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The efficiency of the enzymatic digestibility of certain lignocellulosic biomass has been observed as a function of their structural and chemical changes which in turn depends on the ionic liquid (IL) used as the pretreatment solvent. This study demonstrated and compared the feasibility of the IL pretreatment process for two woody biomasses, namely maple and aspen, using two mechanistically distinct ILs, i.e., 1-ethyl-3-methylimidazolium acetate (C2mim][OAc]) and cholinium lysinate ([Ch][Lys]) as the solvent. The pretreatment was performed at three different temperatures of 100°C, 140°C, and 160°C at a high solid loading of 25 wt% to understand the impact of lignin content and crystallinity index on enzymatic digestibility. Saccharification of the biomass obtained after the IL pretreatment afforded 30–85% glucan conversions. For aspen, both [C2mim][OAc] and [Ch][Lys] exhibited the highest glucan conversion at 140°C. For maple, the highest glucan conversion was obtained at 140°C with [C2mim][OAc], whereas [Ch][Lys] had an optimum glucan conversion at 160°C. These pretreatments resulted in negligible delignification irrespective of the IL used. A significant loss of crystallinity was observed for all [C2mim][OAc]-pretreated biomasses, whereas the pretreatment with [Ch][Lys] resulted in an increase in the crystallinity index.
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INTRODUCTION
The depletion of fossil resources and stricter environmental regulations, along with an increasing demand for renewable carbon-based fuels and chemicals, have led to the need to find alternatives such as human-inedible lignocellulosic biomass (Bastidas-Oyanedel and Schmidt, 2019; Wang et al., 2020). The use of clean and sustainable energy along with the promotion of decarbonization processes is driving the economic recovery in the energy sectors. For instance, according to the 2021 report on World Total Primary Energy Supply in 2019, biofuels and waste were a leading contributor (>9%) other than non-renewable energy sources (IEA 2021).
Lignocellulosic biomass comprising agricultural, forest, and herbaceous residues serves as a good source for carbon-neutral and renewable carbon resources. Nevertheless, owing to the structural complexity of the constituent cellulose, hemicellulose, and lignin, the facile utilization of biomass is challenging (Gibson, 2012). Among the various cutting-edge technologies developed to tackle the recalcitrance issues, pretreatment with ionic liquids (ILs, organic salts with a melting point below 100°C) has attracted significant attention (Usmani et al., 2020; Yao et al., 2021).
The properties of ILs including basicity and H-bonding ability can be tuned to dissolve, fractionate, and even convert the lignocellulosic components by changing the ion composition(s) (Yao et al., 2021). This ability of ILs makes them a powerful solvent for lignocellulose processing. For instance, imidazolium-based ILs with adequate basicity of the anion are reported to dissolve cellulose under mild conditions of time and temperature by disrupting the existing interunit H-bonds in cellulose and establishing new H-bonds with the polymer chain (Da Costa Lopes et al., 2018; Jian Sun et al., 2016, Shaoni Sun et al., 2016). However, the major concerns associated with the imidazolium ILs involve high cost, high viscosity, and limited compatibility with the downstream processes. The use of aqueous solutions of imidazolium ILs was suggested as a probable solution to the aforementioned issues. For a non-woody biomass pretreatment with an aqueous solution of 1-ethyl-3-methylimidazolium acetate ([C2mim][OAc]) and 1-butyl-3-methylimidazolium acetate ([C4mim][OAc]), no significant decrease in the pretreatment efficacy was observed with water content up to 40% (Perez-Pimienta et al., 2017).
The search for biocompatible ILs to facilitate a consolidated biomass processing, cholinium cations coupled with amino acid anions [e.g., cholinium lysinate (Ch)(Lys)] were introduced (Sun et al., 2014). This class of ILs was generally found to be less toxic to enzymes and microorganisms than the imidazolium ILs and had a high delignification ability at a higher biomass loading and lower temperatures (Perez-Pimienta et al., 2020; Sun et al., 2014, Jian Sun et al., 2016; Shaoni Sun et al., 2016).
In addition to the pretreatment solvents and efficient processes, the identification of appropriate bioenergy feedstock is equally important given the availability of a variety of lignocellulosic feedstock depending on the geographical location (White, 2010; Gelfand et al., 2020). In this regard, woody biomasses are promising candidates owing to their higher carbohydrate content, availability, abundance, and reduced logistic expenses including storage (Socha et al., 2013; Lauri et al., 2014; Das et al., 2021). Lauri et al. (2014) predicted that woody biomass, if utilized to its full potential, could provide up to 40% of the total global energy consumption in 2050. Nevertheless, woody biomass has a higher lignin content and higher cellulose crystallinity that further complicates the direct or facile utilization for energy (or chemical) applications. This necessitates the development of pretreatment processes to identify potential woody biomass feedstock for sustainable future biorefinery and energy applications.
In this work, we compared the feasibility of IL pretreatment processes for two woody biomasses, namely, maple and aspen, using two mechanistically distinct ILs i.e., [C2mim][OAc] and [Ch][Lys] (see Scheme 1) at different pretreatment temperatures. To the best of our knowledge, no reports exist in the literature studying the effect of temperature on the delignification and crystallinity of aspen and maple during their pretreatment with [C2mim][OAc] and [Ch][Lys]. Furthermore, saccharification of the pretreated biomass was evaluated as a measure of the pretreatment efficacy and understanding the potential of the woody biomass under study.
EXPERIMENTAL SECTION
Materials
All materials were used as supplied unless otherwise noted. Water was deionized, with a specific resistivity of 18 MΩ cm at 25°C, from Purelab Flex (ELGA, Woodridge, IL). Cholinium lysinate ([Ch][Lys]) was purchased from Proioincs GmbH (Grambach, Austria), while 1-ethyl-3-methylimidazolium acetate ([C2mim][OAc]) was procured from BASF (Ludwigshafen, Germany). Citric acid (ACS reagent ≥99.5%), sodium citrate tribasic dihydrate (ACS reagent, ≥99.0%), and sodium azide were obtained from Sigma-Aldrich (St. Louis, MO). Sulfuric acid (72% and 95–98%) was purchased from VWR. Ethanol (200 proof) was purchased from Decon Labs, Inc. (King of Prussia, PA). Sulfuric acid (72%) was procured from RICCA Chemical Company (Arlington, TX). J. T. Baker, Inc. (Phillipsburg, NJ) supplied hydrochloric acid. Analytical standard grade glucose and xylose were also obtained from Sigma-Aldrich (St. Louis, MO) and used for calibration.
The biomass studied here were aspen and maple, which were dried for 24 h in a 40°C oven. Subsequently, it was knife-milled with a 1 mm screen (Thomas-Wiley Model 4, Swedesboro, NJ). The resulting biomass was then placed in a leak-proof bag and stored in a dry cool place. The moisture content of the dried biomass was determined gravimetrically by subtracting the weight of the oven-dried biomass (105°C, overnight) and starting biomass. The content of extractives was determined using the protocol reported elsewhere (Mansfield et al., 2012).
Commercial cellulase (Cellic® CTec3, 1853 BHU-2-HS g−1, 1.212 g ml−1) and hemicellulase (Cellic® HTec3, 1760 FXU g−1, 1.210 g ml−1) mixtures were provided by Novozymes, North America (Franklinton, NC).
Compositional Analysis
All compositional analysis experiments were conducted in duplicate. The compositional analysis of the biomass before and after pretreatment was performed using the National Renewable Energy Laboratory (NREL) two-step acid hydrolysis protocols (LAP) LAP-002 and LAP-005 (Sluiter et al., 2011). Briefly, 300 mg of extractive-free biomass and 3 ml of 72% sulfuric acid (H2SO4) were incubated at 30°C while shaking at 200 rpm for 1 h. The solution was diluted to 4% H2SO4 with 84 ml of DI water and autoclaved at 121°C for 1 h. The reaction was quenched by cooling down the flasks before removing the solids by filtration using medium-porosity filtering crucibles. The filtrates were spectrophotometrically analyzed for the acid-soluble lignin or ASL (NanoDrop 2000; Thermo Fisher Scientific, Waltham, MA) using the absorbance at 240 nm. Additionally, monomeric sugars (glucose and xylose) were determined by HPLC using an Agilent 1200 series instrument equipped with a refractive index detector and a Bio-Rad Aminex HPX-87H column. An aqueous solution of H2SO4 (4 mM) was used as the mobile phase (0.6 ml min−1, column temperature 60°C) for the separation of products (total run time being 20 min). The amount of glucan and xylan was calculated from the glucose and xylose content multiplied by the anhydro correction factors of 162/180 and 132/150, respectively. Finally, acid-insoluble lignin was quantified gravimetrically from the solid after heating overnight at 105°C (the weight of acid-insoluble lignin and ash) and then at 575°C for at least 6 h (the weight of ash).
Biomass Pretreatment With [C2mim][OAc]
All pretreatment reactions were conducted in duplicate. Aspen or maple samples of 1 mm and [C2mim][OAc] were mixed in a 1:3 ratio (w/w) to afford a biomass loading of 25 wt% in a 38 ml capped glass pressure tube and pretreated for 3 h in an oil bath heated at 100, 140, and 160°C, respectively. After pretreatment, the samples were removed from the oil bath and allowed to cool. A measure of 10 ml DI water was slowly added to the biomass-IL slurry and mixed well. The mixture was transferred to 50 ml Falcon tubes and the pressure tubes were washed with additional water to obtain a total volume of 40 ml. The mixture was centrifuged at high speed (4000 rpm) to separate solids and remove any residual IL. The water-washed solid was freeze-dried to obtain dried pretreated biomass for further analysis.
Biomass Pretreatment With [Ch][Lys]
All pretreatment reactions were conducted in duplicate. The 1 mm aspen or maple samples, [Ch][Lys], and DI water were mixed in a 5:2:13 ratio (w/w) to afford a biomass loading of 25 wt% in a 38 ml capped glass pressure tube and pretreated for 3 h in an oil bath heated at 100, 140, and 160°C. After pretreatment, the samples were removed from the oil bath and allowed to cool. Then 10 ml DI water was slowly added to the biomass-IL slurry and mixed well. The mixture was transferred to 50 ml Falcon tubes and the pressure tubes were washed with additional water to obtain a total volume of 40 ml. The mixture was centrifuged at high speed (4000 rpm) to separate solids and remove any residual IL. The water-washed solid was freeze-dried to obtain dried pretreated biomass for further analysis.
Enzymatic Saccharification
All enzymatic saccharification was conducted in duplicate. Enzymatic saccharification of the pretreated biomass was carried out using commercially available enzymes, Cellic® CTec3 and HTec3 (9:1 v/v) from Novozymes, at 50°C in a rotary incubator (Enviro-Genie, Scientific Industries, Inc.). All the reactions were performed at 2.5 wt% biomass loading in a 15 ml glass tube. The pH of the mixture was adjusted to 5 with 50 mM sodium citrate buffer supplemented with 0.02% sodium azide to prevent microbial contamination. The total reaction volume included a total protein content of 10 mg per g biomass. The amount of sugar released was measured by HPLC as described previously.
Powder X-Ray Diffraction Analysis
The crystallinity index of untreated and pretreated biomass was analyzed using a PANalytical Empyrean X-ray diffractometer equipped with a PIXcel3D detector and operated at 45 kV and 40 mA using Cu Kα radiation (λ = 1.5418 Å). The diffraction patterns were collected in the 2θ range of 5–55° with a step size of 0.026° and an exposure time of 300 s. A reflection-transmission spinner was used as a sample holder and the spinning rate was set at 8 rpm throughout the experiment. The crystallinity index (CI) was determined from the crystalline and amorphous peak areas of the measured diffraction patterns using the following equation as reported previously (Park et al., 2010).
%CI = [(I002—Iam)/I002]*100, where I002 is the intensity of the crystalline plane (002) and Iam is the minimum between (002) and (101) peaks and is at about 18°.
RESULTS AND DISCUSSION
The composition of the two woody biomasses, namely, aspen and maple, were determined as per the NREL protocol and the results are summarized in Table 1. There were <7% extractives found to be present in both biomasses. Higher glucan content of 41.85% was found in aspen compared with that of 36.63% glucan in maple. On the other hand, the acid-insoluble lignin (or AIL) content was higher in maple amounting to 21.69% compared to 18.5% in aspen.
TABLE 1 | Compositions of the biomass employed in this study.
[image: Table 1]Solid Recovery and Composition
As described earlier, pretreatment is a critical step to enhance the accessibility of the cellulosic component of the biomass. In general, the effective pretreatment of woody biomasses with both [C2mim][OAc] and [Ch][Lys] has been reported at temperatures between 90 and 160°C, mostly with a time interval of 3 h to achieve high sugar yields (Sun et al., 2014; Yoo et al., 2017; Usmani et al., 2020; Das et al., 2021; Yao et al., 2021). The influence of the temperature was examined on the pretreatment efficacy of the ILs under investigation on aspen and maple as a function of solid recovery and biomass composition. In this study, we have chosen three pretreatment temperatures 100, 140, and 160°C, respectively. Although a higher temperature has been shown to favor delignification and thus a higher sugar yield, the stability of the IL at higher temperatures is always a subject to consider. It should be noted that we expect a small percentage of both [C2mim][OAc] and [Ch][Lys] to decompose when heated at 160°C for 3 h (Clough et al., 2013; Yao et al., 2021).
The glucan, xylan, and AIL content of aspen and maple before and after pretreatment with [C2mim][OAc] and [Ch][Lys] at 100, 140, and 160°C, respectively, for 3 h is tabulated in Table 2. While considering the amount of dried biomass recovered after pretreatment with ILs followed by washing (see Experimental Section for details), termed here as solid recovery, a significant impact of temperature was observed for [Ch][Lys]-based pretreatments. For both aspen and maple, a high solid recovery between 80 and 90% was afforded under all temperature conditions with [C2mim][OAc] and at 100 and 140°C with [Ch][Lys]. Only ∼67% solids were recovered after pretreatment of these woody biomasses with [Ch][Lys] at 160°C. In general, [C2mim][OAc] is reported to have a higher solid recovery for woody biomass irrespective of the temperature employed for the pretreatment (Torr et al., 2016), whereas [Ch][Lys] is reported to have lower solid recovery at higher pretreatment temperatures (Sun et al., 2014; Yao et al., 2021).
TABLE 2 | Compositional analysis of aspen and maple after IL pretreatments at different temperatures.
[image: Table 2]The carbohydrate (including glucan and xylan) and lignin amount of the IL-pretreated biomass was also determined to understand the impact of pretreatment as a function of IL and pretreatment temperature. Interestingly, the carbohydrate and lignin content was found to be similar to that of the untreated aspen and maple woody biomass. For aspen, the glucan, xylan, and AIL content were in the range of 36–45%, 13–15%, and 13–18%, respectively, compared with the 41.8, 15.3, and 18.5% glucan, xylan, and AIL content in untreated aspen. Similarly, untreated maple contained 36.6% glucan, 14% xylan, and 21.7% AIL, whereas the IL-pretreated samples were composed of 31–42% glucan, 10–16% xylan, and 17–23% AIL (see Table 2).
To realize the actual loss or removal of the holocellulosic or lignin component, the percentage removal of each component was also calculated as follows:
[image: image]
Although the carbohydrate and lignin content were similar for the untreated and IL-pretreated biomasses, the inclusion of solid recovery into the calculation in the form of percentage removal highlighted the differences between the efficacies of the pretreatment. In general, a higher loss of glucan, xylan, and AIL was observed at 160°C. Overall, [C2mim][OAc] pretreatment resulted in higher loss of glucan (up to 27%) and xylan (up to 36%), whereas [Ch][Lys] removed up to 47% AIL from maple wood. On the contrary, in the case of aspen, [Ch][Lys] pretreatment resulted in the maximum loss of glucan (28.8%), xylan (33.1%), and AIL (49.8%). These result of higher lignin removal by [Ch][Lys] in comparison to the [C2mim][OAc] was consistent with the previous reports (Sun et al., 2014; Usmani et al., 2020; Yao et al., 2021). It should be noted that [C2mim][OAc] was reported to dissolve higher amounts of lignin compared with [Ch][Lys], but the use of water (anti-solvent) to remove the IL crashes out the soluble biopolymers in the solution in the case of [C2mim][OAc]. On the other hand, [Ch][Lys] with a higher pKa value than [C2mim][OAc] results in higher removal of lignin from the slurry when washed with water.
Saccharification of the Pretreated Residues
To further elucidate the impact of IL pretreatment on the woody biomass, the glucan, and xylan digestibility was measured using commercial enzyme cocktails (Novozymes Cellic CTec3 and HTec3) as shown in Figure 1. The saccharification of the pretreated biomass was carried out at a protein loading of 10 mg per g of biomass at 50°C for 72 h.
[image: Figure 1]FIGURE 1 | Sugar yields from (A) aspen and (B) maple after IL pretreatments at different temperatures. Glucose (dark gray bars) and xylose (light gray bars). The percentage of lignin removal is shown in black closed circles.
Among [C2mim][OAc]- and [Ch][Lys]-based pretreatments, [C2mim][OAc] pretreatment enhanced the glucan digestibility and hence, glucose yields. Interestingly, the pretreatment of aspen at 160°C was not favorable for higher sugar release for both ILs under study (Figure 1A). The yields of glucose after pretreatment with [C2mim][OAc] was in the following order: 140°C (82.7%) > 100°C (63.9%) > 160°C (56.6%). However, the glucan digestibility after [Ch][Lys] pretreatment of aspen follows the order: 140°C (70.9%) > 160°C (50.2%) > 100°C (34.4%).
In the case of maple (Figure 1B), the highest glucose yield, that is 78.2%, was achieved at 140°C after the pretreatment with [C2mim][OAc] and the order of the glucose yields could be summarized as 140°C (78.2%) > 160°C (76.4%) > 100°C (53%). Switching the pretreatment solvent from [C2mim][OAc] to [Ch][Lys] demanded a higher temperature to release sugar from the pretreated biomass, 160°C (56.4%) > 140°C (49.6%) > 100°C (46.7%).
Because lignin is considered to limit cellulose accessibility, delignification (or lignin removal) is the most common strategy to improve cellulose accessibility. Consequently, the amount of lignin removal was plotted against the sugar yield, however, no significant relationship was derived from the plots. This indicated that factors other than lignin removal govern the saccharification of the woody biomass.
Xylose yields were also observed to have a trend similar to glucose yields and were in the range of 27–62%. For both [C2mim][OAc] and [Ch][Lys]-pretreated aspen solids, maximum xylose yields were attained at 140°C (Figure 1A). For maple (Figure 1B), 140°C was found to be optimal for maximum xylose when pretreated with [C2mim][OAc], whereas pretreatment with [Ch][Lys] was more effective at 160°C.
Crystallinity of the Pretreated Residues
A majority of the effort in the lignocellulosic pretreatment has been made to disrupt the crystallinity of cellulose and enhance the accessibility for an accelerated conversion (Park et al., 2010; Karimi and Taherzadeh 2016; Baruah et al., 2018; Pena et al., 2019; Usmani et al., 2020). PXRD patterns were recorded for untreated and IL-pretreated biomass to determine the crystalline (cellulose forms and the degree of crystallinity) and non-crystalline components (amorphous cellulose, hemicellulose, and lignin). A change in the crystallinity index is an indication of structural changes, however, the crystallinity of the overall biomass depends on both 1) amount of crystalline cellulose dissolved and precipitated during biomass pretreatment, and 2) loss of non-crystalline components during washing of the pretreatment solvent (IL in the present study).
PXRD patterns of untreated and IL-pretreated woody biomass were plotted as shown in Figure 2. As shown in Figures 2A,C, [C2mim][OAc]-pretreated woody biomass was highly amorphous after the IL-pretreatment. This could be explained based on the H-bond disruption ability of [C2mim][OAc] to swell and/or dissolve cellulose in the lignocellulosic biomass (Swatloski et al., 2002). Typically, for any given biomass, maxima at 2θ = ∼16° is assigned to the (101) plane of the cellulose I form, while the dominant (002) plane of cellulose II form is observed at 2θ = ∼22°. Pretreatment with [C2mim][OAc] resulted in the disappearance of the (101) plane with an increase in the pretreatment temperature resulting in a broad peak around 2θ = 20°. These patterns are clearly different from the untreated biomass and indicate the disruption of interunit H-bonding in crystalline cellulose of woody biomass.
[image: Figure 2]FIGURE 2 | PXRD patterns of aspen (top; (A,B)) and maple (bottom; (C,D)) in the presence of [C2mim][OAc] (left; (A,C)) and [Ch][Lys] (right; (B,D)). (A) Untreated biomass and pretreatment at (B) 100°C, (C) 140°C, and (D) 160°C.
On the other hand, [Ch][Lys]-pretreated samples (Figures 2B,D) were less amorphous compared with the untreated biomass accounted for by the loss of non-crystalline components. The peak for the crystalline component (002) plane of cellulose II increased in intensity with the increase in temperature suggesting a decrease in the non-crystalline components from the woody biomass. This agreed with the compositional data of the IL-pretreated woody biomass shown in Table 2.
The crystallinity index of untreated and pretreated biomass was calculated as reported previously (Park et al., 2010) and plotted as shown in Figure 3. The crystallinity index of the untreated and IL pretreated maple was in the following order: [Ch][Lys]/160°C (57.5%) ∼ [Ch][Lys]/140°C (58.3%) > [Ch][Lys]/100°C (55.8%) > untreated maple (47.7%) > [C2mim][OAc]/100°C (34.7%) >> [C2mim][OAc]/140°C (19.1%) > [C2mim][OAc]/160°C (13.9%). Similar to this trend, the crystallinity index of untreated and pretreated aspen was in the following order: [Ch][Lys]/160°C (62.1%) ∼ [Ch][Lys]/140°C (61.7%) > [Ch][Lys]/100°C (60.2%) > untreated aspen (55.8%) > [C2mim][OAc]/100°C (34.3%) >> [C2mim][OAc]/140°C (20.2%) > [C2mim][OAc]/160°C (16.9%).
[image: Figure 3]FIGURE 3 | Crystallinity index of biomass pretreated with [C2mim][OAc] and [Ch][Lys] at different temperatures. Maple pretreated with [C2mim][OAc] (black squares), maple pretreated with [Ch][Lys] (dark gray triangles), aspen pretreated with [Ch][Lys] (gray circles), and aspen pretreated with [C2mim][OAc] (light gray diamonds).
[image: Scheme 1]SCHEME 1 | Chemical structures of (A) 1-ethyl-3-methylimidazolium acetate ([C2mim][OAc]) and (B) Cholinium lysinate ([Ch][Lys]).
CONCLUSION
In summary, the pretreatment efficacy of two woody biomass (aspen and maple) with two distinct ILs ([C2mim][OAc] and [Ch][Lys]) was compared at three different temperatures. Pretreatment with [C2mim][OAc] afforded the highest sugar yields for both aspen and maple. At 140°C, 82.7% glucose and 62.1% xylose were released from aspen, whereas 78.2% glucose and 54% xylose yields were obtained. The comparisons of the IL at different temperatures suggested aspen to be the better source as an energy crop owing to the sugar release efficacy even with diluted [Ch][Lys]. Based on the compositional data, negligible delignification was observed for all pretreatment conditions other than the biomass pretreated with [Ch][Lys] at 160°C. In agreement with previous reports, pretreatment with [C2mim][OAc] resulted in reduced crystallinity due to the swelling/dissolution of crystalline cellulose, whereas the pretreatment with [Ch][Lys] removed non-crystalline components from the biomass, enhancing the overall crystallinity of the biomass sample.
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