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Abstract

:

Eucalyptus globulus wood samples were treated with hot, compressed water (autohydrolysis) in consecutive stages under non-isothermal conditions in order to convert the hemicellulose fraction into soluble compounds through reactions catalyzed by in situ generated acids. The first stage was a conventional autohydrolysis, and liquid phase obtained under conditions leading to an optimal recovery of soluble saccharides was employed in a new reaction (second crossflow stage) using a fresh wood lot, in order to increase the concentrations of soluble saccharides. In the third crossflow stage, the best liquid phase from the second stage was employed to solubilize the hemicelluloses from a fresh wood lot. The concentration profiles determined for the soluble saccharides, acids, and furans present in the liquid phases from the diverse crossflow stages were employed for kinetic modeling, based on pseudohomogeneous reactions and Arrhenius-type dependence of the kinetic coefficients on temperature. Additional characterization of the reaction products by High Pressure Size Exclusion Chromatography, High Performance Anion Exchange Chromatography with Pulsed Amperometric Detection, and Matrix Assisted Laser Desorption/Ionization Time of Flight Mass Spectrometry provided further insight on the properties of the soluble saccharides present in the various reaction media.
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1. Introduction


A major concern of sustainability is the consumption of nonrenewable resources, and their replacement by renewable ones. Lignocellulosic materials (LCM) are interesting renewable raw materials for industry, due to their availability, widespread occurrence, carbon-neutral character, and low cost. Eucalyptus globulus shows favorable features as a feedstock for industry, including its productivity, high cellulose content, and hemicelluloses largely dominated by acetylated glucuronoxylan [1,2], with minor amounts of other components [3].



The industrial utilization of LCM can be accomplished using the biorefinery approach, which entails the selective separation of the polymeric components of LCM (cellulose, hemicelluloses and lignin) through “fractionation” treatments, and the further transformation of the resulting fractions into commercial products, taking into account the principles of green chemistry and circular economy [4].



The fractionation of woods in the scope of biorefineries can be achieved by diverse methods, depending on the fraction (or fractions) targeted. In particular, hemicelluloses can be selectively separated from cellulose and lignin by performing a mild acidic treatment in aqueous media. Under selected conditions, hemicelluloses can be converted into soluble saccharides (or saccharide-decomposition products), whereas cellulose and lignin are scarcely altered and remain in solid phase. The solids from autohydrolysis can be processed (for example, by delignification, enzymatic hydrolysis or acidic processing under harsh conditions) to yield a wide scope of products, including sugar solutions suitable as fermentation media, furans, cellulose pulp, and organic acids.



The acidic conditions promoting the hemicellulose depolymerization in aqueous media can be achieved by external addition of an acidic catalyst (typically, a mineral acid in prehydrolysis treatments), or just by aqueous processing (autohydrolysis treatments). In the latter case, the breakdown of the glycosidic bonds in hemicelluloses is catalyzed by hydronium ions, which come at the beginning of the reaction from water autoionization and uronic substituents in hemicelluloses. In further reaction stages, the acetic acid progressively released in situ from the acetyl groups becomes the major source of hydronium ions (autocatalytic reaction). As a consequence, the comparatively high acetyl group content of Eucalyptus globulus wood is an advantage for this type of reactions.



Besides the ability of autohydrolysis for causing an extensive and selective separation of hemicelluloses from the rest of the polymeric wood components, other advantages (including its “green” character, the limited problems derived from equipment corrosion, and the fact that no neutralization or sludge management stages are necessary) contribute to the interest of this technology for wood fractionation [5].



When autohydrolysis is performed under suitable operational conditions, the acetylated glucuronoxylan in E. globulus wood is mainly converted into xylooligosaccharides (XOs), which in turn can be converted into xylose and/or xylose-decomposition products. The kinetic modeling of single-stage E. globulus wood autohydrolysis has been considered in literature, including the hydrolysis of xylan under isothermal and non-isothermal conditions [5,6] and the generation of acetic acid from acetyl groups [7].



The hydrolysis of E. globulus xylan into soluble products has been interpreted in literature [5,6] using a mechanism based on the following hypotheses:




	
The reactions taking place in the reaction medium are irreversible and present a first-order, pseudohomogeneous kinetics



	
The kinetic coefficients involved in the mechanism follow the Arrhenius equation



	
Eucalyptus wood xylan (Xn) is made up of two fractions, one being unreactive under the operational conditions, and the other (susceptible xylan, XnS) can be hydrolyzed to yield high-molecular weight oligosaccharides (XOH)



	
The relative proportion of hydrolyzable xylan is measured by the “susceptible fraction” αXnS (g susceptible xylan/g xylan)



	
XOH are split into low molecular weight oligosaccharides (XOL)



	
XOL are hydrolyzed into xylose (X), which is dehydrated into furfural (F)








This mechanism can be summarized as follows:


   X  n S      k 1      > X  O H     k 2      > X  O L     k 3      > X    k 4      > F  











Although xylan can be hydrolyzed at high yield by autohydrolysis treatments, the volumetric concentrations of the soluble saccharides and furfural in liquid phase are limited, owing to both the xylan content of wood and the concentration of solids in the reaction media (typically, 10–12.5 g oven-dried wood/100 g water). As a consequence, the volumetric concentration range is below the desired threshold for a number of applications. Increased concentrations of the target products can be achieved by concentration (for example, by evaporation or membrane technologies) or by coupling reaction stages [8]. This latter strategy entails a number of issues, related to the higher concentrations of catalyst (acetic acid derived from acetyl groups) and to the increased conversion of susceptible substrates by hydrolysis, dehydration and/or condensation reactions.



To our knowledge, no studies have been reported on the kinetic modeling of multistage autohydrolysis. The closest precedents for our study are the articles reported for the single stage autohydrolysis of Eucalyptus globulus wood [5,6]. Other studies dealing with wood autohydrolysis have been reported for Acacia dealbata (a hardwood with hemicelluloses mainly made up of xylan) [9] and Pinus pinaster (a softwood with hemicelluloses mainly made up of glucomannan and xylan) [10]. Additional kinetic studies of single-stage autohydrolysis have been reported for a number or non-wood materials, including corncobs [11], vine shoots [12], Arundo donax [13], barley husks [14], bamboo [15], Cytisus scoparius [16], rye straw [17], and almond shells [18].



This work deals with the kinetic modeling of E. globulus wood processing by multistage autohydrolysis. Wood was processed in three crossflow stages (as indicated in Figure 1), where the first one was a conventional hydrothermal treatment (wood was processed with water), whereas fresh wood lots were treated in the second and third stages with the liquid phases coming from stages 1 and 2, respectively. Operation was carried out under non-isothermal conditions. In experiments performed at temperatures within the range 160–220 °C, samples were withdrawn at selected reaction times, and assayed for the following reaction products: XOs, X, F, glucosyl groups in oligosaccharides (GOs), arabinosyl groups in oligosaccharides (ArOs), glucose (Gl), arabinose (Ar), acetyl groups in oligosaccharides (AcO), hydroxymethylfurfural (HMF), acetic acid (AcH), formic acid (FA), and levulinic acid (LA). Kinetic models giving a close interpretation of the experimental data were developed, and the properties of the soluble products leaving the diverse reaction stages were assessed by High Pressure Size Exclusion Chromatography (HPSEC), High Performance Anion Exchange Chromatography with Pulsed Amperometric Detection (HPAEC-PAD), and Matrix Assisted Laser Desorption/Ionization Time of Flight Mass Spectrometry (MALDI-TOF MS).




2. Results and Discussion


2.1. Wood Composition


The composition of lignocellulosic materials depends on the type of substrate and on other specific factors (growth conditions and age of the specimen, sampling method, etc.). The reactions involved in autohydrolysis processing are affected by the composition of the wood sample: for example, the acetyl group content measures the maximum amount of acetic acid that can be released (and so the concentration of hydronium ions with catalytic activity present in the media), whereas the ash fraction may present neutralizing ability. Because of this, the wood lot employed in experiments was characterized in detail, yielding the results listed in Table 1. Cellulose (40.8 wt %) and acid-insoluble lignin (22.5 wt %) were the major wood components; whereas xylan (16.8 wt %), arabinosyl groups (0.63 wt %) and acetyl groups (3.16 wt %) were the target substrates for autohydrolysis.




2.2. Effects Caused by the First Reaction Stage


According to Figure 1, the first reaction stage was a conventional non-isothermal autohydrolysis reaction, similar to the one described in literature dealing with the kinetics of Xn conversion into XOs, X and F [6]. In the present study, the concentrations of additional reaction products (GOs, ArOs, Gl, Ar, AcO, AcH, FA, HMF, and LA) were also determined to allow a deeper understanding of the underlying chemistry. The volumetric concentrations achieved at the considered temperatures are listed in Table 2. The concentration profiles determined for the products derived from xylan (XOs, X and F) were essentially the same as those reported in an earlier study [6], and are not discussed in depth here. In order to facilitate the interpretation of data, the most important experimental trends can be summarized as follows: XOs were generated from Xn by partial hydrolysis, and then converted into X. As a consequence, XOs behaved as reaction intermediates, reaching a maximum concentration (15.9 g/L) under conditions of intermediate severity (195 °C, or reaction time = 35.4 min). The concentration of X increased steadily along the heating process (to reach a maximum concentration of 10.2 g/L under the harshest conditions assayed), but the concentration increases were below the stoichiometric ones calculated from the decrease in XOs concentration, owing to the dehydration of X into F. As observed for X, the concentrations of F (generated by the dehydration of pentoses) increased steadily with the reaction time. The variation pattern observed for AcO was closely related to the one observed for XOs, with a maximum concentration (3.55 g/L) taking place under the same conditions. AcH (resulting from AcO hydrolysis) reached concentrations in the range 0.01–3.04 g/L, providing increased amounts of hydronium ions at increased temperatures. ArOs and Ar reached low concentrations (derived from the scarce amount of arabinosyl groups in the substrate), and were more susceptible to hydrolysis/dehydration than XOs and X, respectively. The concentration of F (produced from pentoses) increased steadily along the experimental domain, up to reach 1.76 g/L under the severest conditions assayed. Glucan (ascribed to cellulose), an abundant fraction in the raw material, was scarcely affected by hydrolysis reactions, resulting in low concentrations of GOs, Gl (generated from GOs) and HMF (coming from Gl rehydration). In the reaction media, FA can be generated from two sources: formyl groups in lignin, and HMF rehydration (which yields equimolar amounts of FA and LA). Since no significant amounts of LA were detected, it can be concluded that FA was produced from formyl groups.




2.3. Effects Caused by the Second Reaction Stage


Figure 1 shows that the second reaction stage was different from a conventional non-isothermal autohydrolysis reaction, since the liquid phase employed for wood processing contained reactive components (oligosaccharides, sugars, acetyl groups and furans) together with organic acids acting as catalyst sources. Because of this, the second reaction stage is expected to cause similar effects on wood than the first reaction stage, but the reactive components initially present in the liquid phase will undergo hydrolysis, dehydration, rehydration and/or condensation reactions, affecting to both kinetics and product yields. Table 3 shows the compositional data determined for experiments performed at temperatures within the range 160–220 °C using the solution from stage 1 that led to the maximum XOs concentration in the liquid phase. The overall kinetic pattern observed in the second stage was similar to the one observed in stage 1. For example, GOs and XOs behaved as reactions intermediates (reaching their maximum concentrations under conditions of intermediate severity), whereas ArOs reached their maximum concentration under the mildest conditions assayed, owing to their increased susceptibility to hydrolysis. As before, the concentrations of Gl and X increased steadily with the severity of treatments, whereas the concentration of Ar showed a defined maximum within the experimental domain, owing to its higher susceptibility to dehydration into F. The presence of organic acids, oligosaccharides and sugars at the beginning of the reaction resulted in concentration increases in the second stage that were non-proportional respect to the initial amounts of potential substrates available in the reaction medium. Owing to the increased hydrolysis of XOs, their maximum concentration (25.4 g/L, achieved at 190 °C) less than doubled the one achieved in the first stage (15.9 g/L, achieved at 195 C). Oppositely, when the second stage was performed at 190 °C, the concentrations of Gl, X, AcH, FA, F, and HMF more than doubled the respective concentrations achieved in the first stage, owing to the increased concentrations of their precursors in the reactions media.




2.4. Effects Caused by the Third Reaction Stage


According to Figure 1, stage 3 was performed by treating a fresh wood lot with the reaction liquor from stage 2. For this purpose, the solution obtained in the experiment leading to a maximum XOs concentration in the second stage was employed. The experimental trends observed in the experiments performed at 160–215 °C (see concentration profiles in Table 4) were closely related to the ones described above for stage 2. Taking the conditions leading to the maximum XOs generation in the third stage as a basis for comparison, it can be noted that the concentrations of oligomers (GOs and XOs) and acetyl groups bound to oligomers (AcO) increased less than proportionally respect to the concentrations of the potential substrates initially available in the reaction medium. The same behavior was observed for Ar, which was easily converted into F under conditions of intermediate severity. In turn, the concentrations of X, Gl, organic acids, and furans increased more than proportionally, owing to the higher concentrations of their respective precursors.




2.5. Kinetic Modeling of Multistage Operation


The concentrations listed in Table 2, Table 3 and Table 4 were employed for kinetic modeling, in order to provide a deeper understanding of the major phenomena involved in the solubilization of the hemicellulosic polymers, using a unified model for the multistage processing suitable for quantitative assessments, design and economic evaluation.



Preliminary modeling attempts of the reactions governing the consumption of Xn, arabinosyl groups in solid phase (Arn), acetyl groups in solid phase (Acn), and the products derived from them were performed using models reported for single-stage autohydrolysis of diverse lignocellulosic materials, [4,5,6,9,10,11,12,13,14,15,16,17].



The preliminary validation of the various models confirmed that some common assumptions (kinetic modeling, individual reactions with first order kinetics involving coefficients with Arrhenius-type dependence on temperature) were suitable for modeling the multistage autohydrolysis of Eucalyptus wood. The best results for Xn solubilization were achieved assuming that the xylan in the native wood was made up of a “resistant xylan” (XnR) fraction, and a “susceptible xylan” (XnS) fraction for which the relative abundance was measured by the “susceptible fraction” (αXnS, expressed as g hydrolyzable fraction/g xylan in wood). Concerning the generation of XOs, the existence of high molecular weight and low molecular weight fractions improved the fitting of data in the first stage, but this hypothesis did not improve significantly the interpretation of data regarding the second and third stages. This finding was ascribed to the higher participation of hydrolysis reactions of high molecular weight oligosaccharides, which resulted in products of lower average molecular weight (see Section 2.6). In turn, the assumption that a single type of XOs was generated from Xn led to satisfactory interpretation of data for each of the three processing stages. Similarly, the decomposition of ArOs into Ar and the generation of AcH from AcO were well interpreted by single reactions. The material balances showed that AcH was not consumed by further reactions. Oppositely, the literature models did not provide a suitable interpretation of data regarding the generation of pentoses (X and Ar) and their further dehydration into furfural. Models involving the direct generation of XOs and ArOs from their precursors followed by the formation of the monomers and their dehydration into F (and, eventually, the partial conversion of this latter compound into decomposition products, DecP) overestimated the concentrations of X and Ar. Oppositely, modified models involving both the dehydration of pentoses into F and their consumption by parasitic reactions (as shown in Figure 2) led to satisfactory results. The consumption of xylose in acidic media by parasitic reactions different from rehydration has been postulated in literature. For example, xylose can be consumed by retroaldol fragmentation [19,20], or through the formation of reactive cyclic or acyclic intermediates [21,22,23,24] able to yield furfural or to participate in non-productive reactions with other reactive species present in the reaction media. On the other hand, satisfactory interpretation of the AcO concentration profiles was achieved when the presence of resistant and susceptible acetyl groups in wood (denoted AcnR and AcnS) was assumed, in relative proportions measured by the mass fraction of susceptible fraction respect to the total acetyl groups in wood (αAcnS).



Based on these ideas, the model presented in Figure 2 was employed for kinetic modeling of the multistage autohydrolysis.



Table 5 lists the equations governing the overall reaction scheme, and Table 6a presents the results determined for the susceptible fractions (αXnS and αAcnS) and for the pre-exponential factors and activation energies corresponding to the kinetic coefficients k1 to k10 in Figure 2.; whereas Table 6b presents the values of the statistical parameter R2 measuring the correlation between experimental and calculated data. R2 of 0.921, 0.937 and 0.960 were calculated for the XOs production in the first, second and third stages, respectively. The increased R2 obtained when fitting the XOs concentrations determined for the second and third stages were ascribed to the higher contents of low molecular weight oligomers. R2 > 0.95 were calculated for X, F and AcH, whereas the poorer coefficients of determination observed for Ar, ArOs and AcO were ascribed to the increased relative errors resulting from their low concentrations.



Additionally, Figure 3a–c show the experimental concentrations and the concentration profiles calculated for the compounds involved in models. The ability of the models for giving a quantitative interpretation of results was confirmed by the close interrelationship between experimental and calculated data.




2.6. Characterization of the Reaction Products


In order to get further insight on the properties of the products from the diverse reaction stages, samples from the reaction media were analyzed by HPSEC, HPAEC-PAD and MALDI-TOF MS.



The HPSEC chromatogram shown in Figure 4 confirmed that both the amount of monosaccharides and the mass ratio monosaccharides/oligosaccharides increased from stage 1 to stage 3. In all cases, the major products were monosaccharides and higher saccharides with degrees of polymerization (DP) ≤ 7, among which xylobiose was predominant.



The HPAEC-PAD elution profiles shown in Figure 5 supported the above findings. Small amounts of oligosaccharides with DP > 6 were present in the liquid phases from stages 1 to 3, whereas monosaccharides and DP2–DP4 were the most abundant products.



Additional information on the structure of the major reaction compounds was obtained by MALDI-TOF analysis. The samples from the reaction media 1 to 3 showed a variety of structures substituted with acetyl and O-methyluronic groups. As an example, Table 7 lists the structures identified in the liquid stream from the third reaction stage, which corresponded mainly to heavily substituted oligosaccharides made up of 2–11 pentose units, containing up to 6 acetyl groups and up to 2 O-methyluronic groups. This rich substitution pattern is in agreement with literature [3,25], and are known to show biological properties, including prebiotic activity [26].





3. Materials and Methods


3.1. Raw Material and Chemical Processing


Eucalyptus globulus wood samples were collected locally, milled in a Wiley instrument fitted with an 8 mm screen, air-dried, mixed to ensure a constant composition, and stored until use. Wood samples were processed either with water (in first autohydrolysis stage) or with liquid streams from previous autohydrolysis treatments (in the second and third stages) using a solid charge of 1 kg oven-dry wood/8 kg liquid phase. Reaction was performed in a 3.75 L stainless steel reactor (Parr Instruments Company, Moline, IL, USA). Operation was carried out in non-isothermal mode (the media was heated up to reach the target temperature, and then cooled immediately). The solid phase was recovered after press-filtration, and subjected to displacement washing. Process water, reaction media, and washing effluents were processed according to the integrated scheme reported in an earlier work [8].




3.2. Analysis of Wood and Samples from Hydrothermal Treatments


Native wood and the exhausted solids from the diverse hydrothermal stages were washed with deionized water and assayed for moisture, extractives and ash using NREL standard methods. Klason lignin, acetyl groups and hemicellulose-derived sugars were measured by quantitative acid hydrolysis (NREL/TP-510- 42618 method) followed by HPLC determination, operating as reported elsewhere [8]. The liquid phases from the various reaction media were assayed by the same HPLC method (directly and after quantitative posthydrolysis according to the NREL/TP-510-42623 method), for sugars, furfural, HMF and organic acids. The concentrations of oligosaccharides and bound acetyl groups were calculated from the differences in the respective concentrations determined in the analysis of direct and posthydrolyzed samples. Uronic substituents were determined as per Blumenkrantz and Asboe-Hansen [27]. Non-volatile compounds in liquors were measured as the residue remaining after oven drying at 105 °C until constant weight.




3.3. Additional Characterization of the Reaction Products


HPSEC analysis was employed to assess the molecular weight distribution of oligosaccharides. Operation was performed at 30 °C using two TSKGel G3000PWXL columns in series in combination with a PWX-guard column (all of them from Tosoh Bioscience, Stuttgart, Germany), using Milli Q water as a mobile phase. XOs (DP 2-6, from Megazyme, Ireland) and dextrans (1000–80000 g·mol−1, from Fluka) were employed as standards low- and high- molecular weight fractions, respectively.



Liquid samples from the diverse reaction media were analyzed by HPAEC-PAD using an ICS3000 instrument (Dionex, Sunnyvale, CA, USA) equipped with a CarboPac PA-1 and a CarboPac PA guard column [28].



MALDI-TOF MS analysis of soluble saccharides was performed using an Autoflex III Smartbeam instrument (from Bruker Daltonics, Bremen, Germany). Flex Control 3.0 and Flex Analysis 3.0 were employed for data acquisition.




3.4. Error Assessment


Wood analysis was performed in triplicate, and the standard deviations are reported in Table 1. Analysis of the liquid phases from the reaction media were performed in duplicate, and the average results are reported. The relative error depended on the concentration range of each type of compounds. For example, considering the results listed in Table 2, Table 3 and Table 4, the average relative errors (measured as absolute values respect to the mean for each duplicate determination, ε) were 0.92 and 1.18%, for GOs and XOs respectively; in comparison with 8.64% for ArOs (which appeared in little concentrations, and were of little importance for the purposes of this study). The values of ε determined for the rest of target compounds were as follows: Gl, 039%; X, 0.30%; Ar, 0.35%; FA, 0.72%; AcH, 0.61%; LA, 0.75%; HMF, 0.63%; and F, 1.09%.




3.5. Fitting of Data


The set of differential equations describing the considered mechanism were solved using the 4th order Runge–Kutta method implemented in an Excel spreadsheet. The values of the parameters involved in the diverse model equations were calculated by regression of the experimental data. The optimal values of the parameters were obtained by minimization of the sum of the squares of the deviations between the experimental and calculated data, using an optimization routine (Solver) built in the Excel spreadsheet.





4. Conclusions


Crossflow coupling of autohydrolysis stages enables the manufacture of solutions containing a number of valuable products at increased concentrations. When Eucalyptus globulus was used as a feedstock for autohydrolysis, most of the hemicellulose fraction is converted into soluble products (including oligosaccharides, monosaccharides, furans, organic acids). The kinetic principles of conventional autohydrolysis processing has been established for a number of lignocellulosic materials (including wood), but (to our knowledge), no literature has been reported on the kinetic modeling of multistage autohydrolysis. This problem shows specific features, derived from the presence (from the beginning) of reactive intermediates and catalysts at increased concentrations. In this study, the concentration profiles determined for the target products present in the liquid phases from the diverse crossflow stages were employed for kinetic modeling. Several mechanisms based on pseudohomogeneous reactions and Arrhenius-type dependence of the kinetic coefficients on temperature were assessed. Overestimation of the predicted concentrations of pentoses was observed for kinetic models involving the generation of oligosaccharides from their precursors, with further formation of monosaccharides, and the generation of furans from sugars (with possible consumption of furfural to yield decomposition products). Oppositely, satisfactory results were achieved when the models were modified to include both the dehydration of pentoses into F and their consumption by parasitic reactions. Additional characterization of the reaction products by HPSEC, HPAEC-PAD, and MALDI-TOF MS confirmed that the major reaction products were monosaccharides and higher saccharides with degrees DP ≤ 7, which presented a rich substitution pattern by O-methyluronic and acetyl groups.
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Figure 1. Processing scheme considered in this study. 
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Figure 2. Kinetic model considered in this study. 
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Figure 3. Experimental and calculated concentrations of the soluble products involved in the kinetic model. (a) Data determined for the first stage; (b) data determined for the second stage; (c) data determined for the third stage. 
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Figure 4. High Pressure Size Exclusion Chromatography (HPSEC) data obtained for the liquid phases from the 1st, 2nd and 3rd reaction stages, operating under conditions leading to the maximum concentration of XOs. 
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Figure 5. High Performance Anion Exchange Chromatography with Pulsed Amperometric Detection (HPAEC-PAD) data obtained for the liquid phases from the 1st, 2nd and 3rd reaction stages, operating under conditions leading to the maximum concentration of XOs. 
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Table 1. Composition of the E. globulus wood lot employed in experiments (data obtained from triplicate determinations).






Table 1. Composition of the E. globulus wood lot employed in experiments (data obtained from triplicate determinations).





	Fraction
	Weight % (Oven-Dry Basis)
	Standard Deviations





	Glucan (Gn)
	40.8
	0.71



	Xylan (Xn)
	16.8
	0.15



	Arabinosyl groups
	0.63
	0.02



	Acetyl groups
	3.16
	0.08



	Klason lignin
	22.5
	0.30



	Acid soluble lignin
	1.11
	0.13



	Uronic acids
	5.35
	0.38



	Ash
	0.29
	0.05



	Water-soluble extractives
	4.36
	0.12



	Other (average value, by difference)
	4.92
	-
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Table 2. Concentrations determined for the target products (in g/L) in the liquid phase from the first reaction stage.
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Component

	
Temperature (°C)/Reaction Time (min)




	
170/26.4

	
180/30.0

	
185/31.8

	
187/32.5

	
190/33.6

	
192/34.3




	
GOs

	
0.754

	
0.982

	
1.02

	
1.05

	
1.11

	
1.14




	
XOs

	
1.75

	
8.13

	
9.88

	
13.1

	
14.1

	
14.8




	
ArOs

	
0.201

	
0.089

	
0.079

	
0.067

	
0.020

	
0.041




	
AcO

	
0.392

	
1.77

	
2.06

	
2.91

	
3.17

	
3.33




	
Gl

	
0.160

	
0.192

	
0.219

	
0.249

	
0.269

	
0.285




	
X

	
0.204

	
0.701

	
1.06

	
1.52

	
2.09

	
2.55




	
Ar

	
0.160

	
0.289

	
0.352

	
0.408

	
0.444

	
0.441




	
FA

	
0.025

	
0.058

	
0.067

	
0.079

	
0.079

	
0.100




	
AcH

	
0.010

	
0.211

	
0.275

	
0.379

	
0.462

	
0.554




	
LA

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01




	
HMF

	
0.014

	
0.017

	
0.021

	
0.039

	
0.045

	
0.054




	
F

	
0.085

	
0.033

	
0.044

	
0.085

	
0.111

	
0.150




	
Component

	
Temperature (°C)/Reaction Time (min)




	
195/35.4

	
196/35.7

	
199/36.8

	
200/37.2

	
205/39.0

	
210/40.8

	
213/41.9




	
GOs

	
1.19

	
1.18

	
1.27

	
1.33

	
1.28

	
1.20

	
1.22




	
XOs

	
15.9

	
15.1

	
14.9

	
14.9

	
11.9

	
6.04

	
4.58




	
ArOs

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01




	
AcO

	
3.55

	
3.48

	
3.51

	
3.68

	
3.135

	
1.74

	
1.54




	
Gl

	
0.309

	
0.307

	
0.367

	
0.374

	
0.444

	
0.696

	
0.734




	
X

	
3.52

	
3.42

	
5.12

	
5.41

	
7.31

	
9.95

	
10.2




	
Ar

	
0.473

	
0.483

	
0.488

	
0.506

	
0.536

	
0.322

	
0.454




	
FA

	
0.111

	
0.120

	
0.132

	
0.154

	
0.185

	
0.276

	
0.291




	
AcH

	
0.700

	
0.705

	
1.05

	
1.05

	
1.56

	
2.78

	
3.04




	
LA

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01




	
HMF

	
0.065

	
0.067

	
0.098

	
0.106

	
0.151

	
0.282

	
0.310




	
F

	
0.207

	
0.233

	
0.335

	
0.377

	
0.727

	
1.53

	
1.76
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Table 3. Concentrations determined for the target products (in g/L) in the liquid phase from the second reaction stage.
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Component

	
Temperature (°C)/Reaction Time (min)




	
160/22.8

	
165/24.6

	
170/26.4

	
175/28.2

	
180/30.0

	
185/31.8




	
GOs

	
1.73

	
1.83

	
2.00

	
2.21

	
2.15

	
2.34




	
XOs

	
14.5

	
14.2

	
15.8

	
18.6

	
20.6

	
24.1




	
ArOs

	
0.115

	
0.198

	
0.182

	
0.096

	
0.044

	
0.010




	
AcO

	
3.37

	
3.14

	
3.33

	
4.15

	
4.26

	
5.11




	
Gl

	
0.417

	
0.396

	
0.456

	
0.454

	
0.538

	
0.506




	
X

	
4.10

	
4.34

	
4.49

	
5.29

	
5.73

	
7.00




	
Ar

	
0.573

	
0.650

	
0.672

	
0.831

	
0.878

	
0.943




	
FA

	
0.197

	
0.196

	
0.222

	
0.237

	
0.260

	
0.312




	
AcH

	
0.958

	
1.06

	
1.11

	
1.35

	
1.46

	
1.73




	
LA

	
< 0.01

	
< 0.01

	
< 0.01

	
< 0.01

	
< 0.01

	
< 0.01




	
HMF

	
0.057

	
0.070

	
0.070

	
0.090

	
0.090

	
0.120




	
F

	
0.225

	
0.278

	
0.286

	
0.38

	
0.446

	
0.558




	
Component

	
Temperature (°C)/Reaction Time (min)




	
190/33.6

	
195/35.4

	
200/37.2

	
205/39.0

	
210/40.8

	
215/42.6

	
220/44.4




	
GOs

	
2.29

	
2.35

	
2.15

	
2.49

	
2.16

	
1.73

	
1.77




	
XOs

	
25.4

	
25.0

	
21.9

	
18.5

	
16.6

	
7.54

	
1.99




	
ArOs

	
< 0.01

	
< 0.01

	
< 0.01

	
< 0.01

	
< 0.01

	
< 0.01

	
< 0.01




	
AcO

	
5.86

	
6.15

	
5.36

	
5.06

	
4.51

	
2.85

	
1.27




	
Gl

	
0.609

	
0.622

	
0.781

	
0.808

	
1.01

	
1.30

	
1.34




	
X

	
8.57

	
10.9

	
12.0

	
15.0

	
15.3

	
17.2

	
16.6




	
Ar

	
1.01

	
1.02

	
0.972

	
0.977

	
0.968

	
0.648

	
0.618




	
FA

	
0.350

	
0.386

	
0.420

	
0.441

	
0.456

	
0.533

	
0.563




	
AcH

	
2.05

	
2.58

	
2.90

	
4.03

	
4.32

	
6.37

	
6.45




	
LA

	
< 0.01

	
< 0.01

	
< 0.01

	
< 0.01

	
< 0.01

	
< 0.01

	
< 0.01




	
HMF

	
0.150

	
0.176

	
0.217

	
0.306

	
0.363

	
0.616

	
0.652




	
F

	
0.752

	
1.14

	
1.45

	
2.34

	
2.59

	
4.43

	
4.61
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Table 4. Concentrations determined for the target products (in g/L) in the liquid phase from the third reaction stage.
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Component

	
Temperature (°C)/Reaction Time (min)




	
160/22.8

	
165/24.6

	
170/26.4

	
175/28.2

	
180/30.0

	
185/31.8




	
GOs

	
2.55

	
2.24

	
2.45

	
2.50

	
2.62

	
2.67




	
XOs

	
23.0

	
22.0

	
23.6

	
24.5

	
27.6

	
28.4




	
ArOs

	
0.177

	
0.095

	
0.174

	
0.094

	
0.031

	
<0.01




	
AcO

	
5.31

	
4.96

	
5.19

	
5.63

	
6.13

	
6.56




	
Gl

	
0.789

	
0.746

	
0.813

	
0.818

	
0.934

	
0.928




	
X

	
9.07

	
9.11

	
9.44

	
10.1

	
11.6

	
12.3




	
Ar

	
0.986

	
1.00

	
1.03

	
1.14

	
1.23

	
1.32




	
FA

	
0.386

	
0.401

	
0.417

	
0.407

	
0.450

	
0.484




	
AcH

	
2.34

	
2.28

	
2.47

	
2.6

	
3.04

	
3.14




	
LA

	
0.025

	
0.027

	
0.030

	
0.028

	
0.034

	
0.032




	
HMF

	
0.137

	
0.153

	
0.143

	
0.185

	
0.180

	
0.234




	
F

	
0.722

	
0.727

	
0.803

	
0.900

	
1.17

	
1.28




	
Component

	
Temperature (°C)/Reaction Time (min)




	
190/33.6

	
195/35.4

	
200/37.2

	
205/39.0

	
210/40.8

	
215/42.6




	
GOs

	
2.41

	
2.46

	
2.39

	
2.62

	
2.39

	
1.89




	
XOs

	
29.5

	
26.8

	
24.5

	
20.1

	
14.4

	
5.24




	
ArOs

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01




	
AcO

	
6.87

	
6.88

	
6.32

	
5.91

	
4.41

	
2.70




	
Gl

	
1.10

	
1.20

	
1.34

	
1.46

	
1.60

	
1.86




	
X

	
15.6

	
18.7

	
19.8

	
22.1

	
21.4

	
20.3




	
Ar

	
1.38

	
1.53

	
1.49

	
1.27

	
1.22

	
0.806




	
FA

	
0.534

	
0.610

	
0.673

	
0.721

	
0.856

	
1.00




	
AcH

	
3.99

	
4.73

	
5.42

	
6.63

	
7.47

	
9.59




	
LA

	
0.034

	
0.023

	
0.033

	
0.029

	
0.051

	
0.099




	
HMF

	
0.320

	
0.406

	
0.446

	
0.647

	
0.722

	
1.00




	
F

	
1.89

	
2.44

	
3.09

	
4.17

	
5.56

	
7.67
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Table 5. Equations employed for kinetic modeling of the reactions involving hemicellulosic polysaccharides and acetyl groups in wood.
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	    ∝    X    n S      =  [      X    n S        X   n      ]  .   
	(1)



	     d  [   X  nS    ]    dt   = −  k 1  ·  [   X  nS    ]    
	(2)



	     d  [  XOs  ]    dt   =  k 1  ·  [   X  nS    ]  −  k 2  ·  [  XOs  ]    
	(3)



	     d  [ X ]    dt   =  k 2  ·  [  XOs  ]  −  k 3  ·  [ X ]  −  k 4  ·  [ X ]    
	(4)



	     d  [    Ar  n   ]    dt   = −  k 5  ·  [    Ar  n   ]    
	(5)



	     d  [  ArOs  ]    dt   =  k 5  ·  [    Ar  n   ]  −  k 6  ·  [  ArOs  ]    
	(6)



	     d  [  Ar  ]    dt   =  k 6  ·  [  ArOs  ]  −  k 7  ·  [  Ar  ]  −  k 8  ·  [  Ar  ]    
	(7)



	     d  [ F ]    dt   =  k 3  ·  [ X ]  +  k 7  ·  [  Ar  ]    
	(8)



	    ∝    Ac   nS     =  [      Ac   nS       Ac  n     ]    
	(9)



	     d  [   Ac  ns  ]    dt   = −  k  9   ·  [   Ac  ns  ]    
	(10)



	     d  [  AcO  ]    dt   =  k 9  ·  [    Ac   nS    ]  −  k  10   ·  [  AcO  ]    
	(11)



	     d  [  AcH  ]    dt   =  k  10   ·  [  AcO  ]    
	(12)









Table 6. (a) Results achieved for the pre-exponential factors (k0i) and activation energies (Eai) of the coefficients involved in the kinetic models, and for the susceptible fractions of xylan and acetyl groups. (b) Coefficients of determination (R2) calculated for the various coefficients and stages.
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 (a)






 (a)





	
Reaction

	
Coefficient

	
Stage 1

	
Stage 2

	
Stage 3




	
Ln k0i (k0i, min−1)

	
Eai (kJ·mol−1)

	
Ln k0i (k0i, min−1)

	
Eai (kJ·mol−1)

	
Ln k0i (k0i, min−1)

	
Eai (kJ·mol−1)






	
XnS →XOs

	
k1

	
46.70

	
182.9

	
46.84

	
183.1

	
46.91

	
183.3




	
XOs →X

	
k2

	
27.75

	
118.5

	
27.85

	
118.8

	
28.30

	
119.9




	
X →F

	
k3

	
16.40

	
78.2

	
16.65

	
79.1

	
16.90

	
79.9




	
X →DecP

	
k4

	
17.42

	
83.1

	
21.82

	
99.8

	
23.60

	
105.6




	
Arn →ArOs

	
k5

	
25.80

	
103.9

	
26.04

	
104.2

	
26.32

	
104.5




	
ArOs →Ar

	
k6

	
32.69

	
124.7

	
33.12

	
124.7

	
20.52

	
79.1




	
Ar →F

	
k7

	
22.02

	
99.8

	
22.40

	
100.3

	
22.46

	
100.4




	
Ar →DecP

	
k8

	
16.44

	
83.1

	
17.03

	
83.3

	
17.21

	
83.5




	
AcnS →AcO

	
k9

	
33.23

	
133.0

	
33.50

	
133.2

	
33.54

	
133.2




	
AcO →AcH

	
k10

	
29.14

	
124.7

	
28.9

	
124.8

	
29.23

	
124.7




	
-

	
αXnS

	
0.88

	
0.90

	
0.90




	
-

	
αAcnS

	
0.90

	
0.91

	
0.93
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 (b)






 (b)





	
Compound

	
Coefficients of Determination, R2




	
Stage 1

	
Stage 2

	
Stage 3






	
XOs

	
0.921

	
0.937

	
0.960




	
X

	
0.990

	
0.972

	
0.964




	
ArOs

	
0.888

	
0.686

	
0.772




	
Ar

	
0.764

	
0.884

	
0.844




	
F

	
0.989

	
0.969

	
0.995




	
AcO

	
0.823

	
0.813

	
0.830




	
AcH

	
0.963

	
0.952

	
0.983
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Table 7. Matrix Assisted Laser Desorption/Ionization Time of Flight Mass Spectrometry (MALDI-TOF) data determined for the liquid stream from the third autohydrolysis results (the m/z values corresponded to the sodium adducts of the identified compounds).






Table 7. Matrix Assisted Laser Desorption/Ionization Time of Flight Mass Spectrometry (MALDI-TOF) data determined for the liquid stream from the third autohydrolysis results (the m/z values corresponded to the sodium adducts of the identified compounds).





	m/z
	Pentose Units/Uronic Subst./Acetyl Subst.
	m/z
	Pentose Units/Uronic Subst./Acetyl Subst.
	m/z
	Pentose Units/Uronic Subst./Acetyl Subst.





	537.54
	2/1/1
	1034.34
	4/2/2
	1323.85
	7/1/4



	611.58
	4/0/1
	1049.71
	7/0/2
	1339.77
	6/2/3



	653.50
	4/0/2
	1059.57
	5/1/4
	1365.84
	7/1/5



	669.27
	3/1/1
	1065.72
	6/1/1
	1371.96
	8/1/2



	695.50
	4/0/3
	1091.75
	7/0/3
	1397.98
	9/0/4



	711.45
	3/1/2
	1107.74
	6/1/2
	1413.96
	8/1/3



	785.54
	5/0/2
	1133.75
	7/0/4
	1455.95
	8/1/4



	801.53
	4/1/1
	1149.73
	6/1/3
	1471.90
	7/2/3



	827.56
	5/0/3
	1165.69
	5/2/2
	1497.91
	8/1/5



	843.50
	4/1/2
	1176.43
	7/0/5
	1546.06
	9/1/3



	869.51
	5/0/4
	1191.67
	6/1/4
	1588.10
	9/1/4



	885.49
	4/1/3
	1207.65
	5/2/3
	1630.06
	9/1/5



	917.67
	6/0/2
	1223.90
	8/0/3
	1672.03
	9/1/6



	933.61
	5/1/1
	1233.72
	6/1/5
	1720.13
	10/1/4



	959.66
	6/0/3
	1239.87
	7/1/2
	1762.04
	10/1/5



	975.61
	5/1/2
	1265.94
	8/0/4
	1804.05
	10/1/6



	1001.65
	6/0/4
	1281.85
	7/1/3
	1894.19
	11/1/5



	1017.63
	5/1/3
	1307.78
	8/0/5
	1936.20
	11/1/6











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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