Autohydrolysis and microwave ionic liquid pretreatment of Pinus radiata: imaging visualization and analysis to understand enzymatic digestibility
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GRAPHICAL ABSTRACT
ABSTRACT
Sequential pretreatments provide advantages of every single process towards a complete biomass fractionation. In this work, autohydrolysis and IL microwave pretreatments are sequentialy studied, and their effect to enhance enzymatic hydrolysis is analysed. Mild, intermediate and severe autohydrolysis are combined with four IL temperatures (50, 80, 120 and 150 °C). Pretreated solids are enzymatically hydrolyzed and compared in terms of chemical composition and morphology. Digital image analysis is employed to numerically determine the heterogeneity of the solids using surface fractal dimension and lacunarity parameters. In this study, the negative effect of intermediate and severe autohydrolysis, over the subsequent IL pretreatment is demonstrated. Mild autohydrolysis and high IL conditions (AH150IL120) results in digestibilities of 78.8 g of glucan/100 g of glucan introduced. High surface fractal values (in the range of 2.5461-2.7124) and low lacunarities (0.0818-0.2563) enhance the enzymatic accessibility of pine wood. Furthermore, the negative effect of softwood lignin accumulation in the surface is observed using confocal fluorescence microscopy.
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1. Introduction
The biorefinery concept aims to the selective separation of its components and its versatile utilization to produce high-value added biomass-derived compounds, using clean processes (Ståhl et al., 2018). Apart from converting carbohydrates into biofuels, the implementation of other coproducts provides a promising opportunity to improve the economic viability, sustainability and overall carbon conversion (Wang et al., 2017). For this purpose, the selection of the most suitable technology to process each type of feedstock is essential. Variations in the nature of every feedstock, originate pretreatments behave differently (Li et al., 2013). 
Woody biomass is one of the candidates to become a raw material in a biorefinery, due to its properties, availability and versatility (Nitsos et al., 2016). The most abundant wood in the Northern Hemisphere is softwood, and pine in particular (loblolly pine, lodgepole pine, scots pine, insignis pine, and maritime pine) (Kandhola et al., 2017; Li et al., 2013; Wang et al., 2017). A lot of countries count with well-established systems for the sustainable production of these forests, and use wood as a raw material in the pulp, paper, and furniture industry, leaving a considerable portion of waste behind from harvesting that can be benefitted (Kandhola et al., 2017). Despite of the availability of pine, its resistance to biocatalytic conversion processes (sugar extraction through enzymatic hydrolysis) is lower than hardwood or herbaceous, due to its recalcitrance (Hendriks and Zeeman, 2009; Zhang et al., 2016). 
To overcome the hardness of woody biomass many pretreatments have been proposed, such as acid, alkali, steam explosion, organosolv or autohydrolysis (Trinh et al., 2015). Autohydrolysis (AH) pretreatment only uses hot water as solvent at temperatures below 230 °C, and low autogenous pressures (Nitsos et al., 2016). Water autoionization generates acidic and basic hydronium, and hydroxide ions (H3O+ and OH-), that enhances hemicellulose extraction and partial lignin recovery (Carrasco et al., 1989; Garrote et al., 1999; Heitz et al., 1986). The main benefits of autohydrolysis are the use of inexpensive and non-hazardous chemicals, corrosion minimization, cost effectivity, and environmentally friendliness (Nitsos et al., 2016). During the last decades, ionic liquids (ILs) were considered as promising solvents in numerous research areas. The low vapour pressure, non-flammability, and switchability are some of the strongest points of ILs (Trinh et al., 2015). ILs has been widely employed in biomass pretreatment to obtain fermentable sugars, furans, and lignin. In the utilization of ILs for wood dissolution, factors such as wood type, particle size, solvent system, water content, and temperature, must be taken into account (Kilpeläinen et al., 2007; Mäki-Arvela et al., 2010; van Osch et al., 2017). Apart from conventional heating, other alternatives such as microwave pulses or ultrasound radiation accelerate the dissolution process with ILs (Liu et al., 2014; Sun et al., 2009) . In the conversion of biomass, the IL 1-ethyl-3-methylimidazolium acetate ([Emim][OAc]) is one of the most used IL, because it reduces crystallinity and biomass recalcitrance (Yoo et al., 2017). However, high cost of this IL and lack of effective IL recycling strategies are still challenges that need to be addressed (Kandhola et al., 2017).
In the last years, biomass fractionation to obtain hemicellulose, lignin and accessible-to-enzymes cellulose is being studied using sequential or combined pretreatments. The combination of physical (ammonia fiber explosion, autohydrolysis or steam explosion) and chemical (alkaline peroxide) pretreatments have been tested in various biomasses (Akhtar et al., 2015; Chen et al., 2008). Some studies have also combined ILs pretreatments with supercritical CO2, ammonia or low temperature alkaline pretreatment (Hauru et al., 2013; Heggset et al., 2016; Nguyen et al., 2010; Silveira et al., 2015). Autohydrolysis pretreatment alters lignin structure, but does not decrystallize cellulose or increase the surface area. On the contrary, ILs enhance accessibility towards enzymatic saccharification, decristallizing cellulose. The combination of these two pretreatments may improve some of the factors that the ideal pretreatment must achieve (Kandhola et al., 2017). 
Focusing on saccharification, a deep understanding of the mechanisms that favors enzyme accessibility is crucial. The accessibility can be affected by cellulose crystallinity, content and distribution of lignin and hemicellulose, and surface morphology (Sun et al., 2016).Changes on the biomass surface are observed with imaging techniques such as SEM, TEM and other microscopy techniques, but not quantitative information is usually provided with these methods (Jung et al., 2018; Mou et al., 2013a). (Karimi and Taherzadeh, 2016). However, lignocelluloses have a multi-scale complexity that limits the conclusions extracted from microscopy images (Karimi and Taherzadeh, 2016). In a previous work, the application of digital image analysis (DIA) to SEM micrographs was used to convert these up-to-date qualitative techniques into numeric values (Rigual et al., 2018a). The calculation of independent-of-the-multi-scale parameters, such as surface fractal dimension was initially developed and can be used to determine a material roughness, but more data from different biomasses and pretreatments was required for a better correlation and validation of the results (Chen et al., 2017; Gagnepain and Roques-Carmes, 1986; Rigual et al., 2018a).
In this work, sequential combination of autohydrolysis and IL microwave pretreatment of Pinus radiata is studied. The effect of the severity factor (wrapping the effect of operating temperature and time) is evaluated in terms of wood digestibility, and most appropriate conditions towards saccharification. The washing step to remove the IL from the solid is optimized to minimize water consumption. Digestibility results are related to chemical composition and also to morphological parameters. Digital image analysis is employed to measure surface fractal dimension, lacunarity, and particle surface composition in relation to the accessibility of the material. 
2. Materials and methods
2.1. Materials and reagents
1-ethyl-3-methylimidazoliumacetate ([Emim][OAc], > 98 %, Iolitec GmbH) was employed for wood dissolution. Previously, [Emim][OAc] was dried in a vacuum oven for 24 h at 60 ˚C. Pinus radiata sawdust was provided by the Instituto Nacional de Investigación y Tecnología Agraria y Alimentaria (CIFOR-INIA). Accellerase 1500® enzymes cocktail was kindly provided by DuPont Industrial Biosciences. Sulfuric acid and analytical standards were of reagent and analysis grade, and purchased from Sigma-Aldrich (St. Louis, MO).
2.2. Sequential autohydrolysis + microwave IL pretreatments
Autohydrolysis pretreatments were performed using a 450 mL stainless steel Parr pressure reactor, model 4567, fitted with a four-blade turbine impeller. The reactor was heated by an external mantle and cooled by an internal stainless-steel loop using a100 cSt silicone fluid oil. A 4848 Parr PID controller was used to control the temperature. Pinus radiata wood sawdust was mixed with deionized water in a liquid-to-solid ratio of 10:1 (g water: g dry biomass). Three different conditions were used for autohydrolysis pretreatment. Mild, intermediate, and severe autohydrolysis were carried out for 30 minutes at 150 °C, for 60 minutes at 175 ℃, and for 90 minutes at 200 °C, respectively. 
A 4 % (w/w) mixtures of autohydrolyzed Pinus radiata (particle size < 150 µm) and [Emim][OAc] were introduced in Teflon vials of a Berghof SpeedWave Four microwave oven in a two-steps programme up to the operation temperature, for a total time of 20+30 min (total time=50 min) (Casas et al., 2013). Operation temperatures were 50, 80, 120, and 150 °C. Consequently, deionized water was added to precipitate the pretreated wood without separating solid and liquid. To determine the minimum water washing consumption required, treated samples were washed 5 times with 70 mL of deionized water, separating every fraction for analysis (Rigual et al., 2018a). Recovered treated samples were stored at 40 °C.
Experiments nomenclature was designed according to the temperature of the AH pretreatment (AH150, AH175 or AH200) and the IL pretreatment temperature (IL50, IL80, IL120, IL150).
2.3. Enzymatic hydrolysis
Enzymatic saccharification at a solid loading of 1% (w/w) was carried out in a total volume of  8 mL in an orbital incubator at 150 rpm and 50 °C, according to NREL/TP-5100-63351 procedure (Resch et al., 2015). The enzyme loading was normalized in order to homogenize the glucan content according to the NREL/TP-510-42618 protocol (Sluiter et al, 2011). The enzymatic cocktail Accellerase 1500® was added in a dosage of 0.25 mL of enzymatic cocktail/g glucan in the untreated or pretreated wood. Untreated/pretreated wood was suspended in 50 mM citrate buffer (pH 5.0) containing 0.002 % of sodium azide, in a volume of 8 mL. Aliquots of 150 µL were periodically taken at 3, 6, 12, 24, 48, and 72 h, and centrifuged twice at 9000 rpm for 10 minutes. Glucose was measured using the above-mentioned method for sugars analysis employing a Carbosep CHO-682 column. Glucan digestibility was calculated according to Eq. 3.
	(3)
Anhydrous correction of 0.9 was applied to the obtained glucose concentration, to determine glucan content.
2.4. Analytical procedure
2.4.1. Characterization of IL liquid by-stream
To determine the minimum amount of water needed to remove the IL from the pretreated solid, washing fractions were filtrated and analyzed using a HPLC equipped with an UV detector measuring the [Emim][OAc] absorbance at 235 nm and an Eclipse Plus C18 column. The column was operated at 30 °C using a flow rate of 1 mL/min of a mixture of acetonitrile/ water 50/50 (v/v). 
Lignin presence in the IL by-stream was analyzed using a Varian Cary 50 scan UV/VIS spectrophotometer at 280 nm. Organosolv lignin from Pinus radiata wood was used as reference material, obtained with a mixture of 60 % (w/w) ethanol/water at 200 ˚C for 50 minutes. Sulfuric acid was used to precipitate the lignin from the mixture. For sample preparation, vacuum distillation was employed to remove water and recover the IL. Final water content present in the recovered IL was calculated using a thermobalance. IL by-stream samples were diluted in 0.1 MNaOH. The total dissolved lignin concentration was obtained from the reference curve of prepared pine wood organosolv lignin samples. (Weerachanchai and Lee, 2014) A blank was employed, obtained at the IL operating conditions in the pretreatment. The lignin content in the recovered [Emim][OAc] and the lignin extracted were calculated by Eqs. 1 and 2.
	(1)
	(2)
2.4.2. Pretreated solids compositional analysis
Untreated/pretreated solid compositions were determined according to the National Renewable Energy Laboratory methodology (NREL/TP-510-42618) adapted to smaller quantities of samples (500 mg of biomass employed for the characterization) (Ibáñez and Bauer, 2014; Sluiter et al., 2008). Solids were treated in a two-step acid hydrolysis resulting in an insoluble residue compound by acid-insoluble lignin and ashes, and a liquid fraction containing soluble lignin and sugars. The acid insoluble lignin was gravimetrically measured after drying the residue for 12 h at 105 ˚C. The amount of acid-soluble lignin was determined from the UV absorbance of the hydrolyzate at 240 nm and an absorptivity of 12 L·g-1·cm-1. Sugars in the hydrolyzate were determined by HPLC using a RI detector equipped with a Carbosep CHO-682 column with Micro-Guard cartridges (BioRad, Life cience Group Hercules, Ca), using a flow rate of 0.4 mL/min at 80 °C. Acetic acid was measured in a Rezex ROA-Organic Acid H+ (8 %) 300x7.8 mm column at 60 °C with a mobile phase (0.005 M H2SO4) eluted at 0.6 mL/min. The anhydrous correction to hexoses (162/180) and pentoses (132/150) were applied to each sugar concentration, respectively. Sugar recovery standards (SRS) correction was also applied following the NREL procedure. 
2.4.3. Surface morphology 
Untreated/pretreated samples were coated with gold utilizing a Q150T Turbo-pumped sputter Coater. The morphological structure was observed by SEM in a Jeol JSM 6400 operating at 20 kV. Analyses were developed in the technical facilities of the Spanish National Centre for Electron Microscopy. Every x1000 micrograph was cropped to select different 300x300 pixels images, ensuring that every image was completely composed by a texture of the particle. Grayscale images were brightness and contrast adjusted manually. Surface fractal dimension (Db) and laccunarity (Ʌ) were calculated using the box counting method and grayscale micrographs setting the differential volume variation scans. This option defines 3D volumes over a grayscale image, and the intensity of the pixels (from 0 to 255) are included to count the whole pattern as a volume (Alvarez et al., 2013; Karperien, 2013; Rigual et al., 2018a). The calculated surface fractal dimension was obtained from the log-log regression line of the sum of all intensities. The grid design had 100 grid positions. The smallest grid was 1 and the largest was 45 % of the size of the image. ImageJ open source software was employed to convert micrographs and calculate Db and Ʌ.
2.4.4. Surface composition
Confocal fluorescence microscopy (CFM) was employed to distinguish holocellulose and lignin employing a Leica SP-2 AOBS in the surface, as previously reported (Rigual et al., 2018a). Samples were dyed with Calcofluor white stain (0.1 %) and fixed in dark with prolong Gold antifade mountant (Pérez-Pimienta et al., 2017). Emission wavelength ranges are 428-480 nm for hollocellulose and 547-658 nm for lignin, whereas a 405 nm laser was employed to excite samples. It must be highlighted that, in order to compare properly images saturation, detection and emission wavelength ranges and pinhole were fixed. Furthermore, all the samples were dyed under the same conditions and stored the same period of time before the analysis (Zinchuk et al., 2007). The Z-stack images were projected into the max Z projection using ImageJ software. Projected channels were combined to obtain a merged image. Subsequently, RGB channels were separated. Blue channel was omitted, whereas red and green channels were assigned to lignin and hollocellulose (cellulose and hemicellulose), respectively. Both channels images (1024x1024 pixels per image) were brightness and contrast adjusted and thresholded individually using the Otsu method (Otsu, 1979). Finally, the number of pixels in every binary image was counted separately. 
3. Results and discussion
Results of the combination of autohydrolysis + IL microwave pretreatment of pine wood are exposed below. These results, in conjunction to the obtained by Rigual et al. (2018b), that shows information of autohydrolyzed solids and liquid by-streams, offers the complete outlook of the multi-step pretreatment process of pine wood.
3.1. IL removal in the pretreated solid
The recovered IL after each washing, as well as the cumulative recovered IL (%), is shown in Fig. A1. IL recovery is mainly produced during the solid precipitation step. However, it is necessary to wash it with water at least three-fold, which is equivalent to 10.5 mL H2O/g [Emim][OAc], to ensure the removal of the IL from solid fractions. [Emim][OAc] accumulation in the solid can lead into mistakes in the global mass balances (due to overweighting solid fractions) and cause a decrease in the enzymatic hydrolysis yields as a result of cellulose inactivation (Xu et al., 2016).
3.2. Lignin accumulation in the IL
The accumulated lignin expressed in g lignin/100 g IL (eq. 1) and g lignin/100 g lignin (eq. 2) is shown in Fig. 1. Lignin extracted in the liquid fraction is very low concentrated and reach up to 0.18 g lignin/100 g ionic liquid introduced under the most severe conditions tested (AH200IL150). In both autohydrolysis conditions tested, the higher the temperature of the IL pretreatment is, the higher the amount of lignin is extracted. 
Figure 1
Severe autohydrolysis leads to higher quantities of lignin extracted (up to 0.18 g of lignin/100 g of IL). However, the relative quantity of lignin extracted at mild autohydrolysis and at high temperatures of IL pretreatment (AH150IL150) is 10.9 g/100 g of lignin, and is superior in relation to the same case for intermediate and severe autohydrolysis conditions (9.4  g/100 g of lignin). The lowest quantities of lignin extracted (0.005-0.067 g/100 f of IL) are achieved at intermediate conditions. To explain these results, partial lignin recondensation in the autohydrolysis step at severe autohydrolysis conditions is hypothetisized (Shi et al., 2016). The subsequent IL pretreatment step involves the dissolution of biomass (including lignin) and the regeneration of the material with the aid of an antisolvent (water), without a prior solid-liquid separation. The precipitation of more condensed structures avoid its accumulation in the IL, while less condensed structures can be easily fragmented by the IL into smaller pieces that has more difficulties to be precipitated again. The isolated pretreatments of autohydrolysis or employing ILs have been previously studied, indicating that certain lignin is extracted with both pretreatments to the liquid phase (Rigual et al., 2018b; Ståhl et al., 2018; Torr et al., 2016). In this work, the study of a multi-step strategy at different autohydrolysis and IL pretreatment conditions provide information of how the autohydrolysis step limit the lignin extraction in the forthcoming IL pretreatment.
The quantity of lignin accumulated in the IL is much lower than the obtained in the pretreatment of eucalyptus, where 10 – 70 % (w/w) of lignin introduced in a combination of AH+IL pretreatment were extracted (Rigual et al., 2018a). Differences between hardwood and softwood lignin solubility evince that lignin reactivity to [Emim][OAc] is different, making more difficult the extraction of softwood lignin. The overall quantity of lignin that is accumulated into the IL reaches up to 10 % of the initial lignin introduced. 
3.3. Solid fractions obtained after AH+IL pretreatments
The composition of the untreated pine and the solid recovered after pretreatment expressed in g/100 g of untreated/pretreated biomass are shown in Table 1. These results show the compositional analysis of solids obtained after pretreatment combination, and can be complemented with the obtained by Rigual et al. (2018b) in the previous study of one-step pretreatment of autohydrolysis of pine samples. Note that the solid yields decrease considerably after pretreatments combination, which in general terms involve a decrease of each component in the global balance, exposed in Table A1. The effect of autohydrolysis pretreatment leads to a decrease of the solid yield of at least 15 % in mild, 33 % in intermediate, and 34 % in severe AH conditions respectively, as a consequence of hemicellulose removal (Herrera et al., 2016). The effect of IL pretreatment is stronger at mild than at intermediate and severe AH conditions. In samples autohydrolyzed under mild conditions, there is a lost of solid yields of around 14 % for IL treatment temperatures between 50 and 150 °C, while the decrease is of 10 % in samples autohydrolyzed under severe conditions, and almost negligible for samples autohydrolyzed at intermediate conditions. As previously mentioned, partial lignin recondensation may be the cause of the difficult processing of biomass at intermediate and severe conditions (Miyamoto et al., 2018; Shi et al., 2016). Lignin relative content for untreated pine wood was 34.09 % and the hemicellulose content was 21.72 %, being mannose the main monosaccharide present in the hemicellulose fraction (Mou et al., 2013a). 
Lignin relative content barely varies in the mild AH samples (AH150IL50, AH150IL80, AH150IL120 and AH150IL150), neither in intermediate and almost all severe AH samples (AH200IL50, AH200IL80 and AH200IL120). Only under the most severe conditions (AH200IL150), lignin content (48 %) is significantly superior to the other samples (43-45 %). This behave
ior is attributed, apart from the hemicellulose removal during autohydrolyzed samples, to the partial degradation of cellulose and lignin due to excessive temperature (Clough et al., 2015; Nitsos et al., 2016). 
Comparing the effect of microwave IL pretreatment temperature, the lignin removal increases when the IL temperature is increased, as a consequence of lignin solubilization in presence of [Emim][OAc] (Dutta et al., 2017). At mild AH, the maximum lignin removal is 25.3 % for AH150IL150 sample, which corresponds to the maximum accumulated lignin in the IL. However, at these conditions cellulose and hemicellulosic fractions are also degraded. At severe AH, less relative lignin is removed ca. 15.69-21.06 %. As pine lignin is mainly composed by guayacil units, the β-aryl ether unit is the largest interunit linkage, being very recalcitrant, hindering the breakage and favoring recondensation (Dutta et al., 2018). Furthermore, the lack of methoxyl groups at the ortho position to the phenolic hydroxyl groups enhance the production of condensed and branched structures (Wang et al., 2017).
Global content of glucan decreases as a consequence of degradation, whereas relative glucan composition increases at intermediate and severe AH as a consequence of hemicellulose removal. Glucan losses are more evident in samples AH200IL50, AH200IL80, AH200IL120 and AH200IL150. Hemicellulose removal is conditioned to the autohydrolysis pretreatment. Under mild conditions most of the mannan (as part of hemicellulose) is still present in the solid and the effect of the IL temperature from 50 to 120 °C does not involve a decrease of this polysaccharide in the pretreated solid. An excessive IL temperature (150 °C) confirms the degradation of hemicelluloses (Kandhola et al., 2017). In the AH200IL150 sample, the relative composition of acetyl groups was increased due to the IL decomposition (Clough et al., 2015; Rashid et al., 2016). Experiments run at 150 ℃ in the IL step expose and excessive degradation of the material, indicating that the increase of IL temperature up to 150 ℃ is not recommended with [Emim][OAc] .
Abbreviations: autohydrolysis (AH), ionic liquid (IL); surface fractal dimensión (Dbb), Digital image analysis (DIA)
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Table 1: Solid recovery and compositional analysis. ± values denote standard deviation
	
	COMPOSITION (g/100g ODW biomass)

	
	Solid Yield (%)
	Lignin (%)
	Glucan (%)
	Xylan (%)
	Galactan (%)
	Arabinan (%)
	Mannan (%)
	Acetate (%)

	Untreated pine 
	100.00
	34.090.79
	42.890.22
	4.340.26
	2.170.31
	0.850.16
	11.750.05
	2.610.41

	AH150IL50
	84.74
	36.12±0.72
	46.78±1.09
	1.90±0.43
	1.46±0.23
	0.22±0.02
	9.50±0.85
	4.56±0.77

	AH150IL80
	81.57
	35.28±1.10
	48.34±0.39
	5.20±0.44
	2.74±0.43
	0.00±0.00
	9.37±0.20
	1.60±0.17

	AH150IL120
	79.79
	36.74±2.05
	47.75±0.96
	3.54±0.31
	0.53±0.01
	0.63±0.01
	9.32±0.05
	2.14±0.22

	AH150IL150
	70.44
	36.40±0.91
	48.14±0.34
	1.59±0.65
	1.28±0.30
	0.44±0.10
	3.65±0.20
	4.40±0.31

	AH175IL50
	66.61
	33.64±0.76
	58.06±0.59
	2.28±0.13
	0.14±0.02
	0.00±0.00
	3.46±0.00
	0.44±0.01

	AH175IL80
	63.57
	34.40±1.07
	57.06±0.04
	1.47±0.02
	0.00±0.00
	0.00±0.00
	3.29±0.08
	0.49±0.10

	AH175IL120
	67.11
	36.85±0.49
	57.25±0.46
	1.34±0.01
	0.00±0.00
	0.00±0.00
	3.82±0.36
	0.33±0.01

	AH175IL150
	64.80
	36.79±1.10
	56.97±0.82
	0.93±0.02
	0.00±0.00
	0.00±0.00
	2.55±0.21
	1.06±0.12

	AH200IL50
	66.37
	43.55±0.47
	49.89±0.81
	0.00±0.00
	0.00±0.00
	0.42±0.01
	0.00±0.00
	0.55±0.32

	AH200IL80
	65.05
	45.14±0.79
	49.69±1.05
	0.23±0.00
	0.00±0.00
	0.00±0.00
	0.00±0.00
	1.43±0.18

	AH200IL120
	64.28
	43.79±1.75
	50.50±0.76
	0.43±0.00
	0.37±0.02
	0.00±0.00
	0.34±0.34
	0.32±0.11

	AH200IL150
	56.94
	48.06±1.92
	49.95±0.44
	0.00±0.00
	0.00±0.00
	0.38±0.02
	0.00±0.00
	3.36±0.06



3.4. Enzymatic digestibility
The enzymatic digestibility of untreated and pretreated pine wood is shown in Figure 2. In all the cases, the effect of including an additional microwave IL step after autohydrolysis, enhances digestibility results (Rigual et al., 2018b). It is well-known that the effect of dissolving and regenerating cellulose in untreated wood enhances the enzymatic digestibility (Geng and Henderson, 2014). AH150IL50, AH150IL80, AH150IL120 and AH150IL150 samples exhibit digestibilities higher than the analogous autohydrolyzed samples at intermediate (AH175IL50, AH175IL80, AH175IL120 and AH175IL150) and severe conditions (AH200IL50, AH200IL80, AH200IL120 and AH200IL150). In samples tested under mild autohydrolysis conditions, AH150, the biggest factor affecting digestibility is IL pretreatment. The mechanism for cellulose dissolution during the pretreatment with [Emim][OAc] partially dissolves cellulose, reducing its crystallinity and regenerating amorphous cellulose (Mäki-Arvela et al., 2010). During the dissolution of wood, partial lignin solubilisation is also happening as shown in Figure 1. 
Using conventional heating, Torr et al. (2016) demonstrated that the increment in the temperature from 80 to 120 °C increases hydrolysis yields . Even increasing the temperature up to 130 °C, glucose digestibility increases (Trinh et al., 2015). In this work, the same tendency trend is also found for mild autohydrolyzed samples. However, digestibility is decreased in AH150IL150 sample. Degradation products that inactivate enzymes, structural modifications of softwood lignins, or alteration of the morphological structure (further commented) can be some of the reasons of this result (Lai et al., 2014; Torr, 2012). Tendencies obtained at intermediate and severe autohydrolyzed samples show more drastic differences. Comparing the multi-step digestibility results with the single-step digestibility results of Rigual et al. (2018b), the negative effect that autohydrolysis is causing over pine wood can be observed. Low enzymatic hydrolysis with increasing AH severity factor is a consequence of the negative effect that autohydrolysis causes over softwood. In this case, AH175IL50 and AH200IL50 digestibilities are very low (maximum digestibility obtained 34.1 and 19.2 %) and in the case of AH200IL50, below the untreated wood. Although microwave can enhance the pretreatment, these results evince that at least 80 °C should be reached for IL pretreatment to improve accessibility (Liu et al., 2014). Torr et al. (2016) obtained a 72 h digestibility of 84 % employing conventional heating at 120 ℃, and Rigual et al. (2018b) obtained a 72 h digestibility of 78 % using microwave heating, both without a prior AH step. The addition of a prior mild AH step increased the digestibility to 79 %, while an intermediate or severe AH step reduced the digestibility down to 40 and 65 %, respectively, using 120 ℃ in the IL pretreatment. Consequently, intermediate and severe autohydrolysis difficult the subsequent pretreatment and enzymatic digestibility as, in all the cases, digestibilities are higher in mild than in intermediate and severe autohydrolyzed samples (Nitsos et al., 2016). This effect was opposite to the observed in our previous work using hardwood (Eucalyptus globulus), so the chemical composition of softwood, especially the different nature of softwood lignin, may be affecting digestibility, as previously commented (Rigual et al., 2018a; Wang et al., 2018). It is also interesting to remark that the lowest digestibilities are obtained with samples autohydrolyzed at intermediate conditions (AH175IL50, AH175IL80, AH175IL120 and AH175IL150). This negative effect is the same to the observed in lignin extracted in Figure 1, so there is a relation between the amount of lignin extracted and enzymatic accessibility, indicating that lignin is hampering the enzymatic hydrolysis step. IL temperatures above 80 °C worsen the enzymatic digestibility, probably because there are less active sites available for the enzyme, as will be discussed in the next section (Sun et al., 2014). 
In the case of untreated pine wood, digestibility is increased in the first 12 hours up to 20.2 % of glucan. After 12 h the increment is very low, reaching only 26.3 % of glucan at 72 h. This behavior (the main increment is produced up to 12 hours) happens in is found for AH150IL50, AH175IL50, AH175IL80, AH175IL120, and AH200IL50. Samples AH150IL80, and AH150IL120 need up to 24 h to reach almost the maximum digestibility. Rates are lower for AH150IL150, AH175IL150, and AH200IL80, where longer times of up to 48 h should be assessed (Sun et al., 2014). In the case of AH200IL120 and AH200IL150, the increment of digestibility is even produced up to 72 h. The increment of the time employed to complete the hydrolysis may be produced as a consequence of the antisolvent used in the IL microwave pretreatment (water). Other antisolvents, such as alcohols, may increase hydrolysis rates and reduce the time, although other factors like cost and environmental impact should be considered (Asakawa et al., 2016; Geng and Henderson, 2014). 
AH150IL120 is the most appropriate combination to obtain an easily hydrolyzed-by-enzymes substrate, obtaining a maximum digestibility of ca. 79 %. However, the removal of hemicellulose in a prior step (in the context of a global utilization of every fraction) is not obtained at mild autohydrolysis. Intermediate AH conditions provide the obtention of oligosaccharides after autohydrolysis, but the autohydrolyzed solid is not accessible to enzymes (Rigual et al., 2018b).The AH200IL80 conditions fulfil also good digestibilities of a free of hemicellulose solid 72.6 %. Nevertheless, the win-win scenario obtained in hardwood is not achieved with softwoods and a compromise solution must be found (Rigual et al., 2018a). 
Figure 2
3.5. Factors affecting enzymatic digestibility: surface morphology and composition
Application of SEM and CFM for a better understanding of pretreatment combination is exposed below. This information, in conjunction to the exposed by (Rigual et al., 2018b) show microscopy images of autohydrolyzed pine and pine obtained after a AH+IL pretreatment. 
3.5.1. Surface morphology: Surface fractal dimension and lacunarity
Untreated pine wood (Figure 3a) presents smaller particle sizes, while pretreated samples are bigger as a consequence of the dissolution + regeneration step. AH150IL120 pretreated wood (Figure 3b) exhibits an alteration of the morphology, forming a fusing structure with a lot of pores revealing a network disruption(Sun et al., 2011; Trinh et al., 2015). Differences between untreated and AH150IL120 samples are attributed to the partial dissolution of wood and subsequent regeneration. The structure opens up, with more visible holes due to lignocellulosic network disruption and redistribution of cellulose and lignin. On the contrary, AH150IL150 (Figure 3c) depicts a very closed structure with no visible holes available. In the case of samples autohydrolyzed at intermediate and severe conditions (Figures 3d-f), images are much similar to the AH150IL150 sample. Particles have very few visible holes and a much-smoothed surface. This morphology contrast with the obtained in samples only pretreated with IL, where holes are visible (Karimi and Taherzadeh, 2016). Mou et al. (2013a) studied the topochemical pretreatment with SEM in autohydrolyzed pine and pretreated pine with ILs. One of the main characteristics of autohydrolysis pretreated samples observed by SEM is the formation of lignin droplets. However, in pine samples autohydrolyzed under severe conditions they did not find lignin droplets, in the same way that our findings did not reveal lignin droplets formation after AH+IL pretreatment. The IL effect was also validated, as under mild AH conditions, the pretreated pine structure open-up and more cavities are observed (Jung et al., 2018). 
Using the box counting method, Db (Fig A2) and Ʌ for samples autohydrolyzed under mild and severe conditions were calculated. Values of Db and Ʌ were plotted versus72 hours enzymatic digestibilitiy (Figures 3a and 3b). 
The Db values obtained in this work ranged between 2.5461 and 2.7124. Although this interval may look narrow, Db values are in a very small interval in other biocompounds (carbon samples, retrograded starch) previously measured, and are in the same order of magnitude (Alvarez et al., 2013; Rigual et al., 2018a; Smith Jr et al., 1996; Utrilla-Coello et al., 2013). Normally, Db increases with greater roughness (Shelberg et al., 1983). Furthermore, this parameter is related to the complexity of a texture or a silhouette (twists and turns), increasing in value when the complexity and convolutions are more notorious, which is confirmed with the obtained micrographs. Therefore, the higher Db indicates greater roughness, greater complexity and also more accessibility. According to results obtained (Figure 5a), the lowest Db value is attributed to untreated pine (2.5461), followed by AH200IL50 (2.6606) and AH150IL50 (2.6705). Remark that the relation stablished between Db and enzymatic digestibility (bigger surface fractal dimensions are related to higher enzymatic digestibilities) is not followed by the sample AH200IL50, indicating that other factors are also affecting the digestibility of the pretreated biomass, as it is discussed below. 
Laccunarity as a measurement of homogeneity and visual gappiness ranged between 0.0818 (AH150IL80) and 0.2563 (untreated pine), which is also in agreement with the values calculated for other kind of materials and shapes (starch, or carbon) (Liu and Ostadhassan, 2017; Smith Jr et al., 1996; Utrilla-Coello et al., 2013). Homogeneous morphologies resulted in low laccunarity values that are also related to high digestibilities. Therefore, the sample AH200IL50 does not follow again the same tendency than others samples, as occurred with its surface fractal dimension. The particular behavior of this sample is explained below as a consequence of surface composition. Additionally, both parameters (Db and ʌ) are related between each other, as higher Dbb corresponds to lower Ʌ lacunarities (Rigual et al., 2018a).
3.5.2. Surface composition
The use of CFM showed relevant differences in lignin surface distribution. Some of the most representative images of the maximum Z projection of the merged image (formed by the combination of holocellulose and lignin channel, in green and red respectively) are shown in Fig. 4. The effect of the IL cause remarkable changes of the swelling of pine network in comparison to the initial material (Singh et al., 2009). The lignin migration during the pretreatment was previously observed by Jung et al. (2018) with poplar and hydrothermal pretreatment, but using ToF-SIMS analysis. Furthermore, the distribution of lignin and holocellulose in the surface is different. Note that mild autohydrolyzed samples still have a considerable content of hemicellulose, whereas severe autohydrolyzed samples are almost free of hemicelluloses. In this sense, it is observed that AH150IL120 presents more hollocellulose in the surface. Therefore, this fact joined to the obtained high surface fractal dimension, results in high accessibilities. However, the AH150IL150 sample has a high concentration of lignin in the surface. In the case of severe autohydrolyzed samples, hollocellulose is only attributed to cellulose as hemicellulose was previously removed in the autohydrolysis step. In the AH200IL80 sample more cellulose in the surface is observed than in AH200IL150 sample. 
In order to further quantify the differences observed, the negative effect of lignin deposition on the surface was hypothesized. In this sense, 72 h enzymatic digestibility was plotted versus holocellulose/lignin ratio in the surface (Fig. 4c). This ratio was determined after counting the number of pixels of every channel with a value different to 0. Note that lignin surface concentration is related to the enzymatic hydrolysis digestibility, increasing the enzymatic digestibility when the lignin content in the surface is decreased. The hemicellulose present in the untreated pine hamper the tendency observed for the rest of the samples.
There is not a relation between holocellulose/ lignin ratio calculated in terms of composition and holocellulose/ lignin ratio present in the surface (Figure 3d). The change in lignin distribution after pretreatment was already observed by Mou et al. (2013b), with ToF-SIMS, that already confirmed lignin was redistributed on the surface in the alkaline pretreatment of common reed. Differences of composition in the particles surface and inside the particles evinces that compositional analysis requires additional techniques to better understand factors affecting enzymatic digestibility. Pine wood structures after pretreatment are much more compact, and lignin is more recalcitrant due to the nature of softwood lignin (Shi et al., 2016). Additionally, the negative effect of softwood lignin in enzymatic hydrolysis has been widely demonstrated (Lai et al., 2014; Li et al., 2013). 
In summary, CFM may be a powerful technique, alternative to other previously employed technologies such as ToF-SIMS, to be employed as a complement, as it adds information about chemical composition and the distribution of holocellulose and mainly lignin in the surface. 
Figure 3
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Figure 5
3.6. Total yields
Glucan and glucose results obtained after pretreatment and after saccharification for every condition are shown in Figure 6. The decrease in glucose yields with respect to mild autohydrolyzed samples is notorious, due to the low digestibilities obtained at intermediate conditions and the high degradation of solids in severe autohydrolyzed samples. In the case of samples with low sugars degradation, such as AH150IL50 and AH150IL80 (with 90.4 and 89.9 of the initial glucan still present in the solid), digestibilities are of 48.6 and 73.1 %, respectively (total glucose yield of 43.9 and 65.7, respectively). In a biorefinery perspective, it is difficult to find a compromise selection that enhances hemicellulose extraction and high glucose yields. In Figure A3 and Table A1 the complete mass balance before and after pretreatment combination is included. Although mild autohydrolysis pretreatments limit the hemicellulose removal, intermediate and severe autohydrolysis restrain glucose production. Thus, a compromise must be reached depending on the goal to achieve. In this way, best results were obtained for AH150IL120 sample, which yields highest glucose productions 68.4 %. 
Figure 6
The enzymatically hydrolyzed solid AH150IL120 is mainly composed by lignin (86.15% of the initial lignin is still in that solid) and this solid is free of hemicelluloses, which may help in the application of this lignin rich material, (i.e. lignin depolimerization or thermal conversion) (Schutyser et al., 2018). In the scenario of severe autohydrolyszed samples, a free of hemicellulose solid has been obtained. In the case of the AH200IL80, while whereas 72.6 % of glucan was produced after 72 h this value was reduced up to 54.2 g of glucose/100 g of initial glucose due to the losses produced during the pretreatment (only 74.7 % of the initial glucan introduced in the process was recovered after the pretreatment). 
4. Conclusions
In the present work, a sequential pretreatment of autohydrolysis + microwave IL pretreatment towards the enhancement of the digestibility of the solid has been studied. Lignin extraction is higher using mild AH pretreatments. Mild AH requires high IL temperatures (AH150IL120), while whereas severe AH should be operated at moderate IL temperatures (AH200IL80) to maximize glucan digestibility. Morphology and surface composition can be quantified, in conjunction with compositional analysis to have an overall outlook of different factors affecting digestibility. In softwood, high surface fractal dimension (Db=2.6962), low laccunarity (ʌ=0.0865) and high holocellulose/lignin ratios (0.70422) on the surface may considerably decrease the digestibility of the material. 
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Figure Captions

Figure 1. Lignin content in the IL. Results are expressed in g  lignin/100 g IL (Eq. 1) and in g lignin/100 g AH lignin (Eq. 2).

Figure 2. Glucan digestibility of pine wood: a) untreated and mild autohydrolyzed + IL pretreatment; b) untreated and intermediate autohydrolyzed + IL pretreatment; c) untreated and severe autohydrolyzed + IL pretreatment. Results are expressed based on Eq 3

Figure 3: SEM microscopy images of a) untreated pine wood, b) AH150IL120, c) AH150IL150, d) AH175IL120, e) AH200IL80, and ef) AH200IL150

Figure 4. Representation of different DIA parameters vs 72 h enzymatic digestibility: a) Db vs enzymatic digestibility; b) ᴧ vs enzymatic digestibility c) ratio holocellulose/lignin in the surface vs glucan digestibility; d) ratio holocellulose/lignin vs ratio holocellulose/lignin in the surface

Figure 5: Confocal fluorescence microscopy images of a) untreated pine wood, b) AH150IL120, c) AH175IL120, d) AH150IL150, e) AH200IL80, and f) AH200IL150

Figure 6: Overall glucan and glucose yield a) after sequential pretreatments and, b) after enzymatic saccharification
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