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Abstract

:

Paulownia is a rapid-growth tree with a high biomass production rate per year and low demand of water, which make it very suitable for intercropping systems, as it protects the crops from adverse climatic conditions, benefiting the harvest yields. Moreover, these characteristics make Paulownia a suitable raw material able to be fractionated in an integrated biorefinery scheme to obtain multiple products using a cascade conversion approach. Different delignification pretreatments of biomass have been purposed as a first stage of a lignocellulosic biorefinery. In this study, the formosolv delignification of Paulownia wood was investigated using a second order face-centered factorial design to assess the effects of the independent variables (concentrations of formic and hydrochloric acids and reaction time) on the fractionation of Paulownia wood. The maximum delignification achieved in this study (78.5%) was obtained under following conditions: 60 min, and 95% and 0.05% formic and hydrochloric acid, respectively. In addition, the remained solid phases were analyzed to determine their cellulose content and cooking liquors were also chemically analyzed and characterized. Finally, the recovered lignin by precipitation from formosolv liquor and the pristine lignin (milled wood lignin) in Paulownia wood were characterized and compared by the following techniques FTIR, NMR, high-performance size-exclusion chromatography (HPSEC) and TGA. This complete characterization allowed verifying the capacity of the formosolv process to act on the lignin, causing changes in its structure, which included both phenomena of depolymerization and condensation.
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1. Introduction


The current economic system, based on a linear model, has led to humankind’s overreliance on non-renewable fossil resources causing its depletion, besides entailing harmful consequences for the environment, society, economy and health [1]. This global reality is provoking an unsustainable situation with consequences still incalculable. In an attempt to mitigate this situation, in recent decades, an unceasing search for alternative strategies has been encouraged to find new and suitable production systems founded in the use of renewable resources as raw material within a biorefinery context. This would suppose a transition from the traditional linear economic model to a circular economy, more efficient and greener, moving the current trend towards a global and sustainable bioeconomy [2].



In this scenario, lignocellulosic materials are promising candidates as feedstock to obtain biofuels, building blocks, bio-chemicals, food additives, adhesives, or cosmetics, among others [3,4]. Lignocellulosic materials (LCM) present a three-dimensional and recalcitrant structure mainly composed of cellulose (homopolymer made up of glucose units), hemicelluloses (heteropolymer made up of different sugars) and lignin (aromatic polymer). The integral use of LCM involves a selective separation of its components through fractionation treatments following the biorefinery concept [5]. Therefore, the selection of the adequate fractionation process is key to achieve an efficient utilization of all fractions.



Organic solvent pretreatment (also known as organosolv) is an emerging alternative to conventional pulping processes, since it allows fractionating the LCM into cellulose, lignin, and hemicellulose, with a high purity of all fractions opening the possibility of its integral exploitation [6]. The organosolv fractionation process provides an efficient and clean way of transforming lignocellulose into valuable products, facilitating a subsequent recovery of all the fractions obtained [7]. This kind of treatment uses a mixture of an aqueous organic solvent and water, with or without the addition of a mineral acid, which dissolves most part of the lignin and hemicellulose from the raw material [8]. Moreover, these procedures present interesting advantages such as: easy solvent recovery and recyclability, free sulfur, low-cost investment and environmentally friendly [9].



Short-chain organic acids have been considered good solvents for lignin in the delignification of LCM [10]. Particularly, formic acid has attracted considerable attention as a delignification agent, due to its ability to achieve a selective fractionation of the biomass showing high efficiency, both non-wood, hardwood and softwood biomass [9]. The mixture of LCM and concentrated aqueous solutions of formic acid at boiling temperature, with the addition of small quantities of hydrochloric acid employed as a catalyst, is known as formosolv. In this work, the formosolv treatments were performed at atmospheric pressure in all cases, that is, depending on the composition of the cooking liquor, in the range 105–109 °C. Nevertheless, the temperature and pressure can be raised in order to reduce the time of reaction [9]. This process yields a cellulose rich pulp, an aqueous fraction rich in hemicellulosic sugars and a lignin fraction [11]. Among the LCM, Paulownia species are rapid-growth trees with a high biomass production rate per year (50 t/ha/yr) and a low demand of water, which make it very suitable for intercropping systems as it protects the crops from adverse climatic conditions, benefiting the harvest yields. In addition to its uses as wood to build from plywood for musical instruments, other applications suggested for Paulownia wood include its exploitation as a source for pulp due to its fast development and uniform growth [12].



Several works have reported the use of Paulownia species in a biorefinery framework. For example, Domínguez et al., (2017) [13] subjected P. tomentosa to hydrothermal pretreatment to solubilize the hemicellulosic fraction yielding a solid fraction that was evaluated to obtain bio-ethanol. Gong and Bujanovic (2014) [14] purposed a sequence based on hot water extraction to solubilize most of the hemicelluloses followed by the delignification in acetone/water in the presence of oxygen for the production of cellulose and lignin from P. tomentosa and P. elongata. However, to the best of our knowledge, scarce research has been performed to fractionate Paulownia by formosolv pulping to recover cellulose and lignin.



The resulting cellulose of the fractionation process can be used for the production of pulp, derivatives, nanofibrillated cellulose or fermentable glucose (after the cellulose hydrolysis) depending on its physicochemical properties [14].



Lignin is a polyphenolic amorphous material originated from the random oxidative coupling of three main p-hydroxycinnamyl alcohol monomers (p-coumaryl, coniferyl, and sinapyl alcohols), which are representative of the p-hydroxyphenyl (H-units), guaiacyl (G-units) and syringyl (S-units) phenylpropanoid units, respectively [15,16]. Due to its polyphenolic chemical structure, it can be employed in the manufacture of adhesives, epoxy, phenolic resins, and polyolefins, as well as in a variety of novel applications.



The objective of this work was the systematic study of the operational variables of formosolv cooking (concentrations of formic and hydrochloric acids and reaction time) to obtain the highest yield of delignification of Paulownia wood. In addition, a secondary target was to identify the main changes caused during the delignification process on the Paulownia lignin, by means of different analytical methods such as FTIR, NMR, high-performance size-exclusion chromatography (HPSEC) and TGA, comparing with pristine lignin used as reference.




2. Materials and Methods


2.1. Raw Material


The raw material used in this study was wood coming from a dihybrid species of Paulownia (Paulownia elongata x fortunei), and was provided by Maderas Álvarez Oroza, S.L. located in Foz (Lugo, NW, Spain). The wood was milled in a Wiley mill until the size of a particle smaller than 8 mm, homogenized, and stored in containers with aeration in a cool, dry and dark place until its use.




2.2. Analysis of Raw Material


Samples taken from the homogenized lot were milled to a size smaller than 0.5 mm and analyzed (composition shown in Table 1) using the following methods: extractives (National Renewable Energy Laboratory/Technical Procedure NREL/TP-510-42619, 2008), moisture (NREL/TP-510-42621, 2008), ashes (NREL/TP-510-42622, 2008), and quantitative acid hydrolysis (NREL/ TP-510-42618, 2008).



The liquid phase from quantitative acid hydrolysis was analyzed by high-performance liquid chromatography (HPLC) to quantify the monosaccharides, acetic acid and formic acid (detector, refractive index at 30 °C; column, Aminex HPX-87H; mobile phase, 0.01 M H2SO4; flow rate, 0.6 mL/min; column temperature 50 °C). In this column, xylose, galactose and mannose were co-eluted and therefore, these monosaccharides were quantified together using the notation (Xyl + Gal + Man). The concentrations of glucose, Xyl + Gal + Man, arabinose and acetic acid, before and after quantitative acid hydrolysis (121 °C, 60 min, 4% H2SO4), were used to calculate the equivalent content of glucan, Xylan + Galactan + Mannan, arabinan and acetyl groups, respectively. The insoluble phase from the quantitative acid hydrolysis was gravimetrically quantified and reported as Klason lignin. Uronic acids were determined using a colorimetric method [17]. Analyses were carried out in quadruplicate.




2.3. Formosolv Fractionation Process


Mixtures of Paulownia wood, water and formic acid (80–95%) at 8 g liquid/g dry Paulownia wood, were heated to boiling point in 250 mL Pyrex flasks. When the boiling started, hydrochloric acid was added, taking this as time zero. The selected concentrations of hydrochloric acid were in the range of 0.05 to 0.10%, according to the best results found in previous work [18,19]. The mixture was stirred at atmospheric pressure along a desired time (30–60 min). Reactions were stopped by removing the flasks from the heating plates and by fast filtration through medium-pore Gooch crucibles to separate the pulp from black liquor. In order to prevent the reprecipitation of lignin on the solids, the pulps were subsequently washed with two formic acid solutions, the first one at the same concentration employed in the pretreatment, and the second one at half of its concentration. Finally, the solids were washed with distilled water until neutral pH (named Paulownia formosolv pulp, PFP). Pulp yield (PY; g oven-dried pulp/100 g oven-dried Paulownia wood) was determined gravimetrically after being oven-dried. The solids were analyzed as described in Section 2.2. and in addition, they were subjected to kappa number (KN) (Tappi T236) and, intrinsic viscosity (VIS) (Tappi T230) determinations.



The aliquots of the black liquors were subjected to posthydrolysis (121 °C, 40 min, 4% H2SO4) in order to quantify the solubilized hemicelluloses. In addition, another aliquot was employed in theh precipitation assays of the lignin by adding a specific amount of water to the black liquor. Precipitated solids were separated by centrifugation (4200 rpm, 10 min), repeatedly washed with water, and centrifuged until the supernatant was neutral. Afterwards, the precipitated lignin (Paulownia formosolv lignin, PFL) was lyophilized and used for structural characterization experiments. The quantitative acid hydrolysis of lignin was carried out following the same procedure as in the previous section (NREL/TP-510-42618, 2008).




2.4. Experimental Design and Statistical Analysis


In this study, 17 runs (experiments 1–17 collected in Table 2) were performed in accordance with a face-centered factorial design with three replicates at the central point [20] so as to investigate the effects of the variables: X1, cooking time (30–60 min), X2, formic acid (FA) concentration (80–95%) and X3 hydrochloric acid (HA) concentration (0.05–0.10%). Following the normalization of the independent variables to the range (−1, 1), quadratic response surfaces were fitted by least-squares multiple regression (Equation (1)) using an excel statistical module (DOE PRO XL, SigmaZone):


  DV =    b   O  +   ∑   J = 1  3   b j   X j  +   ∑   j = 1 , j ≤ k  3   b  jk    X j   X k  a  



(1)




where DV denotes each of the dependent variables (system responses) studied, and Xj and Xk are the previously defined normalized variables. The values of b0, bi, and bjk represent the fitting parameters calculated by multiple regression between the system responses (DV) and the normalized variables.




2.5. Milled Wood Lignin (MWL) Isolation


To compare the lignin recovered by the formosolv process with the pristine lignin in Paulownia wood, the milled wood lignin was prepared according to methods as previously described [21,22]. Milled Paulownia wood from an IKA WERKE MF 10 grinder (particle size < 1 mm) was subjected to several steps, as follows: (i) extraction with acetone for 8 h in Soxhlet and with hot water (100 °C) during 3 h, (ii) milling in a Retsch PM 400 centrifugal ball mill with toluene using an agate jar and balls, (iii) three consecutive extractions (12 h) with dioxane:water (9:1, v/v) (25 mL of solvent/g of milled wood), (iv) the separation of the supernatant by centrifugation and evaporation at 40 °C at reduced pressure until dryness, (v) the residue obtained (raw MWL) was redissolved in a mixture of acetic acid:water (9:1, v/v) (20 mL of solvent/g of raw MWL), (vi) precipitated in water and separated by centrifugation, (vii) milled in an agate mortar, (viii) dissolved in a solution of 1,2-dicloroethane:ethanol (1:2, v/v), (ix) the mixture was then centrifuged to eliminate the insoluble material, precipitating the supernatant in diethyl ether and separating the residue obtained by centrifugation, (x) this residue was then resuspended in petroleum ether and centrifuged again to obtain the final purified MWL fraction, which was dried under a N2 current. The final yield was ca. 20% of the original Klason lignin content.




2.6. Infrared Spectroscopy (FTIR-ATR)


FTIR spectra were obtained on a Perkin-Elmer Spectrum 2000 instrument by the attenuated total reflectance (ATR) technique. The spectra were recorded in the 4000–600 cm−1 range with 16 scans at a resolution of 4.0 cm−1 and an interval of 1.0 cm−1 [23]. All the spectra were baseline corrected and normalized in an area, in order to make adequate comparisons.




2.7. Nuclear Magnetic Resonance (NMR) Spectroscopy


1H NMR, 13C NMR and HSQC (heteronuclear single quantum correlation) solution state analysis were performed on lignin samples (~40 mg) dissolved on 1 mL of DMSO-d6. The spectra were recorded at 25 °C on a Bruker Advance instrument at 500 MHz. Standard Bruker programs such as zg30 for 1H NMR, zgpg60 for 13C NMR, and hsqcetgp for HSQC, were used.



For 31P NMR, the samples were derivatized with a phosphitylation reagent according to the procedures previously described [24,25,26,27]. Lignin (20 mg) was first dissolved in 500 μL of a mixture of pyridine and deuterated chloroform (1.6:1 v/v). Afterwards, 100 μL of cholesterol (10 mg/mL) and 100 μL of chromium (III) acetylacetonate solution (5 mg/mL) were added, as an internal standard and relaxation agent, respectively. Finally, the solution was mixed with 100 μL of 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (agent of phosphitylation) for about 10 min and transferred into a 5 mm NMR tube for subsequent NMR analysis at 25 °C on a Bruker Avance 400 MHz instrument using the pulse program zgig (inverse gated decoupling).



In the aliphatic oxygenated region of the HSQC spectra, the relative abundance of interunit linkages were estimated using the volume integrals from the Cα–Hα correlations. In the aromatic region, the C2,6–H2,6 correlations from S units and the C2–H2 from G units were used to estimate the S/G ratio according with previous works [28].




2.8. High-Performance Size-Exclusion Chromatography (HPSEC)


The average molecular weight (Mw), the number average (Mn) and the polydispersity index (Mw/Mn) of MWL and the PFL were analyzed by HPSEC. The chromatography equipment employed was a Jasco LC Net II/ADC (Analog data Can) equipped with a refractive index detector provided with two Varian Polymer Laboratories PolarGel-M columns in series (300 mm × 7.5 mm). Isolated lignins were dissolved in the mobile phase which consisted in 0.1% of lithium bromide in dimethylformamide. The chromatographic conditions were as follows: injection volume 20 µL, a flow of 0.7 mL/min and a temperature of 40 °C. The calibration of the SEC was carried out using polystyrene standards with different molecular weights (between 62,500 and 266 g/mol) provided by Sigma Aldrich.




2.9. Thermogravimetric Analysis (TGA)


TGA was carried out on a NETZSH STA 449 F3 Jupiter instruments to investigate the general characteristics of lignin thermal decomposition. A sample of approximately 2.5 mg lignin was loaded into alumina pans, where it was gradually heated from 25 to 900 °C at a heating rate of 10 °C/min under a nitrogen atmosphere with a constant flow of 60 mL/min. When the Klason lignin was subjected a calcination process, the content of the ashes was negligible.




2.10. Elemental Analysis


The C, H, and N contents of organosolv lignins were determined in triplicate by elemental analysis in a Flash EA1112 (ThermoFinnigan). The oxygen content was calculated from the difference between the sample weight and the C, H, N and S contents.





3. Results and Discussion


3.1. Formosolv Process: Delignification of Paulownia Wood


The formic acid delignification was carried out with the objective to obtain: (i) a high glucan content in the solid phase, potentially useful in later enzymatic hydrolysis stages, (ii) a high delignification degree and (iii) a high solubilization of hemicellulosic sugars, leading to a solid phase mainly composed of glucan.



Paulownia wood was treated with different concentrations of formic and hydrochloric acid. In order to obtain a quantitative description of the effects of these variables on the fractionation process, the experiments were carried out according to a second order face-centered factorial design. The structure of the factorial design, analysis of the pulps and liquors are shown in Table 2, and regression parameters for the variables’ solid yield, viscosity and glucan in the pretreated pulp are displayed in Table 3.



Formic acid treatment produced an important solubilization of Paulownia wood, ranging the pulp yield between 45.2 (in experiment 1, carried out at the highest values of the three independent variables, time = 60 min, FA: 95%, HA: 0.1%) and 58.3% (in experiment 14, time = 45 min, FA: 80%, HA: 0.075%). According to the data of Table 2, the yield decreased when the independent variables increased, with more influence of time and FA concentration, according to the data of Table 3.



The highest delignification (78.5% of lignin removal) was achieved under the conditions of experiment 11 (see Table 2), corresponding to a kappa number value of 27.7 (10.6% Klason lignin). The most significant variables on the results of the KN were the duration of the treatment and the concentration of formic acid, but none of them were significant at the 95% confidence level.



Regarding the hemicellulosic sugars recovery in liquors, significant differences were found between the operational conditions, achieving a concentration of hemicellulosic sugars varying in the range of 14.3–18.3 g of sugar/100 g of Paulownia. The operational range employed allowed to reach very similar percentages of dissolution among the experiments (about 17% of hemicelluloses were solubilized from Paulownia wood during the pretreatment) (Table 2). In the optimum conditions to remove the maximum lignin content (experiment 11), the distribution of sugars in black liquor was largely dominated by xylooligosaccharides (66.9% of total dissolved carbohydrates, 2.2 g/L), followed by glucooligosaccharides (14.3% of total dissolved carbohydrates, 0.47 g/L) and arabinooligosaccharides (7.5% of total dissolved carbohydrates, 0.24 g/L). The presence of monosaccharides was reduced up to 11.0% by mass, while their products of decomposition, furfural and hydroxymethylfurfural, only accounted for 0.3% of the mixture of dissolved carbohydrates.



The high glucan content is directly related to the cellulose purity. In our case, the values were very close to 70% in the best experimental combinations (experiments 1, 3, 11). The regression equation of this variable indicates that long treatment times and high FA concentrations promote a high percentage of glucan in pulp. However, the HA concentration must be low as to partially prevent the hydrolytic effects on the cellulose. Figure 1 shows the predicted response surface for the content of glucan in the pulp showing the influences of the more significant variables.



In order to achieve a more precise information about the severity of the treatment over cellulose, the glucose content of the black liquors was analyzed, as well as the viscosity of the pulps, which is a measure of the chain length of the cellulose. The maximum value of monomeric glucose solubilized from glucan in the liquor was 7.2% (the average was 4.0%), indicating a probable hydrolysis of cellulose to some extent. On the other hand, the viscosities of the pulps, under conditions in which the highest delignification was achieved, were around 600 mL/g, a relatively low value compared with other pulps with the same KN. It was confirmed that the cellulose suffered a certain attack resulting in a reduction of the chain length.



It should be noted that the analysis of the formic acid content of the pulps (after quantitative acid hydrolysis) reached a significant mass percentage (~5%), probably due to the incorporation of formates in the lignin molecule. This fact was determined by several researchers in different treatments with formic acid [11,29] and is confirmed, in this work, with the spectroscopic data shown below.



A mathematical optimization allowed the definition of the optimal conditions of fractionation introducing, with the same weight, the following constraints for the composition of the pulp: the highest possible content in glucose, the lowest KN and the lowest content in hemicelluloses. These optimal conditions are a time of 60 min, FA concentration of 95%, and a HA concentration of 0.05% (experiment 11).




3.2. Precipitation of the Lignin from Formosolv Black Liquor


In order to collect an adequate amount of lignin for the study of its physicochemical properties, a larger reactor was used at the optimum conditions. The black liquor was treated with different proportions of water to evaluate the precipitation rate as a function of the dilution factor. The curve soon reached an asymptotic value at a dilution factor of 3 mL water/mL liquor. The recovery, gravimetrically measured, was 104% of the lignin dissolved. This value exceeds 100% because the solids consisted of not only pure lignin, but also associated carbohydrates (11%) and FA (1.6%).




3.3. FTIR of Paulownia Wood and Residual Solid


FTIR spectroscopy is a fast and simple technique that allows extracting valuable information about the existence of functional groups and their changes during chemical treatments. Figure 2 shows the fingerprint region of the FTIR spectra of Paulowia wood (P), and the solid residue after the formosolv treatment (PFP). The assignment of the bands was made based on data published elsewhere [9,28].



Several typical bands of lignin can be clearly seen in the spectra, which involve aromatic skeleton vibrations, which disappeared or were greatly diminished in the residual solid of the formosolv treatment due to extensive delignification. For example: 1594, 1504, 1420 cm−1, and the broad band around 1230 cm−1 that contains the contributions of vibration modes from G and S units. In addition, the band located around 1650 cm−1 reflects some loss of C=O conjugate aryl ketones in lignin. The absorption band in the Paulownia wood spectrum at 1730 cm−1, attributable to the presence of acetyl groups of the hemicellulose, disappeared after organosolv treatment, indicating the solubilization of the majority of the hemicellulose. In addition, a new absorption band appeared in the spectrum of formosolv pulp, at lower wavelength (1710 cm−1) that is assigned to the incorporation of formate groups to the propyl chain of lignin [11]. Finally, the bands located at 1325 and 1265 cm−1, originated by the stretching of C–O bonds in S and G-units, respectively, modified their relative intensity in an evident way. Although it is not possible to confirm the exclusive contribution of G-units in the band at 1265 cm−1, its great decrease in intensity seems to indicate an important loss of guaiacyl structures [30].




3.4. Structural Characterization of Lignins


1H NMR Spectroscopy of MWL and Formosolv Lignin


Figure S1 shows the 1H NMR spectra of MWL and formosolv Paulownia lignin. The 1H NMR spectra of MWL and PFL showed that the proton signals in non-oxygenated carbons (methyl and methylene groups, δ = 0.8–1.2 ppm) were fewer, and less intense in the organosolv residue, which indicates structural modifications in the side chain of the phenylpropane units. The methyl acetate protons resonated in the range of 1.8–2.1 ppm and disappeared almost completely after the treatment, due to the hydrolytic effect of the acidic medium in the black liquor. Peaks at 2.50 and 3.33 ppm were due to residual proton signals in DMSO-d6 and water, respectively [31].



Between 4 and 5.5 ppm, a large number of signals originated from several protons of the propyl side chain of lignin. In this region of the spectrum, resonances due to the different protons of the hemicelluloses components also appear, but their contribution should be very low. The areas of these signals are smaller in the organosolv residue, which indicates the changes in the functionalities of the side chain. Specifically, the signal at 4.44 ppm (part per million), which originated from the γ protons in β-O-4′ aryl ether units, decreased drastically in the spectrum of PFL due to delignification.



The range between 6.3 and 7.5 ppm showed the different signals of the aromatic protons, and between 8 and 9 ppm (part per million), those of the phenolic hydroxyl protons. The sharp peak at 8.1 ppm originated from carboxylic functionalities (formic acid) incorporated into a lignin molecule.





3.5. 13C NMR Spectroscopy


13C NMR spectra of MWL and PFL (Figure 3) provide interesting information about several functional features of MWL and the changes suffered after the organosolv treatment. The assignment of signals was made based on previous published works [32,33,34,35].



The spectrum of MWL showed the characteristic peaks assigned to methoxy groups (55.9 ppm), carbonyl carbon in acetates (169.6 ppm), carbons 3 and 5 (C3,5) in etherified syringyl (S) units (152.2 ppm), C3 in etherified guaiacyl (G) units (149.1 ppm), C4 in etherified G units and C3,5 in non-etherified S units, and C4 in S units (138.2 ppm). The aromatic carbons 2, 5 and 6 of the G structures resonated at 111.1, 114.7 and 119.1 ppm, respectively, while the C2,6 in the S units produced a signal around 104 ppm.



Between 70 and 90 ppm, the signals of Cβ in β-O-4′, and Cα in β-5 and β-β′ were overlapped with those belonging to the carbons of the residual carbohydrates, complicating an accurate assignment, but probably the sharpest signal in this area (71.9 ppm) could be due to Cα of β-O-4′ linkages. Other identifiable peaks were: Cγ in units with oxidized Cα (65.6 ppm), Cγ in substructures β-O-4′ (62.9 ppm), methylene carbons in the α,β positions of the side chain (29.1 ppm), the methyl carbon in acetates (21.1 ppm), and the primary carbon in methyl groups of the propyl chain (15.3 ppm). The absence of typical p-hydroxyphenyl group signals (167, 161, 158 ppm) agrees with those found in the literature [36,37] and reflects that the Paulownia hardwood lignin is GS-type [35].



After the formosolv treatment, the lignin recovered from the liquor (PFL) showed important changes compared to MWL. The acetate groups were almost completely eliminated from the structure (absence of signals at 169.6 and 21.1 ppm). At the same time, two intense signals (163.4 and 162.4 ppm), not appearing in the MWL spectrum, reflected the introduction of formate groups into the molecule [38]. The effects of delignification are clearly reflected in 13C NMR spectrum of PFL. The depolymerization of lignin through the disruption of β-O-4′ bonds and to some extent, β-5′ and β-β′, was reflected by the decrease in the intensity of many of the typical signals of these substructures in the 90–52 ppm range: specifically, 71.9, 65.6, and 62.9, whose assignment was mentioned above. Additionally, the solubilization of a large proportion of the remaining carbohydrates in the MWL causes this area of the spectrum to have less signals than MWL. The distribution of aliphatic carbon signals is modified, appearing more and as different types of signals: more methylenic carbons and less methyl groups.



In the region of aromatic carbons (166–102 ppm), the changes produced by delignification were clearly visible. The signals of carbons 2, 5 and 6 in the G-units (111.1, 114.7 and 119.1 ppm) were broader and with a larger area, which is compatible with a partial recondensation of lignin. In addition, the signals C3,5 in the S-units (152.2 ppm) and C3 in the G-units (149.1 ppm) increased their intensity. However, this increase was more important in the signal due to guaiacyl groups, indicating a greater tendency of these groups to undergo recondensation processes. The integration of the clusters due to the signals of aryl bonds [33] that is C–O (161–141 ppm), C–C (141–124 ppm) and C–H (124–100 ppm) indicated different percentage between the values of MWL and PFL of −2%, 31% and −21%, respectively. These values can be explained by the formation of a higher proportion of C–C links and a loss of C–H, which provide an additional symptom of the existence of lignin condensation reactions.



Table S1 (Supplementary Material) collects the assignments of carbon chemical shifts (δ, ppm) in the 13C NMR spectrum of MWL and formosolv lignin.




3.6. 1H-13C HSQC NMR Spectroscopy of Lignins


The HSQC spectrum of the MWL of Paulownia wood (Figure 4a,c) shows some prominent signals that allowed to extract information about the most important features on how phenylpropanoid units are linked together. The most important correlations correspond to:




	
The C–H correlations in aromatic methoxyl between δC–δH: 56.1/3.2–56.2/3.7;



	
Aryglycerol β-aryl ether with β-O-4′ links (label A), which can be seen at δC–δH: 72.5/4.9 and 71.8/4.7 (Cα–Hα in S and G-units respectively), 84.4/4.3 and 86.5/4.1 (Cβ–Hβ in S and G-units, respectively) and a broad signal, overlapping with others, in 60.2/3.7–60.4/3.2 (Cγ–Hγ);



	
Resinol type units (α-O-γ′, β-β′, and γ-O-α′ linkages, label B): their different C–H correlations are evident at δC–δH: 85.5/4.7 (Cα–Hα), 54.3/3.1 (Cβ–Hβ), 71.6/3.8 and 71.7/4.2 (Cγ–Hγ);



	
Phenylcoumaran type structures (α-β-5′, α-O-4′ linkages, label C): only two types of correlations are visible in the spectrum: Cα–Hα at δC–δH: 87.5/5.5, and Cβ–Hβ at δC–δH: 53.9/3.5, they are partially overlapped with the correlations of the aromatic methoxyl groups;



	
Spirodienone type structures (β-1′, α-O-α′ linkages, label D): they present less intense signals at δC–δH: 81.80/5.04 (Cα–Hα correlations), and 60.4/2.7 (Cβ-Hβ);



	
A weak signal, due to Cβ–Hβ correlation on dibenzodioxocin-like structures (label E), also appears in the spectrum at δC–δH 86.6/3.8—however, the one corresponding to the Cα–Hα correlation (83.4/4.8) can only be observed at very low contour levels;



	
Low-intensity correlations corresponding to cynnamyl alcohol end-groups (129.15/6.45, 128.89/6.23, and 62.06/4.10, correlations between carbonhydrogen α, β and γ, respectively, and label I) and cynnamyl aldehyde end-groups (Cβ–Hβ: 126.72/6.77. Label J) are also present;



	
In the area of the spectrum corresponding to aromatic C–H correlations the signals belonging to S (carbons 2 and 6 δC–δH 104.4/6.7. label S2,6) and G-units (111.6/7.0, carbon 2, label G2; 115.5/6.7-115.8/6.9, carbon 5, label G5, and 119.7/6.8, carbon 6, label G6) are predominant—other less intense signals belonging to S-units oxidized in the α-carbon (S2,6′) are also observable at δC–δH 107.1/7.3 and 107.0/7.2;



	
Minor signals can be seen due to the cinnamaldehyde end-groups in S-units (J2,6-S) at 106.7/7.0 and H-units (H2,6) at 128.9/7.2;



	
Finally, it is worth mentioning that the presence of associated carbohydrate signals, which are indicated in the figure corresponding to the anomeric positions and some other with acetyl substituents [39].








Table S2 (Supplementary Material) collects the assignments of the 13C–1H correlation signals in the HSQC NMR spectrum of the obtained lignin fractions.



HSQC spectrum of PFL (Figure 4b,d) reflects important structural changes after the treatment. The more apparent difference is the presence of a broad signal (around δC–δH 63.5/4.3) which corresponds to the β-O-4′ structures with acylated γ-OH, probably as formates. The formylation of the γ-OH was referred by other researchers [9,28] treating LCM with FA solutions of different concentrations and at different temperatures. The 13C NMR spectrum reflected this fact (peaks at 163.4 and 162.4 ppm already mentioned), but also the HSQC spectrum of the PFL showed a signal at δC-δH 162.0/8.2 that confirms the formylation of the lignin.



Table 4 presents the quantification of the different types of linkages according to Sun and coworkers (Sun et al., 2014). In the MWL, β-O-4′ units were predominant and accounted for 57.6% of all identified linkages, followed by resinols (21.4%), phenylcoumarans (9.4%), and spirodienones (3.7%). In addition, minor proportions of p-hydroxycinnamyl with alcohol (2.2%) and aldehyde (2.3%) end-groups were quantified in the spectrum.



All the correlations corresponding to the different linkages between phenylpropane units were drastically diminished in the spectrum of PFL. The effect of delignification, through the destruction of the linkages identified in MWL, is very important. The quantification of this breakdown of bonds was 87% of the β-aryl ethers, 78% of the resinol type subunits, 65% of the phenylcoumarans and 70% of the spirodienones. The cinnamyl alcohol or aldehyde-type units completely disappeared in PFL.



Moreover, the signals derived from the aromatic nucleus (G2, G5, G6 and S2,6) were less intense and extended towards smaller chemical shifts in both dimensions, which is indicative of the existence of condensation in the lignin [9,40].



Table 4 also shows the S/G ratio calculated based on the volume integrals of signals S2,6 and G2, according to previously published works [28]. The value of S/G for MWL (0.63) was in accordance to that measured by Rencoret et al. [21] for Paulownia fortunei (0.66). The corresponding value for PFL (0.83) indicated that G-units have suffered more degradation than S-units.



Figure S2 (Supplementary Material) shows the main substructures identified in MWL and PFL of Paulownia.




3.7. 31P NMR Spectroscopy of Lignins


Figure 5 shows the 31P NMR spectra of the phosphitylated MWL and PFL, and Table 4 shows the calculated distribution of the different OH groups. According to the bibliography [25,26,27], the signals can be classified according to the different resonances of each type of the phosphitylated hydroxyl groups present in the molecule (Figure 5). Thus, the signals corresponding to aliphatic OH (150.6–145.2 ppm) of the PFL decreased very significantly (61%) after the organosolv treatment. Several mechanisms of esterification (formylation) and acid-catalyzed dehydration can explain this decrease [6,7,41]. The signals produced by G and S-type units were much broader in the PFL due to recondensation, as was also reflected in the HSQC spectra. In fact, the area of signals increased almost four times after the formosolv treatment due to the presences of 5-substituted structures which include syringyl, and β-5′, 4-O-5′ and 5-5′ linked units. The signals due to G-units also showed condensation processes since the spectrum reflected similar qualitatively similar characteristics to those of the S-units. At 135.8 ppm a signal, absent in MWL, appeared due to the formic acid carboxyl group [42]. The spectrum area corresponding to the carboxyl groups (136.3–134.21 ppm) revealed more intense signals in PFL. Table 4 reflects the content of the different hydroxyl, in mmol OH/mg lignin, depending on the content of the internal standard (cholesterol) and according to the methods already published [27].




3.8. Molecular Weights of Lignins


The SEC analysis on the lignin samples (Figure 6) was used to evaluate its molecular size distribution. Table 4 shows the most important parameters calculated from the chromatograms. Compared with MWL, the molar mass distribution of PFL showed a lower Mn but a higher Mw. In order to explain this, in PFL a larger number of small and big molecules should be present in relation to MWL; that is, a much higher polydispersity than that of MWL. In fact, it is almost five times higher (2.5 vs. 12.4), according to the SEC data. This points out that there was a concurrent depolymerization and recondensation of lignin in the reaction medium. Taking as reference the simple C9 formulas (Table 4) to calculate the molecular mass of each C9 unit and the value of Mw as an average representative of the lignin molecular size, values of 116.5 and 246.2 units C9/lignin molecule for MWL and PFL, respectively, were calculated.




3.9. Thermogravimetric Analysis of Lignins (TGA)


The TGA was used to determine the basic behavior and thermal stability of the MWL and PFL. The processes of pyrolytic decomposition can be divided into three stages: the release of water and volatiles (from approximately 100 to 200 °C), the rapid decomposition of the bonds that form the structure of lignin (200 to 500 °C), and a last slow carbonization to form charry residue (500 to 900 °C). The TGA and DTG curves are shown in Figure S3 (Supplementary Material).



The first step in the thermal decomposition was qualitatively similar for both samples, although the process in MWL was faster and produced greater weight loss. The weight loss in this stage came from the release of volatile compounds and water from the samples, and their values were 7.2% and 2.8% for MWL and PFL, respectively. The most important mass change corresponded to the temperatures between 200 and 500 °C, approximately, which accounted for the additional weight loss values of 32.2% for MWL and 37.5% for PFL. In this stage, the bonds forming the structure of the lignin molecule were progressively modified, starting with the fragmentation of the interunit links [43] that were broken to release volatile oxygen compounds (CO, CO2, formaldehyde, formic acid, and some simple ethers and alkanes, among others) leaving a solid with a higher degree of unsaturation [44,45]. In this period, the maximum weight loss rate was located at 291 °C (0.31%/°C) for MWL and 375 °C (0.29%/°C) for PFL. The significant difference between these values clearly reflected the structural changes already mentioned, suffered by the lignin in the process of delignification. The residual phase of pyrolysis (500–900 °C) was very slow and generated a very low rate of volatile compounds: in this phase, mass losses of 6.8 and 6.7% were measured for MWL and PFL, respectively. The percentage of non-volatilized material at 900 °C was higher in the case of PFL (53.0%) than in MWL (35.2%). A greater amount of non-volatile residue was related to a more branched structure (more condensed) which agreed with the spectroscopic data of the lignins studied in this work [45,46].




3.10. High Added-Value Applications for Lignin


As an overview, the lignin obtained from the formosolv fractionation of Paulownia wood results in a high decrease in labile ether bonds, with an increase in its polydispersity, and also reflecting recondensation phenomena. However, some works reflected the chance of employing this kind of lignin for several purposes. Some applications, via a further upgrading of the lignin, may be its use as an adsorbent for heavy metal such as Pd or Cr [47] in the form of lignin nanoparticles, as well as for the manufacture of polymeric resins, polyurethanes and polyesters [48,49]. In addition, this lignin may also be used as a flocculant, cement additive, etc. On the other hand, if the lignin is employed for consequent catalytic depolymerization, it can be subjected to pyrolysis or other kinds of treatment for the production of aromatic monomers, or for the obtainment of biofuels [47]. All of these may be attractive applications for the exploitation of lignin.





4. Conclusions


Formosolv treatments of Paulownia, under optimum conditions, produced a cellulose-enriched pulp (80%) and a solubilization of the 78.5% of the initial lignin in the solid. The physicochemical and spectroscopic characteristics of the formosolv lignin and its comparison with the MWL showed that the lignin underwent depolymerization phenomena but also recondensation, leading to a molecular weight distribution with high polydispersity. Delignification proceeded mainly by the breaking of β-O-4′ linkages from arylglycerol β-aryl ether units. Other bonds were also affected but resisted better the solvolytic treatment.
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Figure 1. Response surface of glucan in pulp at a constant value of 0.05% HA. 
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Figure 2. FTIR spectra of Paulowia wood (P) and Paulownia formosolv pulp (PFP). 
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Figure 3. 13C NMR spectra of milled wood lignin (MWL) and Paulownia formosolv lignin (PFL). 
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Figure 4. HSQC spectra of MWL (a,c) and PFL (b,d). 
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Figure 5. 31P NMR spectra of MWL and PFL. 
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Figure 6. SEC chromatograms of MWL and PFL (the molecular weight is estimated relative to polystyrene standards). 
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Table 1. Chemical composition of Paulownia elongata x fortunei wood.
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	Component
	g/100 g Oven-Dried Paulownia ± Standard Deviation





	Glucan
	39.7 ± 0.97



	Xylan + Galactan + Mannan
	14.7 ± 0.56



	Arabinan
	1.09 ± 0.05



	Acetyl groups
	3.30 ± 0.01



	Klason lignin
	21.9 ± 0.50



	Extractives
	5.60 ± 0.01



	Ashes
	0.50 ± 0.05



	Uronic acids (expressed as glucuronic acid)
	1.30 ± 0.30
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Table 2. Design of the experiments used to evaluate the delignification process by the formosolv of Paulownia wood and the main results (all data expressed in an oven dry basis).
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Experimental Variables

	
Pulp Composition

	
Liquor Composition




	
Exp. no.

	
Time (min)

	
FA (%) 1

	
HA (%) 1

	
PY (%) 1

	
KN

	
VIS (mL/g)

	
GnP (%) 2

	
FAP (%) 2

	
AGP (%) 2

	
Xyl+Gal+Man Dis (%) 3






	
1

	
60

	
95

	
0.1

	
45.2

	
32.6

	
605

	
70.4

	
3.2

	
0.9

	
17.4




	
2

	
30

	
80

	
0.05

	
54.1

	
42.2

	
361

	
63.5

	
1.9

	
1.9

	
17.9




	
3

	
60

	
80

	
0.05

	
49.6

	
38.7

	
607

	
73

	
1.8

	
1.1

	
18.1




	
4

	
30

	
80

	
0.1

	
55.1

	
47.9

	
467

	
67.8

	
2.1

	
2

	
17.7




	
5

	
60

	
80

	
0.1

	
52.1

	
41.8

	
529

	
60.6

	
1.8

	
1.2

	
18




	
6

	
30

	
95

	
0.1

	
49.6

	
37.1

	
653

	
63.5

	
3.6

	
1.1

	
17




	
7

	
45

	
87.5

	
0.075

	
48.9

	
39.7

	
613

	
65

	
2.3

	
1.1

	
17.8




	
8

	
45

	
87.5

	
0.075

	
48

	
40

	
611

	
65.1

	
2.3

	
1

	
17.8




	
9

	
45

	
87.5

	
0.075

	
49.4

	
40.4

	
613

	
65.2

	
1.5

	
1.2

	
18.3




	
10

	
30

	
95

	
0.05

	
56

	
52.8

	
600

	
66.7

	
6.9

	
2.3

	
14.3




	
11

	
60

	
95

	
0.05

	
47

	
27.7

	
626

	
71.7

	
5.8

	
2.4

	
15.9




	
12

	
30

	
87.5

	
0.075

	
52.3

	
39.9

	
686

	
64.7

	
2.7

	
1.6

	
17.4




	
13

	
60

	
87.5

	
0.075

	
50.6

	
45.7

	
640

	
69.4

	
2.4

	
0

	
17.7




	
14

	
45

	
80

	
0.075

	
58.3

	
48.9

	
532

	
61.8

	
6.1

	
0

	
14.8




	
15

	
45

	
95

	
0.075

	
51.8

	
40.4

	
617

	
69.6

	
2.2

	
2.9

	
17.7




	
16

	
45

	
87.5

	
0.05

	
55.7

	
52.7

	
595

	
67.3

	
7.3

	
0

	
14.2




	
17

	
45

	
87.5

	
0.1

	
54.4

	
46.8

	
556

	
69.8

	
6.8

	
0

	
14.6








PY: Pulp yield KN: kappa number; VIS: viscosity; FA: formic acid concentration; HA: hydrochloric acid concentration; GnP: glucan remaining in pulp; FAP: formic acid remaining in pulp; AGP: acetyl groups remaining in pulp; Xyl+Gal+Man dis: xylose, galactose, and mannose dissolved in liquor.; 1 kg pulp/100 kg raw material; 2 kg component/100 kg pulp; 3 percentage over content of component in Paulownia wood.
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Table 3. Regression parameters for the dependent variables: solid yield, viscosity and glucan.






Table 3. Regression parameters for the dependent variables: solid yield, viscosity and glucan.











	
	Yield
	Viscosity
	Gn





	b0
	51.680
	619.59
	65.992



	b1, Time
	−2.260 c
	23.94 c
	1.893 b



	b2, FA
	−1.960
	60.48 a
	1.525 c



	b3, HA
	−0.600
	2.12
	−1.026



	b12
	−0.737
	−41.31 b
	1.195



	b13
	0.763
	−32.20 c
	−1.872 c



	b23
	−1.463
	0.52
	0.452



	b123
	0.388
	13.96
	2.321 b



	b11
	−2.415
	38.04
	0.404



	b22
	1.185
	−50.75 c
	−0.973



	b33
	1.185
	−49.45 c
	1.893



	R2
	0.6738
	0.918
	0.8351







a Coefficients significant at 99% confidence level based on the Student’s t-test; b coefficients significant at 95% confidence level based on the Student’s t-test; c coefficients significant at 90% confidence level based on the Student’s t-test.
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Table 4. Properties of MWL and PFL.
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MWL

	
PFL






	
Structural units/C9 by HSQC

	
Arylglycerol β-O-4′ aryl ethers

	
0.41

	
0.13




	
Resinols

	
0.15

	
0.11




	
Phenylcoumarans

	
0.07

	
0.07




	
Spirodienones

	
0.04

	
0




	
Dibenzidioxocins

	
0.02

	
0




	
p-OH-cinnamyl alcohol end-groups

	
0.03

	
0




	
p-OH-cinnamyl aldehyde end-groups

	
0.02

	
0




	
S/G

	
0.63

	
0.83




	
OH groups by 31P NMR (mmol/g)

	
Aliphatic OH

	
5.66

	
2.21




	
OH in 5-substituted units

	
0.17

	
0.83




	
Guaiacyl OH

	
0.34

	
0.57




	
Total OH

	
6.16

	
3.6




	
Carboxyl (COOH)

	
0.01

	
0.23




	
Elemental analysis (%)

	
C

	
55.04

	
59.99




	
H

	
5.96

	
5.33




	
O

	
35.67

	
34.37




	
N

	
0.33

	
0.31




	

	
C9 formulae

	
C9H10.5O3.5N0.05(OHPh.)0.10(OHAl.)1.11(COOH)0.002

	
C9H8.9O3.2N0.04(OHPh.)0.27(OHAl.)0.38(COOH)0.05




	
SEC (Da)

	
Mn

	
9145

	
3589




	
Mw

	
22792

	
44458




	
D (Mn/Mw)

	
2.5

	
12.4




	
TGA/DTG *

	
T5% (°C)

	
171

	
251




	
Residue at 900°C (% mass)

	
35.2

	
53




	
DTGmax (%/°C)

	
0.31

	
0.29




	
T of DTGmax. (°C)

	
291

	
370








* DTG: first derivative of the TGA curve.
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