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Influence of reaction conditions on lignin hydrothermal treatment
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Organosolv lignin, obtained from olive tree pruning under optimized conditions, was subjected to a hydrothermal depolymerization process catalyzed by sodium hydroxide. The depolymerization of lignin was carried out at 300°C using different reaction times (20, 40, 60, 70, 80, 90, and 100 min) in order to study the influence of this parameter on lignin depolymerization. The resulting products (oil and residual lignin) were measured and analyzed by different techniques (GC/MS, high-performance size-exclusion chromatography, and pyrolysis–GC/MS) in order to determine their nature and composition. Coke was also formed, at a lower quantity, uncompetitive repolymerization reactions during the lignin hydrothermal treatment. The maximum oil yield and concentration of monomeric phenolic compounds was obtained after 80 min of reaction time. The highest reaction time studied (100 min) had the worst results with the lowest oil yield and highest coke production.
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INTRODUCTION

Lignocellulosic biomass is said to be one of the most promising renewable raw materials since it can be transformed into a wide variety of products and by-products such as energy, materials, and chemicals. Lignocellulosic biomass is mainly composed of cellulose, hemicelluloses, and lignin. Among the main constituents of lignocellulosic biomass, lignin is one of the most interesting components since its aromatic nature and the broad variety of functional groups present in its chemical structure make it a unique and promising source of renewable products and commodity chemicals.

Lignin is primarily a structural material that adds strength and rigidity to cell walls and constitutes between 25 and 35% of the organic matter of woody plants (Kleinert and Barth, 2008). Lignin is an amorphous polyphenolic polymer composed principally of guaiacylpropane (G), syringylpropane (S), and p-hydroxyphenylpropane (H) units that form a randomized structure in a three-dimensional network inside the cell wall (Faix, 1991). Carbon–carbon and carbon–oxygen bonds between monomers are found in lignin. However, β-O-4 aryl ether bonds are the most frequent dimeric linkages (49–65%) probably due to the low steric hindrance at the β-carbon (Amen-Chen et al., 2001). The compositional ratios of these three units (H, G, S) can vary significantly with the feedstock. Guaiacylpropane is the predominant lignin monomer found in coniferous wood (softwoods) with minor amounts of H units. In hardwoods, G and S units are present in different ratios, but S units are the most typical (Gosselink et al., 2010). All three units (H, G, S) are usually present in grass or herbaceous lignins (Buranov and Mazza, 2008).

In addition to being a structural material, a further role of lignin in the plant is to provide protection against microbial attacks and external agents. Lignin is interconnected by polysaccharides and helps to bind the cellulose/hemicelluloses matrix. Lignin’s amorphous structure provides flexibility to the mixture and confers impermeability.

Biomass pretreatment is an essential key for lignin valorization. There are several different treatments in which lignin is produced as a product or by-product. Lignin is considered as a by-product in the pulp and paper industries (i.e., kraft or lignosulfonate) and is usually burned to fulfill the energy needs of the process. However, lignin will also be produced in large amounts in the new biorefinery schemes (i.e., organosolv, steam explosion). In the case of organosolv treatments, different organic solvents, such as ethanol, can be employed. In addition, the existing organosolv processes use different conditions and degradation techniques – including various pressures, temperatures, solvents, and pH ranges – that uniquely modify the chemical structure and linkages of the lignin (Zakzeski et al., 2010).

Depolymerizing lignin to low-molecular-weight (LMW) aromatic and phenolic compounds likely offers the greatest opportunity to truly expand the spectrum of lignin applications (Zhang et al., 2011). Several studies have been performed in order to convert lignin to value-added products. In these studies, organosolv lignins have been found to be an appropriate raw material for producing LMW compounds (González Alriols et al., 2009). Among many thermochemical methods, base-catalyzed depolymerization (BCD) has been widely studied and has been shown to produce phenolic monomeric compounds (Thring, 1994; Miller et al., 1999, 2002; Nenkova et al., 2008; Yuan et al., 2010; Roberts et al., 2011). Thring (1994) studied the alkaline degradation of lignin by means of the combined effect of reaction time and temperature concluding that the identifiable monomeric products decreased with increasing severity of treatment, indicative of the increasing importance of pyrolytic and recondensation reactions occurring in the lignin structure under these conditions. In this work, the predominant identifiable liquid phenolic products were guaiacol and syringol at low severities and catechol and its derivatives at high severities.

Alkaline hydrolysis of Alcell® lignin has also been studied by other authors (Miller et al., 1999, 2002). The reaction was enhanced by strong bases, and combinations of bases provided either positive synergistic effects, such as with NaOH and Ca(OH)2, or negative synergistic effects, such as with LiOH or CsOH with Ca(OH)2 (Miller et al., 1999). Model-compound studies indicated that the principle route for lignin depolymerization was through solvolysis of the ether linkages (Zakzeski et al., 2010). Several years later, BCD of lignin was carried out using water as the solvent (Miller et al., 2002). In this study, the authors observed that the base concentration was one of the most important factors governing lignin depolymerization. They found that a molar excess of a strong base (NaOH) gave better results but also that a small amount of a strong base together with a larger amount of a less-expensive base (CaO) produced good results.

In another study, it was shown that the optimal conditions required for lignin’s transition were 180°C, 5% NaOH, a hydromodule of 1:10 and treatment duration of 6 h (Nenkova et al., 2008). Yuan et al. (2010) studied alkaline lignin degradation in hot-compressed water and ethanol. Alkaline lignin was successfully degraded into oligomers with NaOH as a catalyst in the presence of phenol as the capping agent. However, complete suppression of char formation could not be achieved.

In the most recent studies, Roberts et al. (2011) concluded that the formation of monomers is directly proportional to the concentration of sodium hydroxide in the aqueous medium. In addition, a mechanism for the NaOH-catalyzed breakdown of the ether bonds of lignin was proposed. The preferential formation of derivatives of syringol can be explained by the stabilizing effect of the methoxy groups on the transition states of the carbenium ions. They also concluded that the production of monomers is limited by the oligomerization and polymerization reactions of the products formed.

The aim of this work was to study the influence of reaction time on the lignin depolymerization process. For this purpose, organosolv lignin samples were subjected to high temperatures and pressures with sodium hydroxide as a catalyst in an aqueous medium for different reaction times. The resulting products (oil and residual lignin) were measured and analyzed by different techniques [gas chromatography/mass spectrometry (GC/MS), high-performance size-exclusion chromatography (HPSEC), and pyrolysis (Py)–GC/MS] to determine the changes that occurred in both their nature and their quantity. Coke that was formed during a competitive repolymerization reaction was also measured.

MATERIALS AND METHODS

LIGNIN PRODUCTION

Olive tree pruning (Olea eurpaea, variety Arróniz) was used as the raw material. Lignin was extracted from the raw material by an organosolv treatment consisting of ethanol–water (70% w/w) at 200°C for 90 min in a pressure reactor using previously optimized conditions (Toledano et al., 2011). The liquid fraction in which lignin was dissolved was separated from the solid fraction by filtration. Dissolved lignin was isolated by precipitation by adding two acidified water volumes (pH around 2). The suspension was centrifuged at 4500 rpm for 20 min to recover the lignin. After that, lignin was dried at 50°C.

BASE-CATALYZED DEPOLYMERIZATION

The reactions were conducted in a stirred batch reactor (5500 Parr reactor) with a 4848 Reactor controller. The volume of the reactor vessel was 100 mL. The reaction conditions were 300°C reaching pressures of about 9 MPa. The lignin:solvent (water) ratio was 1:20 (w/w). The catalyst (sodium hydroxide) concentration was set at 4% (w/w) (Toledano et al., 2014). The reaction conditions were chosen considering the reactor limitations, our previous experience, and the conditions reported in the literature (Thring, 1994; Roberts et al., 2011; Toledano et al., 2012). Three experiments were carried out, each using the reaction times 20, 40, 60, 70, 80, 90, and 100 min.

PRODUCT SEPARATION PROCESS

The liquid solution recovered after the reaction time in the batch microreactor was treated in order to separate the products. Firstly, HCl at 37% was added until pH 1 was reached. In this way, residual lignin and coke precipitated and were separated from the liquid by filtration using MN 640 w filters and washed with acidified water (water at pH 1 with HCl as the acidic agent) to remove residual liquid.

This liquid fraction was subjected to a liquid–liquid extraction process with ethyl acetate. Anhydrous sodium sulfate was added to the obtained organic phase in order to remove the traces of water and then it was filtrated to remove the added sodium sulfate. Then, this organic phase was vacuum evaporated at 0.02 MPa in order to obtain oil with the depolymerized products.

The solid phase was washed with tetrahydrofuran (THF) and was stirred for 3 h in a beaker. The THF solution was filtrated, and the undissolved solid (coke) was oven-dried at 50°C. The THF solution was vacuum evaporated to recover the unconverted lignin (Toledano et al., 2014).

ANALYSIS OF THE DEPOLYMERIZATION PRODUCTS

Oil was characterized in order to establish the nature of the monomeric phenolic compound. The oil was dissolved in HPLC-grade ethyl acetate in a metric flask. The solution was injected into a GC (7890A)–MS (5975C inert MSD with Triple-Axis Detector) Agilent equipped with a capillary column HP-5MS [(5%-phenyl)-methylpolysiloxane, 60 m × 0.25 mm]. The temperature program started at 50°C and then the temperature was raised to 120°C at 10°C/min, held for 5 min, raised to 280°C at 10°C/min, held for 8 min, raised to 300°C at 10°C/min, and held for 2 min. Helium was used as the carrier gas. Calibration was done using pure compounds obtained from Sigma-Aldrich: phenol, o-cresol, m-cresol, p-cresol, guaiacol, catechol, 3-methylcatechol, 4-methylcatechol, 4-ethylcatechol, 3-methoxycatechol, syringol, 4-hydroxybenzaldehyde, acetovanillone, veratrol, 4-hydroxybenzoic acid, 4-hydroxy-3-methoxyphenylacetone, vanillin, vanillic acid, syringaldehyde, 3,5-dimethoxy-4-hydroxyacetophenone, syringic acid, and ferulic acid (Erdocia et al., 2012).

Residual lignin was subjected to HPSEC to evaluate lignin molecular weight (MW) and molecular weight distribution (MWD) using a JASCO instrument equipped with an interface (LC-NetII/ADC) and a refractive index detector (RI-2031Plus). Two PolarGel-M columns (300 mm × 7.5 mm) and PolarGel-M guard (50 mm × 7.5 mm) were employed. Dimethylformamide solution containing 0.1% lithium bromide was used as the solvent. The flow rate was 0.7 mL/min, and the analyses were carried out at 40°C. Calibration was made using polystyrene standards (Sigma-Aldrich) ranging from 266 to 70,000 g/mol (Erdocia et al., 2012).

In order to elucidate the changes produced in the structure of residual lignin with respect to the raw lignin, Py–GC/MS analysis was performed. The pyrolysis was carried out using a CDS analytical Pyroprobe 5150. The pyrolysis temperature was set at 400°C for 15 s with a heating rate of 2°C/ms. Then, the products were analyzed by the GC–MS instrument described above. The oven program started at 50°C and was held for 2 min at this temperature, after which the temperature was raised to 120°C at 10°C/min and held for 5 min, raised to 280°C at 10°C/min, held for 8 min, and finally raised to 300°C at 10°C/min and held for 10 min.

RESULTS AND DISCUSSION

OLIVE TREE PRUNING LIGNIN CHARACTERIZATION

Organosolv olive tree pruning lignin presented the following composition: acid-insoluble lignin 71.90 ± 0.79%, acid-soluble lignin 1.63 ± 0.08%, total sugars 2.94 ± 0.14% (glucose 1.75 ± 0.12%, xylose 1.10 ± 0.03%, and arabinose 0.09 ± 0.01%), and ash content 0.39 ± 0.01%.

YIELD OF DEPOLYMERIZED PRODUCTS

Three main products were obtained after lignin depolymerization at any reaction time: oil, residual lignin, and coke. The obtained data were statistically analyzed and according to Table 1, all product yield values (oil, residual lignin, and coke) were significant for time factor (p < 0.05).

Table 1 | Summary of the one-way ANOVA analysis for the oil, residual lignin, and coke yields with reaction time as factor.
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In Figure 1 are presented the yields of the products obtained after base catalyzed depolymerization of the lignin at different reaction times. Regarding the oil yield, 80 min gave the best result for oil production (22.28 ± 0.37%) while the maximum time studied (100 min) presented the lowest yield of the desired product (16.57 ± 0.40%). These results are in agreement with other studies that showed that increasing the reaction severity decreases the concentration of monomeric compounds (oil production) as the importance of pyrolytic and recondensation reactions are enhanced (Miller et al., 1999). As can be observed, oil yield increased with the reaction time until reaching a maximum at 80 min and then decreased dramatically because of the recondensation reactions occurring at longer reaction times.
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FIGURE 1 | Yields of the products obtained after base-catalyzed depolymerization of lignin at different reaction times.



The residual lignin yield showed an opposite trend. At 20 min of reaction time, residual lignin was the main product (40% of the original amount of lignin). As the reaction time increased, this residual lignin decreased to a value of 30% of the initial lignin concentration, which remained almost constant after 60 min of reaction time. The increase of reaction time did not affect the residual lignin yield, which means that at high severities (more than 60 min of reaction time) the reactions taking place only affected oil production (hydrolysis and demethoxylation reactions) or coke production (pyrolytic and recondensation reactions).

Regarding coke production, it had a different behavior from the oil or residual lignin. Its production increased with reaction time but then decreased at 70 and 80 min (7.65 ± 0.30 and 6.04 ± 0.25%, respectively) and for the last two reaction times it increased again and produced the highest values. This behavior has already been reported by other authors who claimed that char formation from lignin in aqueous media was promoted by long reaction times (Yokoyama et al., 1998).

The yields of depolymerized products showed that, at 70 and 80 min reaction times, the main reactions were hydrolysis and demethoxylation reactions, and so oil yield increased and coke production decreased. However, at longer reaction times, depolymerization reactions were not as significant as pyrolytic or recondensation reactions, and so coke production was maximal.

OIL CHARACTERIZATION

The characterization of the oil obtained in different depolymerization reactions by GC–MS showed differences in the concentration of the obtained phenolic compounds but not in their nature. In all cases, the same compounds were produced but in different quantities as can be observed in Table 2. Among the different linkages present in the lignin structure, β-O-4 is said to be the first to be cleaved during hydrothermal degradation of lignin (Li et al., 2007). Roberts et al. (2011) stated that the cleavage of the β-O-4 ether bond takes place heterolytically via the formation of a sodium phenolate derivative and a carbenium-ion-like transition state, which is instantly neutralized by a hydroxide ion. The sodium cations catalyze the reaction by forming cation adducts with lignin and, thus, polarizing the ether bond. These findings suggest that the polarization of the base is a key step and will govern the kinetics and the mechanism followed in the depolymerization reaction. This is the main reason that makes the nature of phenolic compounds obtained in all experiments to be the same as the employed catalyst was NaOH in all cases.

Table 2 | Phenolic monomers concentration in the oil analyzed by GC–MS (% w/w).
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The main products present in the oil were catechol and its derivatives: 3-methylcatechol, 4-methylcatechol, and 4-ethylcatechol. Concentrations of these products increased with reaction time (severity) until 80 min. High severities promoted the production of phenol, cresols, and catechol (Wahyudiono et al., 2007) but at very high severities, the concentration of monomeric compounds decreased (Thring, 1994). This was also observed here in the experiments with highest severities (90 and 100 min), the concentration of phenolic monomeric compounds dropped compared to shorter reaction times.

RESIDUAL LIGNIN

The changes produced in the residual lignins were analyzed by HPSEC with the raw lignin as a reference. As can be observed in Figure 2, all the residual lignins had two main peaks: one related to a fraction with higher MW than raw lignin and the other one related to a lower MW fraction. The first peak of the experiments appeared earlier than the raw lignin main peak, meaning higher MW fractions. The reason for this behavior was the polymerization reactions that have been reported by other authors (Yuan et al., 2010) occurring between unstable lignin fragments and the original lignin producing unconverted lignin with higher MW than the initial lignin. Repolymerization phenomena affected all samples regardless of the applied severity parameter. Alkaline condensations typically involve the activation of the unsubstituted aromatic C-5 position. Formaldehyde, formed as a by-product of the cleavage of the Cγ, may participate in the reaction (Valenzuela, 2011). However, residual lignin from experiments at 90 and 100 min presented the highest MW repolymerized fractions, which indicate that higher reaction times enhanced repolymerization reactions (Yuan et al., 2010).
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FIGURE 2 | Molecular weight distribution of raw lignin and residual lignins samples.



Peaks associated with lower MW lignin fractions than the raw lignin could also be observed in all reaction mixtures containing residual lignin. These peaks show that depolymerization reactions occurred during the hydrothermal treatment of the lignin. In this case, after 80 min reaction time, residual lignin was the main fraction of the lowest MW peak, which means that, at this reaction time, depolymerization of lignin was enhanced. This is in agreement with the results discussed above in which the 80 min reaction time gave the highest yield of depolymerized products.

Residual lignin was also subjected to Py–GC/MS in order to analyze the changes in its nature and structure. As can be seen in Figure 3, raw lignin and all residual lignins were subjected to this method. Chromatograms of all residual lignins presented the same pattern, which indicates that the structure of all residual lignins was the same. This behavior also indicates that the mechanism that formed this residual lignin was identical in all the experiments regardless of the time employed for the reaction. Furthermore, this fact confirmed that the base concentration and its nature are the main factors governing depolymerization of lignin (Miller et al., 2002; Toledano et al., 2012).
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FIGURE 3 | Chromatograms of raw and residual lignins pyrolysis.



The differences between the raw lignin and the residual lignins confirmed that residual lignins were not unconverted lignins they were new lignins created by repolymerization reactions that occurred between unstable fragments and depolymerization reactions of raw lignin. Figure 3 shows that the main peak in all residual lignin samples at 19.45 min was related to butylated hydroxytoluene while, in the raw lignin, this peak did not appear. Butylated hydroxytoluene occupied more than 65% of the area of the chromatograms of residual lignin. Other main compounds from residual lignin pyrolysis, but in lower quantity, were 2-tert-butyl-p-cresol and n-hexadecanoic acid.

The chromatogram of raw lignin was more heterogeneous than the chromatograms of residual lignins. Several compounds were obtained after the pyrolysis of the lignin sample and all of them were different from those obtained from the residual lignins. The main compound appeared at 22.18 min and was related to methoxyeugenol, which represented only 16.7% of the total area of the chromatogram. Other compounds obtained in a significant quantity were vanillin, eugenol, acetophenone, 4-hydroxy-3,5-dimethoxy-benzaldehyde, and octadecanoic acid.

CONCLUSION

The influence of reaction time on the lignin depolymerization process was studied in this work. The best results in terms of phenolic monomeric compounds production were found for 80 min of reaction time. At this time, coke production was also minimized, and the residual lignin MW was lowest. It was also concluded that, at highest reaction times, coke production and the MW of residual lignin increased because of pyrolytic and recondensation reactions. Moreover, the production of phenolic monomeric compounds dropped dramatically at the longest reaction times. It can also be concluded that the reaction time did not affect the reaction mechanism as all the obtained products were of the same nature and the structure of residual lignin was the same in all cases.
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