Combining autohydrolysis and ionic liquid microwave treatment to enhance enzymatic hydrolysis of Eucalyptus globulus wood
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ABSTRACT
Biomass pretreatment combinations are alternatives that takes advantages of individual pretreatments characteristics. In this work, the combination of autohydrolysis and ionic liquid microwave treatments of eucalyptus wood have been studied to facilitate sugar production in a subsequent enzymatic hydrolysis step. Three autohydrolysis conditions (150 C, 175 C and 200 C) in combination with two ionic liquid temperatures (80 C and 120 C) were compared in terms of chemical composition, enzymatic digestibility and global sugar production. Morphology was measured to implement the concepts of fractal dimensions and lacunarity using SEM, and the biomass surface was visualized with confocal fluorescence microscopy. The synergistic cooperation of both treatments was demonstrated, enhancing cellulose accessibility. At intermediate autohydrolysis conditions (175 C) and low ionic liquid temperature (80C), a glucan digestibility of 84.4 % was obtained, due to the formation of a superficial structure with a higher fractal dimension and lower lacunarity. 
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1. Introduction
Eucalyptus species are one of the most promising resources in biorefinery processes because of their fast growth and wide adaptability to soils and climates (Carrillo et al., 2017). In the Iberian Peninsula, eucalyptus accounts for a volume of 2.8x106 tons per year (Silva-Fernandes et al., 2015). 
Due to the recalcitrance of the cross-linked structure of lignocellulosic biomass, the biorefinery of these resources is still a challenge (Demartini et al., 2015). Pretreatment processes that deconstruct the linkages and disrupt the structure are recquired and involve up to 40 % of the total processing costs of lignocellulosic biomass conversion (Pérez-Pimienta et al., 2017; Raghavi et al., 2016). 
Autohydrolysis (AH) is considered an inexpensive, environmentally friendly and easy-to-handle process that removes hemicelluloses (Liu et al., 2015; Silva-Fernandes et al., 2015). The auto ionization of water into hydronium ions and acetyl group hydration, autocatalyze the process (Perez-Pimienta et al., 2016). Due to hemicelluloses removal, the size, surface area, or pore size of the remaining solids is altered (Rissanen et al., 2016). Thus, AH is an adequate pretreatment for the development of integrated biorefining strategies aimed at the fractionation of hemicellulose and the obtention of lignin- and cellulose-rich materials that can be further treated (Silva-Fernandes et al., 2015).
Ionic liquids (ILs) are very promising biomass solvents that reduce recalcitrance, enabling deconstruction of the lignocellulosic network. High chemical and thermal stability and negligible vapor pressure are some of the advantages against other organic solvents (Zhu et al., 2016). ILs also reduce cellulose crystallinity, increasing cellulose accessibility and favoring high cellulose to glucose conversions (Singh et al., 2016; Xu et al., 2016). Some imidazolium aprotic ILs such as [Emim][OAc], [Bmim][Cl] and [Emim][DEP], have been proved to dissolve cellulose and lignocellulosic biomass (Ha et al., 2011; Li et al., 2009). [Emim][OAc] has been found to report the best results in biomass pretreatment and is the most widely used IL used for this purpose to date (Brandt et al., 2017; Elgharbawy et al., 2016). Additionally, ILs are considered good microwave absorbers. The use of this heating method speeds up the treatment (Fang, 2015).
Sequential and combined treatments are being studied in an attempt to improve cellulose to glucose digestibility, extracting also hemicellulose and lignin. The combination of physical (steam explosion, AH, AFEX, etc.) with chemical pretreatments such as alkaline peroxide or ethanol extraction have been tested (Akhtar et al., 2015; Chen et al., 2008). Fewer literature is found combining ILs with other pretreatments. Silveira et al (2015) combined [Bmim][OAc] with supercritical CO2, obtaining high glucose yields from sugarcane bagasse (Silveira et al., 2015). Rice straw was treated by Nguyen et al (2010), combining ammonia and [Emim][OAc], obtaining high glucose yields and reducing enzyme dosage and incubation time; while Heggset et al. (2016) combined ILs and low temperature alkaline treatment (Heggset et al., 2016; Nguyen et al., 2010). AH and IL treatment of wood was developed by Hauru et al. (2013), focusing on biomass fractionation instead of a pretreatment (prior to enzymatic hydrolysis) approach (Hauru et al., 2013).
To evaluate biomass digestibility, microscopy is commonly used. SEM images are being widely utilized to visually support results obtained in biomass pretreatment (Demartini et al., 2015; Nitsos et al., 2016; Singh et al., 2009). However, digital image analysis (DIA) of these images has not been further investigated. The fractal dimension concept, first introduced by Mandelbrot et al. (1977), is being calculated in many scientific research areas such as (porous) materials characterization, botany, medicine or cellular biology (Liu & Ostadhassan, 2017; Mandelbrot, 1977; Neves et al., 2014; Smith Jr et al., 1996; Utrilla-Coello et al., 2013). In complex objects and textures, the fractal dimension parameter is applied to non-traditional patterns or objects to define the inherent grade of complexity. Fractal dimension can be defined as a scaling rule that indicates how a pattern’s details change with the scale. (Karperien, 2013). Lacunarity, another DIA-employed concept, is described as inhomogeneity, gapiness, visual texture or rotational invariance. This concept introduced by Mandelbrot et al. (1983) has also been previously used to measure changes in the features of the digital image with the level of resolution (Karperien, 2013; Kilic & Abiyev, 2011; Liu & Ostadhassan, 2017; Mandelbrot & Pignoni, 1983; Utrilla-Coello et al., 2013) 
In this work, the combination of AH and IL microwave treatments, towards maximizing sugar extraction from Eucalyptus globulus wood, is studied. AH and IL microwave treatments are performed at different temperatures, evaluating glucan and xylan digestibilities in the subsequent enzymatic hydrolysis step. For the first time, the terms of fractal dimension and lacunarity are calculated from SEM images and correlated against enzymatic digestibility, as a measure of cellulose accessibility. Furthermore, surface compositional changes are observed by confocal fluorescence microscopy. Finally, the global mass balance sums up solid recoveries as well as compositional analysis, showing the most favorable conditions to maximize sugars production. 
2. Materials and methods
2.1. Materials and reagents
The raw material Eucalyptus globulus sawdust was provided by the National Institute for Agronomic Research (CIFOR-INIA). The IL 1-ethyl-3-methylimidazolium acetate ([Emim][OAc], > 95 %) was supplied by Iolitec GmbH. Lignin was extracted from the raw material Eucalyptus globulus through an organosolv process, using sulfuric acid as a precipitating agent, and was used as reference material for UV/VIS measurements (detailed below). Enzymatic hydrolysis was developed using the enzymatic cocktail Accellerase 1500 ®, kindly donated by Genencor. 
2.2.  Experimental 
2.2.1. Autohydrolysis (AH) treatment
A 450 mL stainless steel pressure reactor (Parr Instrument Company, model 4567) was used to perform AH treatments. The equipment operates with a four-blade turbine impeller. An external electrical mantle was used to heat the reactor vessel, and a silicon fluid oil (100 cSt) was employed in the cooling step. Parr PID controller model 4848 was used to control parameters. All the temperature ramps consist of a heating ramp from ambient temperature to the set temperature (150, 175 or 200 °C) for 50 minutes, a 30-minute isotherm at the set temperature (150, 175 or 200 °C), and a cooling ramp until the reactor temperature decreased to 40 °C. A liquid-to-solid ratio of 8:1 (g water: g dry biomass) was employed according to the literature (García-Domínguez et al., 2013; Romaní et al., 2014). 
2.2.2. Ionic liquid (IL) microwave treatment
First, AH Eucalyptus globulus samples were milled and sieved to obtain particle sizes < 150 µm. Consequently, 0.8 g of wood samples were mixed with 20 g of [Emim][OAc]. Samples were heated at 80 °C or 120 °C under microwave radiation in a Berghof SpeedWave Four microwave oven, using a two-step programme detailed in a previous work (Casas et al., 2013). Afterwards, 50 mL of deionized water was added as an antisolvent agent at 40 °C. The solution was stirred for 10 minutes. Solid and liquid fractions were separated by vacuum filtration.
To maximize [Emim][OAc] recovery yield and avoid IL residues in the wood samples in the washing step (that distort solid recoveries results), treated samples were washed 5 times with 70 mL of deionized water per wash. Recovered treated samples were stored at 40 °C for further treatments and analysis. 
2.2.3. Enzymatic hydrolysis
1 % wt/wt of untreated/treated wood was suspended in 50 mM citrate buffer (pH 5.0) containing 0.002 % of sodium azide, in a working volume of 8 mL. 0.25 mL/g glucan of Accellerase 1500 enzymatic cocktail was added to the preparation. The enzymatic hydrolysis was carried out in an IKA KS 4000i orbital incubator at 150 rpm and 50 °C. In parallel, blank assays of each substrate were prepared to control the process in absence of enzymatic cocktail. Hydrolysate aliquots of 150 µL were taken at 3, 6, 12, 24, 48 and 72 h, centrifuged twice consecutive at 9000 rpm for 10 minutes and analyzed by HPLC to obtain monosaccharides composition. 
2.3. Analytical methods
2.3.1. Chemical characterization of untreated eucalyptus wood, treated wood, and enzymatic hydrolysis hydrolysates
Untreated eucalyptus wood and treated solids compositions were determined according to the NREL/TP-510-42618 methodology, adapted to small quantities of samples (50 mg) (A. Sluiter, 2011; Ibáñez & Bauer, 2014). A two-step acid hydrolysis was employed to obtain acid-insoluble lignin and ashes (gravimetrically quantified after being dried at 105 °C) and a liquid fraction formed by soluble lignin and sugars. Acid-soluble lignin was quantified by UV spectroscopy at 205 nm, using an absorptivity coefficient of 110 L·g-1·cm-1. 
Sugars in hydrolysates were determined using an Agilent 1260 HPLC system operating with a refractive index detector. A 300x7.8 mm Casbosep-CHO 682 column with Micro-Guard cartridges (BioRad, Life Science Group Hercules, Ca) was used to measure sugars concentration in acidic samples. Before analysis, samples were neutralized with CaCO3 and filtered under 0.45 µm. The column was operating at 80 °C using water as mobile phase, and the flow rate was 0.4 mL/min. The anhydrous corrections to hexoses (162/180) and pentoses (132/150) were applied to each sugar concentration, respectively. Sugar recovery standards (SRS) corrections were applied following the procedure (A. Sluiter, 2011).
In the case of sugars determination in non-acidic samples (enzymatic hydrolysis), the abovementioned CARBOSep CHO-682 Guard kit + lead column was used under the above specified conditions. Glucan and xylan digestibilities were defined as the percentage of glucan or xylan converted into glucose or xylose during enzymatic hydrolysis and were calculated according to Eqs. 1 and 2.
	(1)
	(2)
According to the NREL/TP-5100-63351 procedure, anhydro corrections of 0.9 and 0.88 were applied to determine glucan and xylan content in hydrolysates (Resch et al., 2015).
2.3.2. IL content in the washing fractions after microwave treatment
Washing fractions were analyzed by HPLC equipped with a UV detector measuring at 235 nm. An Eclipse Plus C18 4.6x100 mm column and a mobile phase of 50/50 % v/v acetonitrile/water at a flow rate of 1 mL/min and at 30 °C was employed. To avoid exceeding the toleration levels of salts in the column, samples were diluted before injection (Hyvärinen et al., 2014).
2.3.3. Lignin content in the IL
Lignin content in the recovered [Emim][OAc] and accumulated lignin were defined according to Eqs. 3 and 4.
	(3)
	(4)
A Buchi R-114 rotavapor was employed to remove water from the washing fractions and recover the IL. The lignin content in the IL was analyzed by UV/VIS spectroscopy using a Varian Cary 50 scan UV/VIS spectrophotometer. Before measuring, water content in the recovered IL was determined using a thermobalance and mass was corrected. Samples were diluted 40-fold in 0.1 N NaOH and filtered, to measure the absorbance at 280 nm (Weerachanchai & Lee, 2014). The total dissolved lignin concentration was obtained from the reference curve of eucalyptus wood organosolv lignin samples prepared following the methodology of Weerachanchai and Lee (2014) (Weerachanchai & Lee, 2014). To avoid an excess in the absorbance measured due to IL treatment, the absorbance measurement of each sample was subtracted from a blank sample prepared with the microwave heated IL at the working temperature. 
2.3.4. Surface morphology and compositional distribution of processed solids
[bookmark: OLE_LINK1]Scanning electron microscope (SEM) images of untreated and treated samples were acquired using a Jeol JSM 6400 operating at 20 kV. A gold sputtering onto the sample surface was used to impart electrical conductivity. Analyses were developed in the technical facilities of the Spanish National Centre for Electron Microscopy.
Micrographs were processed using ImageJ software to measure fractal dimension and lacunarity. Five micrographs of each sample of 128x128 pixels size were cropped. Based on previous assays, the local thresholding Bernsen method using a radius of 15 was found to be appropriate to convert the grayscale image into a binary image. The FracLac plugin of ImageJ was used to calculate fractal dimension (Db) and lacunarity () using the box counting method (Alvarez et al., 2013). The smallest grid used was 1 and the largest grid was 45 %.
A Leica SP-2 AOBS confocal laser microscope was used to observe variations in surface samples. A laser at 405 nm was used to observe sample fluorescence. Two wavelength detector sources (428-480 and 547-658 nm) were used to distinguish holocellulose and lignin (autofluorescent). Beta 1-4 polysaccharides linkages were dyed using 0.1 % Calcofluor white stain (Pérez-Pimienta et al., 2017). Afterwards, samples were washed twice with distilled water and dried in the dark overnight. Prolong Gold antifade mountant (1 drop) was used to fix the sample until analysis. Separate samples of dyed (with calcofluor) and non- dyed alkali lignin and Avicel PH-105 were taken as control. Images were acquired at a step size of 2 µm and were coupled, together with the images taken with transmitted light into a z-axis maximum projection using ImageJ software. Images acquisition was developed in the technical facilities of the Centre for Cytometry and Fluorescence Microscopy of the Complutense University of Madrid (UCM).
3. Results and discussion
To nominate samples, the AH temperature of the treatment will be designated after “AH” letters (AH150, AH175 and AH200) and IL temperature will be designated afterwards, followed by the microwave treatment temperature (IL80, IL120)
3.1. Solid recovery and chemical composition of untreated/ treated biomass
Table 1 shows the solid yield recovery and chemical composition of treated and untreated solids. The effects of AH+IL treatments incur in a gradual decrease in the solid recovery that should be taken into account in the global mass balance (explained below). The biggest decrease is produced in the most severe conditions (AH200IL120) to 55 g of treated sample/100 g of untreated eucalyptus wood, while 84 g of treated sample/100 g of untreated eucalyptus wood is obtained in the least treated sample (AH150IL80). Furthermore, it is observed that the AH treatment affects more to the solid recovery more than the IL treatment, where solid yield recoveries decreasing in the range of 1.7 and 3 % are observed between experiments performed at 80 °C and 120 °C. The low solid recoveries variations between samples autohydrolyzed at the same conditions, followed by different IL treatment temperature, supports the statement that ILs pretreat biomass without degrading cellulose (Elgharbawy et al., 2016). 
Table 1
The relative composition of biomass compared to the untreated sample, varies in most experiments, indicating that specific biomass fractions are selectively removed (Procentese et al., 2015). The AH step incurs a slight increase in lignin content slight increase, as a consequence of hemicelluloses extraction in the case of the samples autohydrolyzed at 150 °C and 175 °C, and as consequence of hemicellulose and cellulose degradation in samples autohydrolyzed at 200 °C. This is in agreement with the increasing sugar content of the liquid fraction up to a point where degradation products are generated (Nitsos et al., 2016; Silva-Fernandes et al., 2015). The IL temperature variation in the microwave step does not incur in significant changes in lignin compositions. The only relevant variation is observed between AH200IL80 and AH200IL120 samples, with variations of 6 % among them. These results are supported by the UV measurements developed below, where higher lignin accumulation is produced in samples autohydrolyzed at severe conditions. Overall, it can be observed that AH treatments lead to hemicellulose extraction up to a point at which degradation of cellulose and hemicellulose starts. Glucan content is maximized in samples autohydrolyzed at 175 °C, which will contribute to increase final glucose yields in the process. Severe AH conditions produce cellulose degradation, as a consequence of the formation of degradation products (Nitsos et al., 2016).
3.2. Ionic liquid recovery and lignin extraction
Washing fractions obtained after IL microwave treatment were collected separately and analyzed in order to determine the minimum amount of water required in this treatment. Three washings, plus the regeneration step are required to recover the IL. Despite of operational losses during the process, IL recovery yields are in all the cases higher than 96 %in all cases. [Emim][OAc] accumulation in the solid, could lead into mistakes in the global mass balance (due to overweighting solid fractions) and would cause a decrease in the enzymatic hydrolysis yields as a result of cellulose inactivation (Xu et al., 2016). The problemat of salts accumulation when measuring in the presence of ILs limited the detection of sugars by HPLC at the stablished IL dilution conditions.(Hyvärinen et al., 2014). 
Tto reuse the IL in consecutive cycles, antisolvent must be removed. Using vacuum distillation, at least 90 % of the initial IL was recovered. However, differences in the coloration denote the accumulation of impurities (lignin) accumulation after the treatment. The quantity of lignin present in the IL gradually increases from 0.050 to 0.348 g of lignin per 100 g of IL, which corresponds to 10-70 %wt of lignin introduced. Although the IL temperature influences the lignin accumulation in the IL, the biggest differences are observed as an effect of AH conditions. A subsequent step with an additional antisolvent (e.g., iso-propanol or ethanol) that enables lignin precipitation should be assessed not only to obtain a by-product stream in the overall process but also to remove impurities in the IL, enabling the recyclability in the following cycles of use (Auxenfans et al., 2014; Isikgor & Becer, 2015; Weerachanchai et al., 2014). 
3.3. Enzymatic hydrolysis digestibility 
Figure 2a shows glucan digestibility during enzymatic hydrolysis of samples subjected to AH + IL treatment. The lowest glucan digestibility is obtained for untreated eucalyptus wood (15 g hydrolyzed glucan/100 g glucan introduced). Differences between untreated and treated samples demonstrate the effectiveness of EmimOAc that has been extensively commented in literature (Elgharbawy et al., 2016; Lynam & Coronella, 2014; Sun et al., 2016). Furthermore, it is also observed how curve aspect differs between samples. While in the untreated wood and AH150IL120 sample digestibility increase only up to 12-24 hours, digestibility continues increasing up to 24-48 hours in the other samples. 
The least severe treatment tested already yields 68 g of glucan/100 g glucan, while the highest digestibility is obtained with 175 °C AH treatment followed by an IL step at 120° C. As occurred with solid recovery yields, the effect of AH temperature enzymatic digestibility is greater than the effect of IL temperature. The only case in which IL treatment temperature appears to show a relevant difference is in samples autohydrolyzed at 150 °C. In this sense, treatment at lower IL temperature conditions for samples treated at intermediate or severe AH conditions (AH175IL80 and AH200IL80) would be justified, saving energy costs in future biorefinery processes. The observations between samples autohydrolized at different conditions verify that conditions that are too severe conditions (as studied at AH samples at 200 °C) do not report higher digestibilities, suggesting that intermediate AH conditions in combination with IL microwave treatments may get considerable high glucose digestibilities. 
Figure 1
Xylan digestibility for untreated eucalyptus wood and treated samples (excepting samples autohydrolyzed at 200 °C) was also calculated and is shown in Figure 1b. As occurred in glucan, the differences between untreated and treated samples are remarkable. Xylan digestibility varies between 5.7 – 74.3 g glucan/100 g initial glucan introduced for untreated eucalyptus wood and AH175IL80 samples, respectively. Again, the AH conditions are the main effect that cause variation in xylan digestibilities variations. Differences between samples autohydrolyzed under the same conditions but with different IL temperature treatments varies in the range 6-12%. Although digestibilities are shown to be higher in the case of samples autohydrolyzed at 175 °C, the low content of xylan in these samples before hydrolysis (due to hemicellulose extraction under the fixed AH conditions), results in low xylan global yields. 
3.4. Biomass accessibility
SEM and confocal fluorescence microscopy images may help to elucidate the results obtained after enzymatic hydrolysis treatment. 
3.4.1. Surface texture: fractal dimension and lacunarity
The differences between untreated eucalyptus and treated samples are notorious. The overall surface of untreated eucalyptus wood (image not shown) is smoothed with no visible holes in the structure. Treated samples shown in Figure 2 have a quite homogenous macrostructure with more porosity, possibly due to partial dissolution and regeneration of wood fibers in a fusing structure (Sun et al., 2011). The biggest difference visually observed in SEM micrographs is for AH200 samples. In these cases, the surfaces are rougher and agglomeration of smaller particles are observed. The effect of IL temperature on the solids morphology does not produce clear visual changes, excepting between AH150IL80 and AH150IL120 samples. 
Figure 2
To get additional information of the textural images obtained, the terms of fractal dimension and lacunarity using the box counting method were calculated for SEM micrographs and results are shown in Table 2. 
Table 2
The fractal dimensions values obtained vary in the range 1.5202 (for untreated eucalyptus wood) to 1.7112 for AH175IL80. Although no previous references of this parameter calculation have been found in treated biomass samples, in other kinds of materials, values are in the range of 1.80 – 1.85 in the case of carbon samples or 1.72 – 1.75 in retrograded starch (Alvarez et al., 2013; Utrilla-Coello et al., 2013). The bigger a fractal dimension is, the more convolutions a porous system has (i.e., twists and turns) and the higher the complexity is (Alvarez et al., 2013; Karperien, 2013). It is curious to observe that fractal dimensions obtained for AH175IL80, AH175IL120, AH200IL80 and AH200IL120 have very similar values (approximately 1.71), in the same way that 72-hour glucan digestibility values are similar. Plotting Db vs 72 h glucan digestibility, including standard deviations, there exists a linear correlation that results in an adjusted r-square of 0.8707. 
Lacunarity values are in the range of 0.6955 (for untreated sample) to 0.3410 for AH200IL120. These values are in the range of those obtained with different samples such as rocks (0.05 – 0.20), or carbon samples (0.15 – 0.28) (Alvarez et al., 2013; Liu & Ostadhassan, 2017). In this case, the lower the lacunarity is, the more homogenous textures are obtained, as has been visually confirmed. Again, lacunarity values of AH150IL120, AH175IL80, AH175IL120, AH200IL80 and AH200IL120 are quite similar among themselves, and their reproducibility shows low standard deviations between replicates, while in the case of untreated eucalyptus wood and AH150IL80 samples, the results are more heterogeneous, and the standard deviation is greater. Plotting lacunarity vs 72 h glucan digestibility and including standard deviation values, there is a linear correlation with an adjusted r-squared value of 0.8021. As a consequence, lacunarity and fractal dimension of each sample are also related between themselves. The higher the lacunarity is, the lower fractal dimensions are obtained, with an adjusted r-squared value of 0.9813. In this way, fractal dimension and lacunarity could be correlated against glucan digestibility and become a parameter to take into account in the future as a measurement of cellulose accessibility for enzymatic hydrolysis. However, further studies should be developed in order to verify this tendency in other treatment technologies.
3.4.2. Surface chemical distribution
Confocal fluorescence microscopy images shown in Figure 3 expose lignin (green) and holocellulose (blue) surface distribution. Untreated eucalyptus wood surfaces show an ordered and crosslinked lignin and holocellulose distribution, and both components colors are not visually observed to be mixed. As ocurred with other analyses, the effect of the AH treatment used results in more visual differences than the effect of the IL treatment temperature. Samples autohydrolyzed at mild conditions, show an altered structure (already observed in SEM images) where lignin and holocellulose have been rearranged. According to chemical composition, structures “in blue” can be attributed to hemicelluloses still present in the sample and/or superficial cellulose. At intermediate AH conditions, samples are mainly composed of lignin in the surface. Lignin has been noted as an inhibitory agent of cellulases (Rahikainen et al., 2013). However, digestibilities observed under these conditions demonstrate that eucalyptus wood digestibility is not decreased due to the presence of lignin in the surface. Samples autohydrolized under severe conditions show particles agglomeration. The transmitted coupled channel shows that not the whole particle is observed under fluorescence. This may be attributed to the opacity of the sample that limits laser penetration, probably due to the high content of lignin (dark).
Figure 3
3.5. Process mass balance 
Figure 4 summarizes the calculations developed in the whole process with chromatographic, gravimetric, and NREL analyses and spectroscopy techniques. Eucalyptus wood has been divided into three main components: cellulose, hemicellulose and lignin. Minimum, and maximum values of each component have been included as reference. The results underlined corresponds to AH175IL80, which had the highest glucose yield (69.7 g glucose in eucalyptus/100 g glucose in the global process). The highest xylose yield was obtained in the AH150IL120 sample as a consequence of the low hemicellulose removal at mild AH conditions. Due to pseudo lignin formation in some samples, lignin extraction was not included in AH200IL80 and AH200IL120 samples. The global mass balance shows the importance of calculating global yield throughout the process. In this sense, the sample with maximum glucan digestibility (AH175IL120) and maximum glucose yield (AH175IL80) is not the same.
Figure 4
The overall mass balance has shown that lignin has been overestimated in the case of AH200 samples, probably due to “pseudo-lignin” that cannot be distinguished from Klason lignin (Huijgen et al., 2012). This overestimation was observed in the solid characterization analysis and in the lignin quantification in the IL. 
Conclusions
In this work, combinations of autohydrolysis and microwave ionic liquid treatments combination, towards sugars production maximization from eucalyptus wood, were tested. The highest glucan digestibilities were obtained for AH175IL80 and AH175IL120 samples (84.4 and 85.5 %). The AH175IL120 sample yielded the highest glucan production (39.6 g of glucose/100 g of untreated wood). Fractal dimension and lacunarity were found to be promising parameters to understand biomass accessibility. Confocal fluorescence microscopy images showed that superficial lignin does not limit glucan digestibility. Mass balance evinced the importance of quantifying solid recoveries along the process towards a realistic glucose quantification in the global process.
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Tables
Table 1. Solid recovery and compositional analysis. ± values denotes standard deviations
	
	Solid Yield
	COMPOSITION (g/100g ODW treated biomass)

	
	g/100 g ODW* untreated wood
	Lignin
	Glucan
	Xylan
	Galactan
	Arabinan
	Mannan
	Acetate

	
	%
	%
	%
	%
	%
	%
	%
	%

	Eucalyptus wood
	100
	27.21±0.20
	51.08±1.32
	18.14±0.35
	0.62±0.10
	0.18±0.18
	0.41±0.41
	4.12±0.11

	AH150IL80
	84.35
	28.86±1.31
	46.54±0.61
	12.45±0.04
	0.63±0.05
	0
	0.77±0.77
	9.00±0.71

	AH150IL120
	81.82
	29.08±0.97
	53.83±0.08
	12.86±0.32
	0.60±0.15
	0
	1.74±0.87
	4.22±0.78

	AH175IL80
	63.11
	30.51±1.43
	66.82±1.82
	1.92±0.02
	0
	0
	0
	1.16±0.26

	AH175IL120
	62.03
	31.21±0.79
	61.22±0.85
	2.05±0.01
	0
	0
	0
	3.33±0.34

	AH200IL80
	56.33
	55.86±1.52
	46.05±0.98
	0
	0
	0
	0
	0

	AH200IL120
	55.19
	52.54±1.71
	45.32±0.98
	0
	0
	0
	0
	0


*ODW: Oven dry weight


Table 2. Fractal dimension (Db) and lacunarity () of untreated and treated samples. The results were calculated using the Fraclac plugin from ImageJ software and the box counting method. ± values denotes standard deviations
	Sample
	Example of micrograph processed
	Fractal dimension
(Db)
	Lacunarity
()

	Untreated eucalyptus wood
	[image: ]
	1.5202±0.0859
	0.6955±0.1200

	AH150IL80
	[image: ]
	1.6258±0.0447
	0.4976±0.1357

	AH150IL120
	[image: ]
	1.6724±0.0163
	0.3933±0.0354

	AH175IL80
	[image: ]
	1.7112±0.0304
	0.3470±0.0351

	AH175IL120
	[image: ]
	1.7001±0.0201
	0.3735±0.0340

	AH200IL80
	[image: ]
	1.7042±0.0230
	0.3824±0.0554

	AH200IL120
	[image: ]
	1.7080±0.0225
	0.3410±0.0287




Figure Captions

Figure 1. a) Glucan digestibility and b) xylan digestibility. Percentages are expressed in grams of glucan per 100 grams of initial glucan/ xylan introduced in the enzymatic hydrolysis step.

Figure 2. SEM micrographs of treated samples. Images taken at x400 magnification. a) AH150IL80 sample, b) AH150IL120 sample, c) AH175IL80 sample, d) AH175IL120 sample, e) AH200IL80 sample, f) AH200IL120 sample

Figure 3. Confocal fluorescence microscopy images of treated samples. Images taken at x63 magnification. a) AH150IL80 sample, b) AH150IL120 sample, c) AH175IL80 sample, d) AH175IL120 sample, e) AH200IL80 sample, f) AH200IL120 sample

Figure 4: Mass balance per 100 g of untreated eucalyptus wood during sequential autohydrolysis and IL microwave treatment. Underlined values represent results for the highest glucose productions (AH175IL80)
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