first growing season biomass, 6.8, and 7.5 wt% for the second and third growing season biomass, respectively, on a dry basis of total biomass. Organic extractives constituted a large portion of the extracts, with an average of 8.5 wt% in the first year, then 5.8 and 6.3 wt% in the second and third year, respectively. Many researchers have been highly interested in biomass extractives, including flavonoids such as rutin and quercetrin and phenolic compounds such as p-coumaric, sinapic, and ferulic acids, that are potential sources of valuable co-products and can be used in the pharmaceutical and cosmetic industries providing an additional income stream for biorefineries producing biofuel in a more integrated manner (Uppugundla et al., 2009; Michels and Wagemann, 2010). In addition to these valuable organic components, inorganics naturally present in switchgrass were also extracted, which corresponds to a mass loss ranging from 0.7 to 2.7 wt% (Figure 1). The content and composition of these fractions are known to vary with the age, genetics, tissue types, and harvesting method and time of the biomass (Kline et al., 2013). The switchgrass samples harvested for three consecutive years had very similar chemical composition including cellulose of 39.1–39.3%, hemicellulose of 29.4–31.2%, and lignin of 21.4–21.7%, respectively. The reduction of non-structural components in switchgrass samples over the course of three years can be explained by the fact that switchgrass reached a more steady-state growth pattern in the second and third year (Baxter et al., 2016).
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FIGURE 1. Yield of non-structural components extracted from switchgrass samples harvested for 3 consecutive years.



Inorganic Compounds in Switchgrass

As expected, the unextracted (untreated) switchgrass samples had a higher ash content with an average of 7.0 wt% in the first year and a 3.5 and 3.2 wt% in the second and third year, respectively (Figure 2A and Supporting Information Table A1). The extracted switchgrass (treated) samples had an average ash content of 5.9 wt% with a decrease of 16% compared to the unextracted samples in the first year, and 2.4 and 2.1 wt% with a removal of 33% in the second and third year, respectively. These data demonstrated that the solvent extraction could remove a fraction of the inorganic compounds, between 16 and 33% of the total ash present in switchgrass. Alkali and alkaline earth metals (AAEM), such as calcium, magnesium, and potassium, were the most abundant constituents found in the untreated switchgrass samples (Figure 2B and Supporting Information Table A1). For example, the first growing season switchgrass contained an average of 7,103 mg of K per kg of biomass, 5,261 mg/kg of Ca, and 2,559 mg/kg of Mg whereas the biomass in the second and third year had lower of K (an average of 4,923 and 3,931 mg/kg), Ca (2,018 and 1,522 mg/kg), and Mg (1,590 and 1,411 mg/kg), respectively. After the solvent extraction, the concentration of K in the extracted switchgrass samples was predominantly reduced to an average of 370 mg/kg, a 95% removal compared the untreated samples in the first year, and to 40 and 28 mg/kg with 99% removal for the second and third year biomass, respectively. The concentration of Mg decreased by more than 50% after the extraction; with 55% removal in the first year and 58% removal for the second and third year biomass. However, Ca was slightly extracted from the switchgrass with only a 12 and 9% removal for the second and third year, respectively.

The concentration of other minor inorganics, such as Al, Fe, and Mn present in switchgrass was slightly reduced with removal ranging between less than 1 and 28%. The extraction of silica (Si) was also low with the highest removal at 8%. These findings indicated that salts present in biomass could be extracted with water and ethanol extraction, whereas inorganics structurally bound to the carboxylic and/or phenolic groups in the organic matrix still remain in biomass (Nik-Azar et al., 1997).
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FIGURE 2. Ash content and inorganic compounds in switchgrass (untreated and the corresponding treated) samples harvested for three consecutive years. (A) Ash content and (B) inorganic species in the untreated (first stack) and treated switchgrass (second stack).



Thermogravimetric Analysis

The thermal degradation profile of switchgrass and the corresponding extractives-free biomass were obtained by TGA from 30 to 550°C in order to investigate the biomass decomposition temperature in function of ash content (Figure 3). The TG thermograms exhibited a shift of initial degradation temperature, at which drastic mass loss started, toward higher TG temperatures as the unextracted samples were extracted with water and ethanol (Figure 3A). Derivative TG (DTG) curves were calculated from the TG thermograms and presented the thermal decomposition peaks corresponding to temperatures at which the mass loss rate was maximum (Figure 3B) according to the devolatilization temperatures determined as in Grønli et al. (2002). The initial degradation temperature (Tonset) at which hemicellulose decomposition starts (Figure 4A) demonstrated that as ash content in the unextracted switchgrass samples decreased from 7.0 wt% in the first year to 3.1–3.6 wt% in the second and third year, Tonset shifted to higher temperature, from 223 to 251°C showing a strong negative correlation (r = −0.85) between the two parameters (Table 1). The decomposition temperature (Tshoulder) of hemicellulose (Figure 4B), at which hemicellulose decomposition is maximum, moved to higher temperature (from 284 to 312°C), with a mild negative correlation of −0.56 with ash content. The decomposition temperature (Tpeak) (Figure 4B), where the maximum cellulose decomposition rate occurs, shifted from 323 to 346°C also showing a weaker negative correlation (r = −0.42) with ash content. The beginning temperature, Toffset, of the final tailing region, dominated by the lignin decomposition, slightly moved from 364 to 379°C with no correlation with ash content (Figure 4A).
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FIGURE 3. Representative thermograms (A) and relative derivative TG curves (B) of the unextracted and extractives-free switchgrass samples of 3 consecutive harvesting years, with points noted for the onset, shoulder, peak, and offset temperatures, as defined by Grønli et al. (2002).
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FIGURE 4. Degradation temperature at which switchgrass decomposition is maximum in the DTG curve associated with ash content, potassium, and magnesium. (A) Toffset and Tonset with ash content, (B) Tpeak and Tshoulder with ash content, (C) Toffset and Tonset with potassium, (D) Tpeak and Tshoulder with potassium, (E) Toffset and Tonset with magnesium, and (F) Tpeak and Tshoulder with magnesium.




Table 1. Pearson's correlation between inorganic compounds and temperatures at derivative TG peaks.
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The DTG curves of the extracted switchgrass samples exhibited a shift of hemicellulose (Tonset and Tshoulder), cellulose (Tpeak), and lignin (Toffset) decomposition peaks toward higher temperatures due to the reduction in ash content, demonstrating strong negative correlations between ash and these decomposition temperatures (Table 1). Interestingly, the extracted samples with high ash content of 5.9 wt% in the first year biomass exhibited a shift of the DTG peaks to temperatures higher than the unextracted switchgrass samples with low ash content ranging from 3.1 and 3.6 wt% in the second and third year (Figures 4A,B). These results confirm that some specific inorganic species present in the unextracted switchgrass significantly affected the thermal decomposition of switchgrass structural components. Of the inorganic species affected by the solvent treatment, the major alkali and alkaline earth metals (AAEM), such as potassium and magnesium, were remarkably extracted with their content decreasing by 95–99% and 43–62 %, respectively. The drastic reduction of potassium and magnesium could be responsible for the shift of hemicellulose (Tonset and Tshoulder), cellulose (Tpeak), and lignin (Toffset) decomposition peaks toward higher temperatures (Figures 4C–F, Table 1). Therefore, it could be concluded that a reduction of potassium and magnesium content during an extractives extraction process significantly impacts the thermal decomposition of biomass confirming that alkali and alkaline earth metals act as catalyst that affect the rate of thermal degradation of biomass components in thermochemical processes (Kleen and Gellerstedt, 1995).

Py-GC/MS Analysis

Switchgrass samples with varying ash content and their corresponding extracted samples were pyrolyzed using a Py-GC/MS at 450°C. A total of 91 organic compounds were identified to primarily estimate the changes of the yield of these volatile organic products (Table 2). Chromatographic peak area percentage of the identified organic compounds for the unextracted and extractives-free samples were subjected to a multivariate statistical technique, principal component analysis (PCA) (Figure 5). The PCA scores plot featured the distribution of the samples along PC1 and PC2 which accounted for 90 and 6% of the total variance of the chromatographic data set, respectively. The PCA scores plot (Figure 5A) demonstrated that the extractives-free switchgrass samples with low ash, including potassium and magnesium, clustered together in the negative quadrant of PC1 whereas the unextracted samples with high ash, potassium, and magnesium content, grouped in the positive section of PC1 (Figure 5A). The extracted samples from the first year biomass closely clustered to the untreated samples from the first year. This result can be explained by the presence of high ash content (5.9 wt%) and potassium (370 mg/kg), magnesium (1147 mg/kg), calcium (5187 mg/kg) in the extracted samples in the first year, which still participates in catalytic pyrolysis similar to that of the untreated samples in the first year. Meanwhile, the untreated and extracted samples in the second and third year were far apart from each other due to a significant reduction of inorganic compounds with low ash content (2.1–2.4 wt%), potassium (33–35 mg/kg), and magnesium (577–686 mg/kg) in the extracted samples.


Table 2. Organic compounds identified by Py-GC/MS from the unextracted and the corresponding extractives-free switchgrass samples.
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FIGURE 5. PCA of the Py-GC/MS chromatographic peak area % of the unextracted and corresponding extractives-free switchgrass samples. (A) Scores and (B) loadings plots of the unextracted and extracted switchgrass samples.



The loadings plot of PC1 identified the chromatographic peaks that contributed the most to the separation along PC1 (Figure 5B) and revealed that during pyrolysis the extractives-free samples with lower potassium and magnesium generated higher amount of mainly pentanedioic acid (37), 4-ethylguaiacol (61), 3-ethyl-3-heptanol (74), and levoglucosan (86). Whereas, the unextracted samples with higher ash content produced higher amount of low molecular weight species such as carbon dioxide (1), acetic acid (10), acetol (11), butanedial (21), 1,4-butanediol (57), furans/pyrans/cyclopentenones such as 2-hydroxycyclopent-2-en-1-one (35), and dihydrobenzofuran (66) (Figure 5B) confirming again the catalytic role of the inorganics during switchgrass pyrolysis (Shen and Gu, 2009).

Chromatographic peaks of all identified pyrolytic compounds, accounting for higher than 90% of total peak area in all chromatograms, were integrated, expressed as a percentage of the total pyrogram area, and classified into light oxygenates, furans/pyrans/cyclopentenones, anhydrosugars, phenolics, and carbon dioxides (Figure 6). The first thermal decomposition step of carbohydrates (cellulose/hemicellulose fraction) during switchgrass pyrolysis is the generation of anhydrosugars such as mainly levoglucosan and 1,4:3,6-dianhydro-α-d-glucopyranose, which are produced by competitive reactions through dehydration and cleavage of glycosidic bond during pyrolysis (Patwardhan et al., 2009). The anhydrosugars yield of the extracted switchgrass samples was higher than that of unextracted samples (Figure 6). In particular, the amount of anhydrosugars from the extracted samples in the second and third year became two to three times more than that of the untreated samples in the same years. This finding can be explained by various amounts of inorganics present in the switchgrass samples. As aforementioned in the Table 1, the extracted samples in the first year still contained high ash content (5.9 wt%) after the solvent extraction whereas the extracted samples in the second and third year had low ash content of 2.1 and 2.4 wt%, respectively. Pearson's correlation analysis also demonstrated that the yield of levoglucosan (Table 3 and supporting information Figure A1) increased with a reduction of K and Mg content showing a negative correlation (r = −0.70) whereas the dehydrated levoglucosan, 1,4:3,6-diahydro-a-D-glucopyranose (Gardiner, 1966), decreased with a reduction of K and Mg contents with a positive correlation value of 0.80. Furthermore, the extracted samples in the second and third year had a small residual amount of K and Mg with a significant removal efficiency, which only interacts with the formation of levoglucosan from carbohydrates and do not have any effect on its secondary degradation into lower molecular compounds such as light oxygenated compounds and furans/pyrans/cyclopentenes (Figure 6). In particular, significant removal (97–99%) of potassium, which is known to possess a stronger catalytic strength than magnesium and calcium (Muller-Hagedorn et al., 2003), from switchgrass harvested in the second and third year via water-ethanol extraction significantly promoted the yield of levoglucosan (Figure 6).
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FIGURE 6. Distribution of chromatographic peak area % of pyrolytic products in the untreated (Ux) and extractives-free (Ex) switchgrass samples harvested for 3 consecutive years. (A) year 1, (B) year 2, (C) year 3.




Table 3. Pearson's correlation between inorganic compounds in the unextracted and extracted switchgrass samples and the pyrolytic organic compounds produced by Py-GC/MS.
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As the yield of anhydrosugars increased with decreasing inorganics content, the amount of low molecular weight oxygenates such as acetic acid, butanedial, acetol, and other low carbon-atom fragments gradually decreased, exhibiting a stronger positive correlation with K (r = 0.70) than with Mg (r = 0.53) content (Figure 6, Table 3, and supporting information Figure A2). These light organic compounds are promoted by fragmentation of glucose rings, known as ring-scission (Zhou et al., 2014), at the loss of glycosidic bond breakage for levoglucosan formation in the presence of alkali and alkaline earth metals. The yield of furanic/pyranic/cyclopentanic compounds such as 2-furanmethanol, 3-methyl-1,2-cyclopentanediion, 2-methyl-3-oxy-γ-pyrone, and other compounds decreased with a reduction of inorganics content (Figure 6) showing a stronger positive correlation with K (r = 0.70) than Mg (r = 0.53) (Table 3 and supporting information Figure A3). Moreover, 4-hydroxydihydro-2(3H)-furanone and 3,5-dimethoxycyclohexanol exhibited a strong negative correlation with K and Mg indicating the fate of the catalytic depolymerization reaction of carbohydrates in the presence of these inorganic species (Eom et al., 2011). Non-condensable gases (NCGs), such as carbon dioxide, also exhibited a strong positive correlation with K and Mg (Table 3). Therefore, a reduction of K and Mg via a simple solvent extraction process resulted in increasing yields of anhydrosugar-derivatives and decreasing low molecular weight species and NCGs. The yield of lignin-derived phenolic compounds decreased with a reduction of inorganic compounds (Figure 6). Specifically, monomeric phenolic compounds, such as phenol, guaiacol, and other compounds (Supporting information Figure A4), showed a strong positive correlation with K (r = 0.73) and Mg (r = 0.70), whereas 4-ethylguaiacol and 2-methoxy-5-[(1E)]-1-propenyl]phenol had a strong negative correlation (Table 3). These results indicated that inorganics promote the decomposition of the side chains of lignin structures via demethylation, demethoxylation, and dehydration reactions (Kleen and Gellerstedt, 1995; Mourant et al., 2011).

CONCLUSIONS

This study concluded that a non-structural components extraction step using water and ethanol produced valuable extractives while simultaneously resulting in removing undesirable catalytic inorganics, which ultimately improves pyrolytic bio-oil quality. The organic extractives were extracted up to 8.5 wt% in the first season biomass and between 5.8 and 6.3 wt% in the second and third season biomass, respectively, on the biomass dry basis. During the extraction step, ash removal ranged from 0.7 to 2.7 wt% with a predominant reduction of potassium and magnesium content in switchgrass. Pyrolysis of the extractives-free switchgrass harvested from the second and third season produced anhydrosugars two and three times more than that from the first season and reduced the yield of furanic/pyranic/cyclopentanic and light oxygenated compounds. From this study, we demonstrated that the removal of non-structural components increases the quality of switchgrass by decreasing its total ash content, specifically potassium and magnesium content. This approach could be applied to any biomass that contained detrimental amount of inorganics. The implementation of such step prior to a pyrolysis process of lignocellulosic biomass has a potential to produce valuable extractives while improving the quality of the feedstock for thermochemical processes.
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