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This paper examines the efficacy of ionic liquid (IL) pretreatment on seven different commercially harvested biomass types: corn stover, miscanthus, pine, sorghum, sugarcane bagasse, switchgrass, and wheat straw in an effort to improve the production of renewable fuels and chemicals from biomass derived sugars. Initial experiments screened the pretreatment of lodgepole pine, a particularly recalcitrant biomass feedstock, with nine different imidazolium based ionic liquids. After screening, one hydrophilic and one hydrophobic ionic liquid was selected for pretreatment tests on six commercially harvested biomasses. Ultimately, the hydrophilic ionic liquid functioned better for biomass pretreatment than the hydrophobic ionic liquid. These results were then compared to a traditional dilute acid pretreatment to examine the relative effectiveness of ionic liquid pretreatment across a variety of biomass and ionic liquid types. Total theoretical sugar yields after IL pretreatment varied widely by IL and biomass type and ranged from 4.9 to 90.2%. Dilute acid pretreatment showed consistent sugar yields for herbaceous material (from 71.4 to 80.8%) but low yield for lodgepole pine (22.8%). Overall, ILs showed the potential to reach slightly higher sugar yields than dilute acid and were particularly effective for woody feedstocks. More importantly, the sugar release kinetics for IL pretreatment were three times faster than dilute acid and gave maximum sugar yields after about 24 h. Additional characterization of IL treated materials included scanning electron microscopy (SEM), x-ray diffraction (XRD), and compositional analysis. SEM and XRD showed qualitative and quantitative reductions in cellulose crystallinity (respectively) that correlated well to improved sugar release during enzymatic hydrolysis for hydrophilic ionic liquids. However, reductions in crystallinity associated with hydrophobic ionic liquids resulted in lower sugar release during enzymatic hydrolysis. Compositional analysis generally showed increased sugars content for hydrophilic ILs and increased lignin content for hydrophobic ILs.
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INTRODUCTION

Clean and domestic energy is an important issue for the development of sustainable and secure global communities. The United States has great opportunities to encourage the development of renewable energy as increased demand from residential, commercial, industrial, and transportation sectors, combined with the available billion tons of domestic biomass resources, (Perlack et al., 2011) could spur the growth of green fuels, chemicals, and energy. Lignocellulosic biomass is uniquely suited to address fuel and energy production challenges given that it can be transformed into liquid fuels and chemicals (Johnson et al., 2007; Floudas et al., 2012; Williams et al., 2012) and reduces GHG emissions through the capture of CO2 via photosynthesis. Additionally, utilizing waste biomass can create new jobs, as evidenced by the fact that in 2016 the Midwest US employed just over half a million people in clean energy industry jobs, (Trust, 2017) and second generation biorefineries are capable of generating further job growth (Miranowski, 2007). However, to achieve a robust second generation cellulosic refining industry two key factors need to be addressed: a stable supply of chemically consistent feedstock (Williams et al., 2016, 2017), and cost-effective pretreatment strategies due to greater hydrolysis recalcitrance than first generation feedstocks (Eranki et al., 2011; Banerjee et al., 2012).

While various biomass pretreatment strategies have been developed (Mosier et al., 2005; Alvira et al., 2010) this paper focuses on the comparison between a traditional dilute acid pretreatment and emerging ionic liquid pretreatments to understand, and evaluate, the effectiveness of ionic liquids. To date both dilute acid and IL pretreatment have been used for a variety of biomass types. A brief summary of previous work for both of these pretreatment strategies, and the results obtained, follows. Optimum dilute acid pretreatment conditions vary by feedstock (which explains the variety of conditions found in literature) but general conditions use millimeter size range particles, sulfuric acid at 0.5–2 wt%, temperatures from 100 to 190°C, and reaction times between 5 and 60 min. The percent of total sugars yielded from the combined pretreatment and enzymatic hydrolysis of these samples tends to be in the range of 40 to 90% but often averages 65%. Materials pretreated under this range of conditions include corn stover, (Lloyd and Wyman, 2005) miscanthus, (Sørensen et al., 2008; Yoshida et al., 2008) spruce, (Larsson et al., 1999) sugarcane bagasse, (Jackson De Moraes Rocha et al., 2011) switchgrass, (Dien et al., 2006) and wheat straw, (Saha et al., 2005) among others. The range of conditions and yields given above are represented in the references for the individual feedstocks.

Many different ionic liquids have been investigated for lignocellulose degradation due to their tunable properties (based on a multitude of possible anion and cation combinations) (Brandt et al., 2013). IL properties reported to be important for pretreatment of lignocellulosic biomass include viscosity, melting point, dipolarity, hydrogen bond basicity, and hydrophobicity/hydrophilicity (Mäki-Arvela et al., 2010). Among the tested ILs, imidazolium based ILs have demonstrated high capability to dissolve/degrade lignocellulose (Cheng et al., 2012; Brandt et al., 2013; Gräsvik et al., 2014). Reaction conditions typically have 10 wt% solids with reaction temperatures from 70 to 160°C and reaction times ranging from 30 min to a few hours. The percent of total sugars yielded ranges from about 60 to 90% (with an average around 70%) for most materials and ionic liquids tested. Materials treated with IL are more varied, and studies often treat blended feedstocks, such as; miscanthus/corn stover, (Shill et al., 2011) maple wood, (Lee et al., 2009) corn stover/pine/sugarcane bagasse, (Li et al., 2008) sugarcane bagasse with varying enzymes, (Qiu et al., 2012) wheat straw, (Li et al., 2009) and miscanthus (Brandt et al., 2011) (with a variety of ionic liquids that showed a strong dependence on the cation). Again, the range of conditions and yields given above are represented in the references for the individual feedstocks.

Biomass tested in this study includes corn stover, miscanthus, lodgepole pine, sorghum, sugarcane bagasse, switchgrass, and wheat straw, since they are commercially harvested and show great potentials for application in future biorefineries. The diversity represented in this selection spans pine as a softwood, sorghum, and corn stover stalks as representatives of grains, sugarcane bagasse as a special grass, with the other three feedstocks being traditional grasses. Nine imidazolium based ILs were selected for investigating performance variations between different types of ILs as listed in Table 1. These ILs cover a wide range of hydrophobicity. Table 1 is organized first by the most hydrophilic cations, decreasing in the series, ethyl, butyl, and then arranged by the perceived increasing hydrophobicity of anions from Cl−, I−, OTf−, [image: image], to [image: image]. The four ILs with Bmim+ exhibit increasingly hydrophobic behavior as the anion varies from simple Cl−, to bulky OTf −, BF4−, and PF6−. On the other hand, if anions are same, the hydrophobicity of ILs depends on the length and structure of their cations' alkyl chain (Huddleston et al., 2001; Yee et al., 2013). The ILs with Cl− enable us to examine the effect of increasing alkyl chain length and structure from ethyl, to butyl, allyl, and butyl with two methyls on the performance of these ILs. Emim Ac has the highest basicity and has been demonstrated high capability to dissolve cellulose (Sun et al., 2009; Zavrel et al., 2009; Cheng et al., 2012; Brandt et al., 2013). Bmim Cl is one of the most studied ILs for dissolving cellulose and serves as a good reference (Sun et al., 2009; Gräsvik et al., 2014).


Table 1. Ionic liquids used in the IL screening experiments.
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Published results encompass various biomass types with different treatment conditions including: type of ILs, feedstock type, feedstock particle size, particle water content, solids loading, dissolution time, and temperature (Mäki-Arvela et al., 2010; Gräsvik et al., 2014). This wide variety of reaction conditions and feedstocks causes great difficulty in comparing results. Attempts have been made to solve this problem for the ubiquitous dilute acid treatment by developing a generalized reaction severity parameters that takes into account for variations in pH, temperature, and reaction time (Pedersen and Meyer, 2010). However, a similar metric for ionic liquid pretreatment would be much more difficult to make given the almost infinite variety of ionic liquids available. Confounding this issue further is the wide array of conditions for enzymatic hydrolysis (with varying enzyme types and loadings) that occurs after pretreatment. This paper addresses these comparison issues by evaluating pretreatment effects of different ILs on different types of lignocellulosic biomass under identical conditions. Additionally, to aid the comparison with dilute acid pretreatment the IL pretreatment has been performed under conditions similar to what is now considered standard pretreatment conditions for dilute acid (Wolfrum et al., 2013). To date, only one paper has made a direct comparison between dilute acid and IL pretreatment for switchgrass, which showed that IL pretreatment has the potential to be far superior to dilute acid (Li et al., 2010).

This paper begins by screening nine different imidazolium based ILs for pretreatment of lodgepole pine. Next, the most promising and diverse candidates were tested across the variety of commercially harvested feedstocks and compared to a traditional dilute acid pretreatment. Additionally, a variety of physical and chemical characterization methods have been utilized to further understand the effects that diverse ionic liquids can have on this variety of biomass types.

MATERIALS AND METHODS

Biomass

Corn stover was collected by a single pass harvester in Boone County Iowa, Miscanthus was collected from Tift County Goergia, Sorghum was collected from Garvin County Oklahoma, Sugarcane Baggasse was collected from Pointe Coupee County Lousiana, switchgrass was collected from Garvin County Oklahoma, wheat straw was collected from Jefferson County Idaho, and Lodgepole pine was collected from Mineral County Montana. All biomass materials were processed on a Shute Buffalo mill through a ¼” screen before being ground to 500 μm using a Wiley Mill and finally size reduced to 200 μm on a Retsch Ultra Centrifugal Mill ZM 200. Ground samples were divided using a Retsch Sample Divider PT 100 to obtain a representative sample size for IL pretreatment. After deconstruction to such fine particle sizes biomass moisture content is ~5% on a wet basis.

Dilute Acid Pretreatment

Dilute-acid pretreatment was performed using an ASE 350 (Accelerated Solvent Extractor, ThermoFisher Scientific, Waltham, MA, USA) using procedures developed at National Renewable Energy Laboratory (NREL) (Wolfrum et al., 2013). Experiments were performed using 66-mL zirconium cells, and a 10% (w/w) solids loading with an acid-to-biomass loading of 0.08 g g−1. Each cell was filled with 3.0 ± 0.03 g biomass and 30 mL of 1% sulfuric acid (w/w). Cells were subjected to a 7-min heating period followed by a 7-min static time with a reaction temperature of 160°C, followed by 200 s of N2 purge. The temperature was then reduced to 100°C and 100 to 150-mL of nanopure water was rinsed through the cell with a 200 s N2 gas purge and the rinsate was collected. Aliquots of the rinsate were collected for determination of total and monomeric sugars and organic acids using High Performance Liquid Chromatography.

Ionic Liquid Pretreatment

Lodgepole pine samples were treated with nine different ionic liquids, summarized in Table 1, at 160°C for 3 h. The dry biomass solids loadings was 10 wt% for all experiments at 15 g dry biomass and 135 g ionic liquid. After the reaction samples were washed three times with 300 mL of water (or ethanol in the case of ionic liquid BmimPF6 due to the hydrophobic nature of the hexafluorophosphate anion), filtered through 5 μm filter paper, and then dried at 40°C for at least 48 h to recover the pretreated solids. After the initial IL screening experiments with pine the washing procedure was altered to 300 mL each of ethanol, acetone, then water for the feedstock screening experiments to better wash the biomass (particularly for the more hydrophobic ILs).

Characterization

Raw and pretreated solids were examined for structural and compositional alterations as well as altered reactivity. Structural analysis was performed by scanning electron microscopy (SEM) and x-ray diffraction (XRD). Biomass composition was analyzed using the National Renewable Energy Laboratory's standard laboratory analytical procedure (Sluiter et al., 2008) with the modification that the sample size was 0.2 mm instead of the usual 2 mm. Reactivity characterization was quantified using enzymatic hydrolysis. More detail about these procedures can be found below.

Scanning Electron Microscopy (SEM)

SEM images were taken for both untreated and pretreated materials using a JEOL Ltd. JSM 6610LV microscope. Prior to SEM analysis samples were prepared by mounting on standard aluminum pin stub mounts with biomass powder adhered via copper tape. Mounted samples were sputter coated with gold prior to analysis using a Hummer 6.2 Sputter System operating at 15 mA under 60 mTorr vacuum for 1 min. SEM images were acquired using a 15 kV accelerating voltage.

X-ray Diffraction (XRD)

XRD was performed using a Rigaku SmartLab diffractometer. Scans were collected at 40 kV and 44 mA with a step size of 0.01°. The degree of cellulose crystallinity can be inferred by the ratio of peak heights for the cellulose I in the 002 plane at 2θ = 22.5 and the amorphous cellulose at 2θ = 16.6 (Segal et al., 1959).

Enzymatic Hydrolysis

Enzymatic hydrolysis was conducted using a modified version of the procedure described in Selig et al. (2008). Pretreated solids were enzymatically hydrolyzed by adding biomass up to an equivalent of 1.0 g of dry solids to a 50 mL incubation flask with 5 mL of 0.1 M citric acid buffer (pH 4.8), 100 μL of 2 % sodium azide solution, and enough nanopure water to reach a final reaction volume of 10 mL. Enzymes were added at 40 mg g−1 dry biomass for Cellic® CTec2 (Novozymes, Franklin, NC, USA) and 4 mg g−1 biomass for Cellic® HTec2 with enzyme and substrate blanks prepared as controls. To investigate sugar release kinetics, 150 μL aliquots of liquor were removed after 2, 4, 8, 24, 48, and 72 h of incubation at 50°C, filtered through a 0.2 μm filter, and analyzed for monomeric sugars using high performance liquid chromatography (Agilent HPLC Model 1260; Agilent Technologies; Santa Clara, CA). Sugars were analyzed on an Aminex HPX-87P column (BioRad Laboratories; Hercules, CA) with a column temperature of 85 °C using a refractive index detector, a mobile phase of 18 MΩ ultrapure water, and a flow rate of 0.6 mL min−1. The sugars evaluated for this study, defined as the “total sugar yield” included the sum of released glucose, xylose, galactose, arabinose, mannose, and cellobiose divided by those sugars present in the pretreated material multiplied by 100. Duplicate injections were performed for each sample.

RESULTS AND DISCUSSION

IL Screening Experiments With Lodgepole Pine by SEM, XRD, and Enzymatic Hydrolysis

Initial IL screening experiments used lodgepole pine as a feedstock because of its recalcitrant nature. The pine samples were treated with the nine ILs shown in Table 1 which was comprised of a set of imidazolium based ionic liquids. After IL treatment the pine was characterized using SEM (Figure 1) and XRD (Figure 2) for physical changes and examined for reactivity enhancement using enzymatic hydrolysis (Figure 3).


[image: image]

FIGURE 1. SEM images of IL treated lodgepole pine. (A) Raw pine, (B) EmimAc, (C) EmimCl, (D) BmimCl, (E) AmimCl, (F) BdimCl, (G) MpimI, (H) BmimOTf, (I) BmimBF4, and (J) BmimPF6. The scale bar in each image is 50 μm.




[image: image]

FIGURE 2. XRD images of raw and ionic liquid treated lodgepole pine. Ionic liquid abbreviations can be seen in Table 1.
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FIGURE 3. Enzymatic hydrolysis of lodgepole pine. Theoretical sugar yield is the sum of glucan, xylan, galactose, arabinose, mannose, and cellobiose released divided by the sugars in the pretreated material.



The raw pine shown in Figure 1A demonstrates clear wood fibers and texture, which serves as a point of comparison for the IL treated samples, while other ILs show different alterations on biomass structure. Emim Ac (Figure 1B) showed a significant amount of degradation. This degradation likely has a strong link to the high hydrogen-bond basicity of the IL. Hydrogen-bond basicity is strongly linked to the IL's capability to dissolve or swell cellulose/lignocellulose because it is important for the hydrogen-bond accepting ability of the IL anions (Mäki-Arvela et al., 2010; Zhang et al., 2010; Brandt et al., 2013; Cláudio et al., 2014; Gräsvik et al., 2014).

Cation hydrophobicity was another key parameter varied in this study. Four Cl− based ILs, Emim Cl, Bmin Cl, Amim Cl, and Bdim Cl, as seen in Figures 1C–F respectively, showed increasing cation hydrophobicity with increasing length and branching structure of alkyl substituents (Huddleston et al., 2001; Yee et al., 2013). It is clear that the IL with the shortest alkyl chain (Emim Cl) altered the biomass structure by the greatest degree. The effect of the other ILs could not be clearly distinguished from the SEM images. The final IL structural trend investigated was that of anion hydrophobicity. As seen in Figures 1G–J, Mpim I, Bmin OTf, Bmin BF4, and Bmim PF6, exhibit increasingly hydrophobic behavior as the anion varies from I, through OTf − and BF4− to PF6− (Huddleston et al., 2001; Yee et al., 2013). None of these bulky or increasingly hydrophobic anions appeared to have any significant effect on the biomass crystallinity. In fact, Bmim BF4 and Bmim PF6 appear to be even more crystalline than the original biomass.

These observations have demonstrated that hydrophilic ILs exhibit better capability for dissolving biomass than hydrophobic ones, when altering either the cation or anion. Hydrogen bond basicity also appears to have a significant impact on IL effectiveness. Clear trends emerge when comparing the hydrogen-bond basicity (seen in Table 1) across the suite of ILs tested. The hydrogen bond basicity of Emim Ac is 0.95, which is slightly higher than Emim Cl (0.87) and much higher than Bmim PF6 (0.41), which is in the lowest part of range of ILs applied in this study and made material that appeared very crystalline. It is clear that the structure and components of the IL plays an important role in biomass dissolution by modulating the hydrophobicity/philicity and hydrogen-bond basicity of the IL.

The cellulose crystallinity, shown in the XRD spectrum of Figure 2, supports the visible changes seen with the SEM images. The XRD spectrum are color coded to denote the different aspects of the ILs in terms of altering the cation chain length or the anion hydrophobicity. The raw biomass spectrum can be seen in black while the most effective IL (with a short functional groups and hydrophilic anion, Emim Ac) can be seen in red. The ILs representing increasing cation hydrophobicity, and a constant Cl− anion, can be seen in blue progressing from Emim Cl, through Bmim Cl and Amim Cl to Bdim Cl.) The least effective ILs for biomass dissolution contained longer functional groups and hydrophobic anions. This can be seen in the green hued XRD spectra for Mpim I, Bmim OTf, Bmim BF4, and Bmim PF6. These XRD spectrum confirm that hydrophilic ILs with higher hydrogen bond basicity are more efficient in dissolving biomass than hydrophobic ILs.

Quantitative values for cellulose crystallinity for pine treated with nine different ionic liquids can be seen in Table 2. These values were calculated based on the method outlined by Segal et al. (1959). This analysis is based on evaluating the ratio of peak heights between the cellulose 002 peak (~22°) and the amorphous cellulose minimum (~18°). This method is useful for comparing differences between samples and is the most frequently used throughout the literature (at least in part due to the simplicity of use). However, this method has three shortcomings in its quantitative analysis as outlined by Park et al. (2010). These shortcoming include: (1) underestimation of the amorphous peak height (which leads to an overestimation of the CI), (2) contributions from crystalline cellulose, other than the 002 peak, are not accounted for, and (3) variation in peak width, which is also impacted by cellulose crystallinity, for the 002 peak is neglected. In terms of this work the Segal method can be used to compare differences by caution should be used when evaluating small differences in CI as they relate to enzymatic hydrolysis. The CI values in Table 2 show that crystallinity is reduced for the Cl− anion ionic liquids and generally increased for the hydrophobic ionic liquids except, interestingly, for treatment with Bmim PF6 where it appears that there was a slight decrease in crystallinity. However, it should be noted that a crystallinity index for the Emim Ac, Emim Cl, and Bmim Cl could not be effectively calculated because the amorphous region has been convoluted with the cellulose 002 peak. It should be noted that directly relating cellulose crystallinity to enzymatic hydrolysis yields can be difficult given that cellulose accessibility can also be influenced by lignin and hemicellulose content/distribution, porosity, and particle size.


Table 2. Crystallinity Index (CI) of pine treated with various ionic liquids.
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After examining the results of the SEM images and XRD patterns three ILs were selected for further reactivity characterization using enzymatic hydrolysis. The ILs used included Emim Ac, Emim Cl, and BmimPF6. Emim Ac and Emim Cl were selected to represent hydrophilic ILs because they showed the greatest overall amount of reduction in cellulose crystallinity and Bmim PF6 was chosen as representative of hydrophobic ILs due to a longer functional groups, a hydrophobic anion, and the lowest hydrogen-bond basicity. The results from the enzymatic hydrolysis study can be seen in Figure 3. As expected, the untreated pine released very little sugar (about 14% of the theoretical maximum) and the pine treated with Emim Ac and Emim Cl released significant amounts of sugar (73 and 52% respectively). Interestingly, the pine treated with Bmim PF6 actually became more recalcitrant and showed a decreased sugar yield (9%).

Results from SEM, XRD and enzymatic hydrolysis show that the most effective ionic liquids for biomass dissolution has three attributes: (1) fewer functional groups (as seen with the ethyl instead of butyl groups on Emim Cl vs. Bmim Cl and only one methyl group instead of two on Bmim Cl vs. Bdim Cl), (2) polar protic anions (as seen with the acetate anion compared with the chlorine anion for Emim Ac vs. Emim Cl, and (3) hydrophilic anions (as seen with the acetate and chlorine anions compared with BF4, PF6, and to a lesser degree the OTf). These characteristics are in accordance with other studies where ILs that have relatively small cations (Zavrel et al., 2009; Mäki-Arvela et al., 2010) and small hydrogen-bond acceptor anions, (Zhang et al., 2005) are often efficient in dissolving cellulose. After initial screening tests two ILs were selected for further study: Emim Ac because it was highly effective for biomass dissolution, and Bmim PF6 because of its' unique hydrophobic properties and to see if the decrease in sugar yields during enzymatic hydrolysis is consistent across many biomass types.

Comparison of Various Biomass Types Pretreated by Screened Ionic Liquids

SEM

The screened ILs, EminAc and BminPF6, were used to pretreat seven biomass samples including corn stover, miscanthus, pine, sorghum, sugar cane bagasse, switchgrass, and wheat straw. These samples were examined by SEM, XRD, compositional analysis, and enzymatic hydrolysis in order to elucidate the different effect of hydrophilic and hydrophobic IL on various biomass types. The results from the IL pretreatment of the seven biomass types with Emim Ac and BmimPF6 showed the same general trends as the pine sample. The SEM images for all of the IL treated biomass are shown in Figure 4 where the raw biomass is in the left hand column, biomass treated with Emim Ac is in the middle column, and biomass treated with BmimPF6 is in the right hand column. Untreated biomass shows a high degree of filamentous structure while Emim Ac treated biomass, for the most part, has a much more amorphous structure. Treatment with BmimPF6 appears to make the material more crystalline for all biomass types tested in this study.


[image: image]

FIGURE 4. SEM images of biomass that is untreated (left), treated with Emim Ac (middle), or treated with Bmim PF6 (right). Biomass types are corn stover (A), miscanthus (B), pine (C), sorghum (D), sugar cane bagasse (E), switchgrass (F), and wheat straw (G). The scale bar in each image is 50 μm.



XRD

XRD spectrums for all untreated biomass, biomass pretreated with Emim Ac, and biomass pretreated with BmimPF6 are presented in Figures 5A–C, respectively. Untreated biomass clearly exhibits a cellulose I peak in the 002 crystalline plane at 2Θ = 22.5°. Treatment with Emim Ac clearly shifts the main peak to 20.7° as cellulose I is transformed to cellulose II.(Sun et al., 2009) Interestingly, reacting higher ash biomass samples (lodgepole pine is low in ash) with BmimPF6 adds several new peaks to the XRD spectrum as seen in Figure 5C. These peaks are likely the result of the hexafluorophosphate anion complexing with ash species (like sodium and potassium; Huber et al., 1997) in the biomass samples (Wang et al., 2017) which eliminates the recovery of the ionic liquid for recycle and would severely limit the use of these types of IL anions for biomass pretreatment.


[image: image]

FIGURE 5. XRD of several biomass types before reaction (A) and after reaction with Emim Ac (B) or Bmim PF6 (C).



Crystallinity index data for the herbaceous biomass can be seen in Table 3. As expected, the cellulose crystallinity for material treated with Emim Ac could not be calculated due to a complete removal of the amorphous cellulose minimum so this data was not added to the table. Interestingly, the crystallinity as measured by the method of Segal et al. generally decreased for the Bmim PF6 samples. This indicates that an alternative method of measuring cellulose crystallinity would be useful in more carefully evaluating overall cellulose accessibility. Other potential methods include XRD peak deconvolution, and XRD based amorphous peak subtraction, and an NMR C4 peak subtraction method as outlined by Park et al. (2010).


Table 3. Crystallinity Index of herbaceous biomass types that are either untreated, or treated with Bmim PF6.
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Compositional Analysis of the Regenerated Biomass

The compositional analysis for the raw biomass, and the biomass after pretreatment with IL can be seen in Table 4. The changes in composition for the various biomass types can be generalized into two different groups. The first group comprises corn stover, miscanthus, sugarcane, switchgrass, and wheat straw. Interestingly, the second group contains pine and sorghum. General changes within these two groups, from the untreated case, is discussed for each type of ionic liquid.


Table 4. Compositional analysis of several raw and IL treated biomasses where the abbreviations are as follows: Cnst, corn stover; Misc, miscanthus; Pine, lodgepole pine; Srgm, sorghum; SugCn, sugarcane bagasse; Swgr, switchgrass; Wht Str, wheat straw.
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After treatment with BmimPF6 the first group of biomass showed an average decrease in glucan content of 31% with a standard deviation of 12%. Xylan content showed the same trend as glucan, but to a greater degree, and decreased by an average of 87 ± 12%. Given the large decreases in sugars after treatment with BmimPF6 it can be expected that the lignin content should increase, and in fact it does increase by an average of 108%. Treatment with Emim Ac produced results that were opposite from the BmimPF6. In this case the lignin decreased by an average of 43 ± 15% while the glucan and xylan increased by 19.0 ± 15 and 39 ± 16% respectively. These compositional changes are generally in line with what previous literature has seen for treatment with Emim Ac (Brandt et al., 2013).

For the second group of biomass types (pine and sorghum) the Emim Ac and Bmim PF6 showed similar trends. Both of these materials saw an increase (or very little change) in glucan, xylan, and lignin content that corresponds well with the loss of the extractive from the untreated biomass (which is often around 10% for sorghum and 5% for pine) (Inl, 2015). Sorghum has rarely been investigated in the literature and appears to be resistant to dissolution by Bmim Cl (though the authors of that study also saw an increase in lignin content) (Zhang et al., 2011). While somewhat speculative, it is possible that the recalcitrance of sorghum is related to high amounts of p-coumaric and ferulic acids associated with the cell walls creating cross linkages between the lignin and hemicellulose (Billa et al., 1997). The p-coumaric acid would contribute to the formation of the p-hydroxyphenyl (H) lignol and provide recalcitrance in much the same way that the high guaiacyl (G) to syringyl (S) ratio causes recalcitrance in softwoods (Brandt et al., 2013).

While glucan, xylan, and lignin are important components of biomass structure another influential, but lower wt%, component is ash content. It can be seen in Table 4 that the ash content of the biomass increased drastically for the majority of the samples treated with Bmim PF6. This increase in ash is concomitant with the new peaks appearing in the XRD data in Figure 5. These peaks are likely due to the fact that hydrophobic ILs exhibit a strong metal-complexing ability (Mehdi et al., 2010; Wang et al., 2017) which could lead to the hexafluorophosphate anion binding with the ash present in the biomass, resulting in an increased ash content by making complexes like potassium hexafluorophosphate (Huber et al., 1997). However, while this metal complexation is a detriment to biomass processing the effect could have useful applications in other areas, like the recovery of rare earth elements (Wang et al., 2017).

Overall it can be seen that for less recalcitrant biomass treatment with Emim Ac generally delignifies biomass and increases sugar content while treatment with BmimPF6 decreases sugars and increases lignin content. It has also been shown that sorghum is recalcitrant in much the same way as pine for treatment with both hydrophilic and hydrophobic ionic liquids. It was also shown that treatment with an IL that contains a metal complexing anion like PF6 will increase overall ash content by binding with ash species and eliminating the possibility of recovering the IL.

Enzymatic Hydrolysis of the Biomass

Past research has shown that biomass structure and cellulose crystallinity play an important role in the effectiveness of enzymatic saccharification, where material with a less ordered structure often has a higher sugar release (Li et al., 2010). This is because cellulose crystallinity, lignin content, and hemicellulose-lignin linkages all effect cell wall structure and altering these facets permits enzymatic access for hydrolysis. To investigate the effects of how much the altered structure of the biomass in this study would alter sugar release we performed enzymatic hydrolysis. This enzymatic hydrolysis was also compared to that of untreated biomass and a standard dilute acid pretreatment to assess the overall effectiveness of ionic liquid pretreatment. The enzymatic hydrolysis data for untreated, dilute acid treated, Bmim PF6 treated, and Emim Ac treated biomass can be seen in Figures 6A–D, respectively. Two points should be noted in this figure: (1) that the legend visible in panel C applies to all of the panels in the figure, and (2) that the theoretical maximum for the sugar yield is the sum of release glucan, xylan, and cellobiose based on the composition data of the pretreated material. If the composition of the untreated material was used in all cases (assuming that the act of pretreating the material reduces the accuracy of the compositional analysis) then the data presented in Figure 6 would change in the following ways: (1) the dilute acid pretreatment data would essentially remain the same, (2) the Bmim PF6 data would decrease in yield by about 50%, and (3) the Emim Ac data would increase in overall yield by about 20%.


[image: image]

FIGURE 6. Enzymatic hydrolysis data points (markers) and trends (lines) for raw biomass (A), dilute acid pretreated biomass (B), Bmin PF6 pretreated biomass (C), and Emin Ac pretreated biomass (D). The legend visible in (C) applies to all of the panels in the figure. Theoretical sugar yield is the sum of glucan, xylan, galactose, arabinose, mannose, and cellobiose released divided by the sugars in the pretreated material.



The data in Figure 6A indicates that the ability to release sugars from untreated biomass using enzymatic hydrolysis varies widely by biomass type. However, straight EH was more effective for corn stover and sorghum while being almost completely ineffective for lodgepole pine, miscanthus, and switchgrass. Dilute acid pretreatment on the other hand (panel B) is very consistent for herbaceous materials (including sorghum), yielding about 70% of the available sugars, while being almost completely ineffective for woody feedstocks like pine. Treatment with the hydrophobic ionic liquid Bmim PF6 (Figure 6C) actually reduces the amount the amount of sugar recovered from the biomass. This is particularly interesting given the fact that the cellulose crystallinity, as determined by the XRD spectrum, showed a reduction in cellulose crystallinity. Traditionally, a decrease in crystallinity is thought to be correlated with an increase in hydrolytic sugar release. However, this result contributes to the evidence that this trend does not always hold true (Park et al., 2010). It is possible that while the cellulose crystallinity has been disrupted the increase in apparent lignin content, as measured by the composition in Table 4, contributes to the resistance to enzymatic hydrolysis. Biomass pretreatment with Emim Ac (Figure 6D) shows significant potential across all biomass types (although the treatment seems to be highly variable compared with dilute acid). Perhaps most favorable aspect of IL pretreatment is the rapid sugar release kinetics. While the biomass treated with dilute acid continues to release sugar over the course of 3 days the Emim Ac treated material has reached the full sugar release in only 1 day (Figure 6). Shorter reaction time could reduce the size of the equipment needed which would improve mixing and heat transfer issues often associated with biomass processing. It is also worth noting that the Emim Ac treated biomass also had more sugars available, based on the compositional analysis, so the fact that it reached such high theoretical yields, in such a short time, is even more impressive. Overall, it appears that using IL as a pretreatment instead of dilute acid provides significant improvements in sugar release kinetics and modest improvements in sugar yield.

CONCLUSION

Pretreatment of pine, with a wide array of ionic liquids that contained varying cation and anion hydrophobicity, confirmed that hydrophilic ILs with polar protic anions work well for biomass deconstruction. The hydrophilic IL Emim Ac increases sugar content and decreases lignin content while the hydrophobic IL Bmim PF6 decreases sugar content and increases lignin content for most herbaceous feedstocks. Interestingly, sorghum behaves similar to pine in terms of recalcitrance to IL pretreatment with both feedstocks not undergoing a large shift in the sugar content to lignin ratio. For all biomass types, treatment with Bmim PF6 showed metal complexation with naturally occurring ash that increases the difficulty of IL recovery. In a three way comparison between hydrophilic IL, hydrophobic IL, and dilute acid pretreatment four conclusions can be drawn: (1) hydrophilic ILs exhibit sugar release rates that are three times faster than dilute acid, (2) total sugar release from hydrophilic IL treatment is highly variable, compared with dilute acid, but is better for recalcitrant feedstocks like pine, (3) hydrophilic ILs exhibit a slightly greater amount of cellulosic sugars release than dilute acid, and (4) hydrophobic ILs increase biomass recalcitrance which reduces sugar release.
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