

  energies-10-00263




energies-10-00263







Energies 2017, 10(3), 263; doi:10.3390/en10030263




Article



High-Titer Methane from Organosolv-Pretreated Spruce and Birch



Leonidas Matsakas *, Christos Nitsos, Dimitrij Vörös, Ulrika Rova and Paul Christakopoulos *





Biochemical Process Engineering, Division of Chemical Engineering, Department of Civil, Environmental and Natural Resources Engineering, Luleå University of Technology, SE-971 87 Luleå, Sweden









*



Correspondence: Tel.: +46-920-493-043 (L.M.); +46-920-492-510 (P.C.)







Academic Editor: Witold Kwapinski



Received: 25 January 2017 / Accepted: 17 February 2017 / Published: 23 February 2017



Abstract

:

The negative impact of fossil fuels and the increased demand for renewable energy sources has led to the use of novel raw material sources. Lignocellulosic biomass could serve as a possible raw material for anaerobic digestion and production of biogas. This work is aimed at using forest biomass, both softwood (spruce) and hardwood (birch), as a raw material for anaerobic digestion. We examined the effect of different operational conditions for the organosolv pretreatment (ethanol content, duration of treatment, and addition of acid catalyst) on the methane yield. In addition, we investigated the effect of addition of cellulolytic enzymes during the digestion. We found that inclusion of an acid catalyst during organosolv pretreatment improved the yields from spruce, but it did not affect the yields from birch. Shorter duration of treatment was advantageous with both materials. Methane yields from spruce were higher with lower ethanol content whereas higher ethanol content was more beneficial for birch. The highest yields obtained were 185 mL CH4/g VS from spruce and 259.9 mL CH4/g VS from birch. Addition of cellulolytic enzymes improved these yields to 266.6 mL CH4/g VS and 284.2 mL CH4/g VS, respectively.
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1. Introduction


From the beginning of the industrial revolution, fossil fuels such as crude oil, coal, and gas were the main source of energy for transportation and for economic growth [1,2]. As has been stated previously, “the world’s energy market worth around 1.5 trillion dollars is still dominated by fossil fuels” [3] and according to the International Energy Agency (IEA), fossil fuels provide more than 81% of the world’s energy [4]. According to the same report, combustible biomass and waste contribute 10.3%, nuclear energy contributes 4.8%, and hydro-power contributes 2.4% to global energy [4]. During the last years, many studies have been conducted on the longevity of fossil fuels, and have indicated an imminent shortage of them [5]. With the consumption of fossil fuels still being on the increase, the next issue will be the rising price of these fuels [5,6]. Apart from the economic challenges involved, the use of fossil fuels also has an important negative effect on the environment. The impact of fossil fuels can be distinguished at the local, regional, and global level [3]. On a local level, fuel combustion pollutes urban air, which causes thousands of deaths annually around the world. At the regional level, the acidification that occurs from precursors of acid deposition from combustions, thousands of kilometres from their origin, can damage nature, crops, and buildings. At the global level, the release of carbon dioxide and other gases into the atmosphere results in the so-called “greenhouse effect” [3].



It is apparent that in order to avoid these negative effects, replacement of fossil fuels with renewable energy is an important priority. One of the solutions is the development of biofuels from renewable materials. Biofuels can be divided into three categories: solid (e.g., bio-char), liquid (e.g., biodiesel, ethanol, and vegetable oil), and gaseous (e.g., biohydrogen, biogas, and biosyngas) [1].



Biogas is a gaseous biofuel and it is one of the most versatile sources of renewable energy, which can be used for power and heat production and also as a fuel for vehicles [7]. It mostly consists of carbon dioxide (CO2) and methane (CH4), together with small amounts of other gases [8,9]. The CO2:CH4 ratio governs the energy efficiency of the biogas, which is between 18,630 and 26,081 kJ/m3 approximately [8]. Biogas can be produced on demand and its storage is relatively easy. The distribution of biogas can be done through the natural gas infrastructure that already exists. Moreover, the digested material, the so-called digestate, can be used as a biofertilizer in agriculture [10]. Production of biogas through anaerobic digestion is one of the most energy-efficient and environmentally beneficial technologies [7]. Anaerobic digestion is a complex biochemical process whereby a variety of anaerobic microorganisms that work synergistically in the absence of oxygen convert organic material into biogas. Anaerobic digestion can be divided into several steps: hydrolysis, acidogenesis, acetogenesis, and methanogenesis [11]. Different raw materials can be used for biogas production; these include organic wastes from households and the food industry, lignocellulosic material, animal manure, and wastewater sludge [12,13].



Lignocellulosic biomass is a widely available renewable raw material, rich in complex carbohydrates (55%–75% dry basis), and as such a suitable feedstock for bioenergy production [14]. Lignocellulosic biomass mainly consists of cellulose, hemicellulose, lignin, extractives, and inorganic materials [15] and its composition varies depending on the lignocellulosic species and origin [16]. Lignocellulose can be found in agricultural and wood residues, municipal solid waste, animal manure and dedicated energy crops [15,16].



From the above-mentioned sources of lignocellulose, wood sources have been the least examined in the literature even though they are very important—especially for countries with high volumes of forests, such as the Nordic countries. In Sweden, forest-based industry plays a very vital role in the national economy and it is currently under economic pressure, which would make the use of waste and by-products in the production of methane an important source of extra income. Depending on its structure, wood falls into two categories: hardwood and softwood. Softwoods contain around 40%–45% cellulose, 25%–29% hemicellulose, and 30%–60% lignin, with the hemicelluloses being mainly glucomannans. Hardwoods contain 25%–40% hemicellulose, 45%–47% cellulose, and 20%–25% lignin, with xylan being the main component of the hemicellulose [17]. Apart from differences in the chemical composition of hemicellulose, differences also occur in the lignins of the two species, with the softwood lignin consisting mainly of guaiacyl units, and hardwood lignin containing a mixture of guaiacyl and syringyl units [15]. The complex structure of lignocellulosic material makes it difficult to hydrolyze. The main factors that affect the hydrolysis of cellulose are: the crystallinity of cellulose, the amount of accessible surface area, the degree of cellulose polymerization, the amount of lignin and hemicellulose, and the degree of acetylation of hemicelluloses [13,18]. These factors have a negative effect on enzymatic hydrolysis, and to achieve efficient biodegradation and biogas production, a pretreatment step is required [15,19]. The purpose of pretreatment is to change the size and structure of lignocellulose, as well as the chemical composition, thus making the hydrolysis of carbohydrates to monomeric sugars more efficient and giving higher sugar yield and productivity [20]. During the pretreatment, different modifications of the structure of lignocellulose can occur, such as removal or modification of lignin, removal of hemicellulose, a reduction in the crystallinity and in the degree of polymerization, and an increase in pore volume [21]. There are several pretreatment processes available, and these fall into four categories: physical pretreatment, physicochemical pretreatment, chemical pretreatment, and biological pretreatment [22,23]. Different pretreatment methods were examined for obtaining methane from wood biomass, such as the use of steam explosion [24,25,26,27,28], supercritical water [29], ionic liquids [28,30,31], biological pretreatment [25], and organosolv [32,33].



Organosolv pretreatment is based on using organic or aqueous-organic solvents and cooking of lignocellulosic material at higher temperatures (100–250 °C) [34]. Lignocellulose is separated into its main fractions, with lignin and hemicellulose being dissolved, leaving cellulose in the solid phase [35]. A higher rate of delignification and higher yields of hemicellulose solubilization can be obtained when acid catalysts are added [36]. One important advantage of the process is the ability to recover the organic solvent by distillation and to reuse it again for pretreatment [35]. Many solvents have been used in organosolv pretreatment, such as methanol, ethanol, acetone, high-boiling-point alcohols, and organic acids [37]. Methanol and ethanol are often used as solvents for organosolv pretreatment, due to their low cost and their low boiling points, which makes the recovery of the solvent by distillation easier—with a lower energy requirement [35]. Kabir et al. [32] tested three different organic solvents (ethanol, methanol, and acetic acid) for pretreatment of forest residues. They obtained high yields of methane when acetic acid and ethanol were used rather than methanol. During the techno-economic evaluation that they performed, they found that treatment with methanol was more financially viable due to its lower cost. However, methanol is more toxic and flammable than ethanol [38]. Although organosolv can be used for efficient pretreatment of both softwood and hardwood biomass, it can also lead to the generation of inhibitory compounds such as furfural and HMF, produce low yields of hemicellulosic sugars, and could be regarded as an expensive method [39].



In this work, we investigated the use of two kinds of forest biomass, softwood (spruce) and hardwood (birch), as raw material for anaerobic digestion after subjecting them to different operational conditions for organosolv pretreatment. More specifically, the current work is a part of a broader project where the operational conditionals of organosolv are optimized to effectively fractionate hardwood and softwood biomass into lignin, cellulose and hemicellulose fractions; with the lignin and hemicellulose fraction to be further used for other processes. These processes can involve the conversion of lignin to advanced carbon materials [40], and conversion of hemicellulosic sugars through chemical of biochemical routes to value added chemicals such as furfural, furans, butanediol, ethanol and polymer intermediates [41,42]. The cellulose-rich solid fraction is evaluated as raw material for methane production through anaerobic digestion.




2. Results and Discussion


2.1. Effect of Organosolv Pretreatment on Enzymatic Hydrolysis


As it was previously discussed, lignocellulose is a very stable and complex structure, which makes it resistant to enzymatic saccharification [43]. To make cellulose more susceptible to enzymatic hydrolysis to its constituent sugars, a pretreatment stage is required. Vivekanand et al. [44] tested the effect of different steam explosion parameters on the enzymatic hydrolysis of birch. The glucose concentration after 24-h enzymatic hydrolysis trials increased until a severity factor of 4.5, but treatment at higher severity did not increase glucose concentrations any further. On the contrary, the highest severities tested even led to a reduction in glucose concentration. According to the authors, one possible reason for this finding may be the modification of the lignin and the formation of pseudo-lignin, which inhibits the action of the enzymes on cellulose. Kang et al. [45] also tested different severities of SO2-catalyzed steam explosion on the digestibility of softwood biomass (Loblolly pine). They showed that with increasing severity of pretreatment, non-selective degradation of carbohydrates occurs. Pretreatment with the highest severity resulted in the lowest glucan content, due to the unspecifically hydrolyzed cellulose.



In the current work, we evaluated the effects of different parameters of organosolv pretreatment on the release of sugars after enzymatic hydrolysis for 24 h and 48 h. These parameters varied regarding the duration of the pretreatment, the concentration of ethanol, and the addition of sulfuric acid as a catalyst. The different conditions that were examined resulted in varied severities of pretreatment, and to be able to compare the different treatment combinations, the combined severity factor (CSF) was calculated according to the following equation:


CSF = log (texp[T − TR/14.75]) − pH



(1)




where t is the reaction time (min), T is the pretreatment temperature (°C) and TR is a reference temperature (100 °C) [21]. The values of CSF for the treatment combinations varied between −0.21 and 1.84.



For spruce biomass, we observed that with increasing severity, the concentration of sugars after 48 h of hydrolysis steadily increased up to a CSF value of 1.61 (Figure 1a). Higher severities resulted in a decrease in the concentration of sugars released. Moreover, hemicellulosic sugars (xylose and mannose) were only detected in the lower range of CSF (for values between −0.21 and 0.33). The highest amount of sugars released was obtained for the material treated for 60 min with 60% ethanol and acid catalyst (CSF 1.61), and this can be attributed to the high cellulose content of the material, which reached 69.1% w/w and was the highest among all the materials used in this work [46]. The duration of the enzymatic hydrolysis did not significantly affect the release of sugars, as all the materials (except the one treated at a CSF of 1.61) reached the highest sugar concentration after 24 h of hydrolysis, and prolonging hydrolysis to 48 h did not have a significant effect. In contrast, spruce treated at a CSF of 1.61 continued to be hydrolyzed up to 48 h, and this was probably due to the high cellulose content.



For the birch biomass, there was a clear trend of an increase in sugar release after 24 h of hydrolysis up to a CSF of 1.68, and for higher severities the concentration of the sugars decreased (Figure 1b). When the enzymatic hydrolysis was prolonged to 48 h, the sugar concentration increased up to a CSF value of 0.33; for higher CSF values, the concentration of the sugars was less. This decrease in the concentration of total sugars was due to the fact that no xylose was detected for materials treated at CSF 1.61 and higher. On the other hand, the glucose concentration was stable for CSF 0.15 and higher (Figure 1b). Moreover, it can be noted that for materials treated without any acid catalyst (CSF values between −0.21 and 0.33), prolongation of enzymatic hydrolysis to 48 h was important, whereas for the materials treated with acid (CSF values between 1.61 and 1.84), most of the sugars were released during the first 24 h of hydrolysis. This indicates that although the glucose concentration was not affected by the severity of the treatment, the productivity of glucose release was higher under more severe conditions.



During this study, we observed that when we increased the CSF, the enzymatic digestibility of cellulose also increased in both materials (Figure 2). In both, there was a strong positive correlation between CSF and enzymatic digestion; with the spruce showing a slightly higher positive effect of increasing the CSF. The greatest amount of saccharification of cellulose for birch and spruce was 63% and 28.9%, respectively. This high conversion of cellulose to glucose makes the materials promising feedstock for microbial conversion processes. Regardless of the CSF, birch generally had higher cellulose conversion yields than spruce. This is a result of the difference in structure between hardwoods and softwoods: the softwoods have harder material, and more severe conditions are necessary to break them down.



It was also evident that addition of the acid catalyst generally improved the enzymatic digestibility of both spruce and birch (the values with the highest CSF correspond to the pretreatment with the addition of acid catalyst). Addition of an acid catalyst during organosolv pretreatment of lignocellulosic biomass with ethanol is commonly used to enhance enzyme accessibility. For example, Pan et al. [47] used an acid-ethanol pretreatment of lodgepole pine, which resulted in a conversion of 93%–97% of the cellulose to glucose. Of the different options of acid catalysts, sulfuric acid is the most frequently used one because of its strong reactivity and high efficiency [47,48], and it has been used in numerous feedstocks [21]. Park et al. [49] evaluated three different types of catalysts (sulfuric acid, magnesium chloride, and sodium hydroxide) for organosolv pretreatment of pitch pine, followed by a digestibility assay of the pretreated material. With 1% sulfuric acid, the digestibility was approximately 55%–60% and with 1% magnesium chloride the digestibility was almost 60%. Pretreatment with 1% sodium hydroxide had no effect on the digestibility, which, however, improved to 85% when the concentration of the sodium hydroxide was increased to 2%.




2.2. Effect of Pretreatment Time on Methane Yield


As previously discussed, the aim of this work was to evaluate the effect of organosolv pretreatment conditions on the methane yield. Pretreatment duration plays a crucial role in the pretreatment, and increasing the treatment duration can improve the digestibility of the biomass. In addition, a prolonged duration of treatment can result in decomposition of the biomass and loss of sugars, and also generation of inhibitory compounds. To investigate the effect of duration of pretreatment, the materials were treated for 60 min and for 103 min in the presence or absence of acid catalyst, as previously reported [46].



For spruce biomass, we found that with prolongation of the duration from 60 min to 103 min, the methane yields were reduced—both with and without addition of the acid catalyst (Figure 3a). This decrease was between 26.1% and 75.5%, the highest decrease being observed in the presence of the acid. With prolongation of the pretreatment time an increase in the hydrolysis of carbohydrates into monomeric pentose and hexose sugars, is achieved [46]. When the treatment conditions become more severe, these sugars can be degraded into different inhibitors (e.g., furfural, hydroxymethyfurfural, formic acid, or levulinic acid) that might negatively affect the microorganisms during anaerobic digestion. However, as the materials were thoroughly washed after the pretreatment, the inhibitors generated during the pretreatment were removed from the solid fraction. As only the solid fraction was used for the digestion, no inhibitors were present, indicating that it is not possible that the decrease in the methane yield could be attributed to the presence of inhibitors during the digestion. The negative impact of increased pretreatment time on methane yield can be associated with the degradation of the substrate and the loss of sugars. Another possible reason is the modification of lignin and the formation of pseudolignin on the biomass surface [44]. Moreover, in the presence of the acid catalyst, the lignin concentration increased from 31.7% w/w to 37.8% w/w [46] when the duration of pretreatment was increased, and this increase in lignin content could affect the methane yield, as lignin “protects” the cellulose from microbial attacks. Moreover, cellulases tend to become irreversibly adsorbed to lignin, reducing their adsorption to cellulose [50,51]. The fact that a shorter duration of treatment resulted in a higher methane yield is more favorable for industrial application, as less energy is required to treat the material, thus reducing costs. We also noted that introduction of the acidic catalyst in the pretreatment lead to an increase of the methane yields by 8.4–25.3 times compared to the non-catalytically pretreated samples. This positive effect is the result of the improved hemicellulose removal that is achieved by the introduction of the acid catalyst [46] that increases the accessibility of the biomass to enzymes and microorganisms. This was also evidenced by the higher biomass solubilization during the pretreatment experiments with an increase from 25%–30% to 50%–55% when the acid catalyst was included [46]. The highest yield of methane obtained during this part of the work was 185 mL CH4/g VS; which in comparison with the biogas production from hydrothermally treated spruce without the use of enzymes [52], the biogas production yield from organosolv treated spruce was between approximately 26% and 94% higher (depending on the severity of the hydrothermally treated spruce).



Finally, the effect of cellulolytic enzymes during the anaerobic digestion was also evaluated. The methane yield obtained from spruce pretreated with additional enzyme was higher comparing to when no enzyme was added; this positive effect was observed in all treatment combinations (i.e., higher by a factor of between 1.1 and 12 times) (Figure 3a). This improvement was more pronounced when spruce was treated for 103 min, especially in the absence of the acid catalyst. The highest methane yield was obtained from the spruce pretreated at 60 min in the presence of catalyst and enzymes, and reached 207.7 mL CH4/g VS (approximately 12% higher than for the digestion without enzymes). The improvement in methane yields when cellulolytic enzymes were included can be attributed to the fact that the enzymes lead to better solubilization of cellulose. The hydrolysis of carbohydrates to monomeric sugars is considered to be the rate-limiting step in anaerobic digestion [13,52]. The same positive effect of enzymes on methane yields was also found in our previous work with hydrothermally pretreated spruce [52], and in some other studies in the literature. For example, Sonakya et al. [53] used wheat grain and treated it with Tizyme Trizyme? (a mixture of cellulase, α-amylase, and protease) prior the anaerobic digestion, which improved the methane yield by 7%–14%. Antonopoulou and Lyberatos [54] also showed an increase in carbohydrate solubilization and in turn, an increase in methane yield, when they used sweet sorghum as a substrate.



Similar trends to those with spruce could also be observed in birch, although the negative effect of a prolonged duration of treatment was not as apparent as with spruce. Increase in treatment time from 60 min to 103 min decreased the methane yield by 9.5% when the acid catalyst was not included (Figure 3b). On the other hand, an increase of approximately 18.4% is observed when birch was treated for 103 min with sulfuric acid. Even though prolonged treatment reduced the methane yields when the catalyst was not included, for both biomass types, the decrease was more pronounced in the case of spruce. The addition of acid catalyst improved the methane yield by approximately 19% when the material was treated for 103 min. In the material that was treated for 60 min, use of the catalyst resulted in a small reduction in the methane yield, of 8.6%.



Finally, the use of cellulolytic enzymes improved the methane yield, both for the 60-min pretreatment and for the 103-min pretreatment, with an improvement ranging between 9.1% and 16.8% (with only the material treated without acid catalyst for 103 min resulting in a minor decrease in methane yield) (Figure 3b). One important observation was that under all the conditions tested, the methane yield from birch was not significantly different between the different treatment conditions. This indicates that the conditions used were already severe enough for the efficient conversion of birch into methane, even at lower CSF values. The highest yield obtained from birch was 284.2 mL/g VS. This yield was close to that obtained in our previous study (305 mL CH4/g VS) from birch that was given hydothermal pretreatment with additional SO2 as a catalyst and cellulolytic enzymes [52]. One major difference was that during our previous work, the whole pretreated slurry was used, which also contained sugars from hemicellulose, whereas in the current work only the cellulose-rich fiber fraction of the pretreatment was used. The reason for using only the fiber fraction, lays in the fact that the lignin and hemicellulose fraction, which are recovered as separate fraction during organosolv pretreatment, can be further utilized in other process. That is also the main benefit of the organosolv pretreatment in comparison with other traditional pretreatment techniques, as it allows the recovery of the different fraction and their separate use in various processes.



When we compared birch and spruce, the methane obtained from birch was higher under all the treatment conditions, with the methane yield ranging from 18% to 98% higher. For both materials, the shorter treatment duration (60 min) was more beneficial for higher methane yield and the highest yields were obtained in the presence of both acid catalyst and enzymes.




2.3. Effect of Ethanol Content on Methane Yield


After evaluating the effect of duration of pretreatment on the methane yield, we examined the effect of ethanol concentration on methane yield. Ethanol concentration is an important factor during organosolv pretreatments, and it has been shown to affect both the delignification and the fragmentation of the lignin obtained. When using low ethanol concentration, acid-catalyzed cleavage of α- and β-ether linkages in the lignin resulted in the production of lignin fragments of smaller molecular weight that were soluble [38]. On the other hand, when higher ethanol concentrations were used, solubilization of lignin itself was also increased without the need for fragmentation [38]. Pan et al. [47] also observed that at low ethanol concentrations, acid-catalyzed cleavage of lignin was promoted whereas higher ethanol concentrations enhanced dissolution of depolymerized lignin fragments. In the materials used in the present work, we generally observed that increase in ethanol from 50% to 60% resulted in higher solubilization of lignin and, in turn, lower lignin content [46].



Although the lignin content of the spruce pretreated with 60% ethanol was lower than in spruce pretreated with 50% ethanol, the methane yields obtained from these materials were the same (Figure 4a), with a minor decrease in the material treated with acid catalyst and a minor increase in the material with no acid catalyst. This could be attributed to the fact that although the major effect of ethanol during pretreatment was removal of lignin and hemicellulose, it also had a (non-uniform) effect on cellulose and could sometimes result in more recalcitrant cellulose [55,56,57].



It was again found that adding catalyst during the pretreatment significantly increased the methane yield, by a factor of 4.3–8.4 times, with the highest positive effect being observed when 50% ethanol was used (Figure 4a). Finally, addition of enzymes during anaerobic digestion improved methane yield under every set of conditions, increasing the methane yield by 11% to 54%. We also found that when enzymes were included, the materials that were treated with the higher ethanol concentration gave higher methane yields. This was even more apparent in the spruce treated with a combination of ethanol and acid catalyst, which was probably a result of the increased cellulose content of this material with 60% ethanol (69% w/w) relative to the one treated with 50% ethanol (56% w/w) [46]. Although this positive effect on methane yield was not observed without the use of enzymes (in which case the methane yields were similar), it appears that the presence of enzymes facilitated the hydrolysis of the more recalcitrant cellulose to glucose, which in turn was converted to methane. The highest yield obtained for spruce during the current work was 245.5 mL CH4/g VS (Figure 4a) which is higher than other yields from obtained fiber fractions reported in the literature, such as fiber fraction from steam refining with SO2 which demonstrated a biogas yield of 200 mL/g (organic dry matter) [58]. One should also take into account that this is the total biogas yield and the expected methane content is normally around 60% so the difference in the methane yield is even higher. Other methods of pretreatment such as ionic liquids have also been employed for the pretreatment of spruce. In the study of Gao et al. [59] the yield obtained was considerably lower compared to our work, reaching a biogas yield of 122 mL/g VS (with approximately 60% methane content). On the other hand, Teghammar et al. [30] obtained similar results (245 mL CH4/g VS) with our work from ionic liquid pretreated spruce. Finally, alkaline pretreatment resulted also in lower results of methane yields, such as 50 mL/g VS after pretreatment with 7% w/w NaOH [60], whereas addition of 5.5% w/w thiourea resulted in a methane yield of 210 mL/g VS [61]. It is apparent from the above that the organosolv pretreatment is one of the most efficient techniques to pretreat spruce biomass to achieve high mehane yields during anaerobic digestion.



As was noted previously, birch gave higher yields of methane than spruce with all the variables tested during this work. Increase in ethanol concentration from 50% to 60% had a positive effect on the methane yields, with an increase of between 5.2% (without catalyst) and 13.7% (with the catalyst). Unlike the situation with spruce, addition of the acid catalyst had no effect or even a slight negative effect, indicating that the treatment conditions were severe enough for effective treatment of birch biomass. When birch was used, addition of the catalysts did not have any significant effect on the methane yields (in contrast to spruce), probably due to the presence of acetic acid formed from the birch itself, which in turn acted as a catalyst. Finally, addition of cellulolytic enzymes had a positive effect, which resulted in an increase in the methane yields by up to 21%. The highest yield obtained from birch was 284.2 mL CH4/g VS, which is comparable to that in some studies reported in the literature. Although the results were slight lower compared to the yield obtained from hydrothermally pretreated birch (305 mL CH4/g VS) [52], during the current work only the fiber fraction was used, whereas the whole slurry containing the solubilized sugars was used for the hydrothermally pretreated birch, which resulted in the higher methane yield. As was previously discussed, the main advantage of the organosolv pretreatment is the ability to fractionate biomass and use the other components (lignin and hemicellulose) for other process. Use of the whole slurry results in the loss of valuable compounds such as lignin. The methane yield obtained from the organosolv pretreatment was also higher compared to the methane yield obtained after ionic liquids treatment (232 mL CH4/g VS) [62]. In another work with alkaline pretreatment, the obtained methane yield was higher than this work (reached 360 mL CH4/g VS), but to achieve this, high concentration of sodium hydroxide (7% w/w) and thiourea (5.5% w/w) were used. Moreover, use of alkaline solutions require an extra step of neutralization prior to digestion and re-use of the alkali is not easy. Apart from this, alkaline treatments fail to recover lignin which can be further used for other processes.




2.4. Correlation between Combined Severity Factor (CSF) and the Methane Yield


The effect of the operational conditions of the organosolv pretreatment expressed as CSF on the methane yields was also evaluated. Figure 5a shows the correlations between CSF and methane yield for both materials. There was a very good correlation between CSF and methane yield for spruce, and little or almost none for birch. In spruce, we could see a clear trend of increase in methane yield with increasing severity of pretreatment. Contrarily, for birch a slight decrease in the methane yield could be seen. This decrease was very minor, however, which indicates that even the less severe pretreatment conditions were adequate for the treatment of birch biomass. It can also be noted that for the same CSF, higher yields were obtained for birch than for spruce, as spruce is a softwood and more difficult to hydrolyze in comparison with hardwoods (i.e., birch) [60]. A similar correlation was observed between the CSF values and the methane yields when cellulolytic enzymes were included in the digestion (Figure 5b). A major difference, however, was that when enzymes were added during the digestion of birch, the CSF had no effect on the methane yield, with the results obtained to be identical in the whole range of tested CSF values.



Previous studies have also found a correlation between methane yield and the yield of sugars during enzymatic saccharification trials [26,44]. The same correlation of the yield during enzymatic hydrolysis (expressed as cellulose conversion to glucose after 48 h of hydrolysis) with the methane yield was also observed during our work using spruce without the addition of enzymes (Figure 6a) and with the addition of enzymes (Figure 6b). This indicates that for a material such as spruce, instead of performing a time-consuming anaerobic digestion trial, it is possible to perform a 2-day enzymatic digestion trial and obtain a very good indication of the methane yield that can be obtained during anaerobic digestion. In contrast, for birch biomass there is no good correlation between enzymatic digestibility and methane yield. We even observed that increased enzymatic yields resulted in slightly reduced methane yields. Once again, addition of enzymes during the digestion gave similar results regarding methane yield, irrespective of differences in enzymatic digestibility.





3. Materials and Methods


3.1. Feedstock, Inoculum, and Enzymes


Wood chips of Norway spruce and silver birch, from the northern part of Sweden, were used in the current work. The materials were air-dried, milled in a cutting mill (RETSCH SM300, Haan, Germany) to a size of less than 1 mm and stored in plastic bags at room temperature for further use. During anaerobic digestion, thermophilic anaerobic sludge was used as inoculum. The sludge was collected from a biogas-producing plant located in Boden, Sweden. The plant operates under thermophilic conditions (55 °C) for the co-digestion of food waste with sewage sludge.



The enzymes used for enzymatic treatment during methane production were the commercial enzyme solution Cellic® CTec2 from Novozymes A/S (Bagsærd, Denmark), with an enzyme activity of 238 FPU/mL and a protein concentration of 278 mg/mL, as measured with the Lowry protocol [63].




3.2. Pretreatment of Forest Material


Organosolv pretreatment was carried out in an air-heated multidigester system (AATO) with six 2.5-L batch autoclave reactors at the Biochemical Process Engineering laboratories (Division of Chemical Engineering, Luleå University of Technology) as previously described [46]. More specifically, milled forest biomass was loaded into the autoclave reactors and different ethanol concentrations (50% or 60% v/v) were added at a liquid-to-solid ratio of 10. Additionally, acid catalyst (H2SO4; 1% w/w of biomass) was added if required. The pretreatment took place at 182 °C, with a holding time of either 60 min or 103 min. At the end of the pretreatment, the materials were collected and filtered to separate the solid phase from the liquid phase and washed three times with distilled water to remove the inhibitors and residual ethanol. The solid phase was used for the biochemical methane potential (BMP) test.




3.3. Enzymatic Hydrolysis


Enzymatic hydrolysis trials were performed in 2-mL Eppendorf tubes containing 1.5 mL of solution with 5% w/w solids. The reactions were performed at pH 5 (50 mM citrate-phosphate buffer) with the addition of 0.02% sodium azide to prevent microbial contaminations. The enzymatic solution Cellic® CTec2 was added at a concentration equal to 10 mg enzyme/g solids and the incubation took place for 48 h at 50 °C and 1200 rpm in a ThermoMixer C (Eppendorf, Hamburg, Germany). Samples were withdrawn at 0, 24, and 48 h and were immediately stored at −20 °C. Before analysis, the samples were centrifuged to remove solids and the liquid was analyzed for sugar concentration using an HPLC apparatus. All the enzymatic hydrolysis trials were performed in duplicate.




3.4. Biochemical Methane Potential (BMP) Test


BMP test was performed in the Automatic Methane Potential Test System (AMPTS II) of Bioprocess Control AB (Lund, Sweden). The anaerobic digestion was conducted in 500-mL glass bottles, with a total sample weight (substrate and inoculum) of 400 g. The inoculum-to-substrate ratio (I/S ratio) in terms of volatile solids (VS) was 2. Before use, the sludge was filtered to remove large particles. A mixture of minerals and trace elements, with a composition that has been described elsewhere [54], was added to each flask at the start of the digestion. The glass bottles were sealed with rubber stoppers that had a metallic stirrer. These were connected to micro-motors to gently mix the sludge. Mixing of the sludge occurred at intervals of 10 min of mixing and 1 min of rest. Each incubation bottle was connected to a 100-mL glass bottle called a “CO2-absorption unit”, which contained approximately 80 mL of 3 M NaOH and thymolphthalein as pH indicator. This unit removed all other gases except methane. Finally, the volume of methane was measured with a gas-flow meter unit that was connected to the CO2-absorption unit.



All the anaerobic digestion trials were done in duplicate and control digestions were also included in each batch of experiments. Control digestions contained only anaerobic sludge in order to determine the production of methane from the organic material present in the microbial sludge. This amount of methane was then removed from the total amount of methane produced during the actual digestions. Finally, to evaluate the effect of the addition of cellulolytic enzymes on the methane yield, another series of experiments took place by adding cellulolytic enzymes at a concentration equivalent to 15 FPU/g VS. Control digestions with enzymes and sludge were also included in order to subtract the methane produced by the digestion of the enzymes from the overall yield.




3.5. Analytical Methods


Total solids (TS) were determined gravimetrically after drying the biomass in an oven at 110 °C overnight. Ash content was determined gravimetrically after burning the biomass in a furnance at 550 °C for 3 h. To determine volatile solids (VS), ash content was subtracted from the TS content. The values of TS and VS for the materials used during this work are presented in Table 1.



The concentration of sugars during the enzymatic hydrolysis trials was determined with an Series 200 HPLC apparatus (Perkin-Elmer, Waltham, MA, USA) equipped with a Series 200 refractive index detector (Perkin-Elmer, Waltham, MA, USA) and an Aminex® HPX-87P column (BioRad, Hercules, CA, USA). The mobile phase was double-distilled H2O with a flow rate of 0.6 mL/min. During the analysis, the column was kept at 85 °C.





4. Conclusions


We have demonstrated that organosolv pretreatment can be a useful method for treatment of wood material (both spruce and birch) before using it for anaerobic digestion. The effect of different operational conditions of the organosolv pretreatment (duration time, ethanol content and addition of an acid catalyst) as well as the addition of cellulolytic enzymes on the methane yield were examined. Initially the effect of organosolv pretreatment in the enzymatic digestibility was examined where from spruce material it was found that with increasing CSF of the pretreatment up to a value of 1.61, the enzymatic digestibility was improved. On the other hand, for birch biomass the enzymatic digestibility improved up to a CSF value of 0.33.



In the subsequent anaerobic digestion trials, we found that a shorter duration of the pretreatment improved the methane yield from both spruce and birch. Addition of acid catalyst improved the methane yield from spruce, but did not affect the methane yield from birch. Finally, methane yields from spruce were higher with lower ethanol content, in contrast to birch where higher ethanol content was more beneficial. The highest yields obtained were 185 mL CH4/g VS from spruce and 259.9 mL CH4/g VS from birch. Addition of cellulolytic enzymes improved these yields to 266.6 mL CH4/g VS and 284.2 mL CH4/g VS, respectively. These results were high in comparison with other results reported in the literature, especially when only solid fraction is used for the digestion.



In the last part of this work, an attempt to obtain a correlation between the methane yields and either the CSF or the digestibility was performed. For the spruce, a very good correlation of the methane yields was obtained with both CSF and digestibility, indicating that instead of performing a time consuming anaerobic digestion trials, a 2-days enzymatic digestibility trial can provide with a very good picture of the potentials for the production of methane. On the other hand, the correlations obtained with the birch were poorer.
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Figure 1. Effect of the combined severity factor (CSF) of organosolv pretreatment, on the release of sugars after enzymatic hydrolysis for 24 h and 48 h: (a) spruce; (b) birch. The difference between the replicates was less than 10% in all the samples. 
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Figure 2. Correlation between the combined severity factor (CSF) and the enzymatic digestibility of cellulose. 
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Figure 3. Effect of duration of pretreatment, in combination with addition of acid catalyst and cellulolytic enzymes, on methane yield: (a) spruce; (b) birch. The difference between the replicates was less than 10% in all the samples. 
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Figure 4. Effect of ethanol content, in combination with addition of acid catalyst and cellulolytic enzymes, on methane yield: (a) spruce; (b) birch. The difference between the replicates was less than 10% in all the samples. 
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Figure 5. Correlation between combined severity factor (CSF) and methane yield: (a) without enzymes; (b) with addition of enzymes. 
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Figure 6. Correlation between digestibility and methane yield: (a) without enzymes; (b) with addition of enzymes. 






Figure 6. Correlation between digestibility and methane yield: (a) without enzymes; (b) with addition of enzymes.



[image: Energies 10 00263 g006]







[image: Table] 





Table 1. Volatile solids (VS) and total solids (TS) from pretreated spruce and birch.
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Feedstock

	
Pretreatment

	
VS (% w/w)

	
TS (% w/w)






	
Spruce

	
60 min, 50% EtOH

	
93.15

	
93.25




	
60 min, 50% EtOH, 1% H2SO4

	
97.92

	
98.02




	
60 min, 60% EtOH,

	
97.09

	
97.23




	
60 min, 60% EtOH, 1% H2SO4

	
97.68

	
97.70




	
103 min, 50% EtOH

	
97.25

	
97.42




	
103 min 50% EtOH, 1% H2SO4

	
97.75

	
97.83




	
Birch

	
60 min, 50% EtOH

	
93.52

	
93.71




	
60 min, 50% EtOH, 1% H2SO4

	
98.26

	
98.30




	
60 min, 60% EtOH,

	
98.29

	
98.52




	
60 min, 60% EtOH, 1% H2SO4

	
98.57

	
98.63




	
103 min, 50% EtOH

	
98.64

	
99.05




	
103 min 50% EtOH, 1% H2SO4

	
99.13

	
99.32




	
EtOH; ethanol
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