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LIGNIN Introduction The word lignin is derived from the Latin word lignum meaning wood. It is a main component of vascular plants. Indeed, lignin is second only to polysaccharides in natural abundance, contributing 24–33% and 19–28%, respectively, to dry wood weights of normal softwoods and temperate-zone hardwoods. According to a widely accepted concept, lignin [8068-00-6] may be deﬁned as an amorphous, polyphenolic material arising from enzymatic dehydrogenative polymerization of three phenylpropanoid monomers, namely, coniferyl alcohol [485-35-5] (2), sinapyl alcohol [537-35-7] (3), and p-coumaryl alcohol (1).



(1)



(2)



Encyclopedia of Polymer Science and Technology. Copyright John Wiley & Sons, Inc. All rights reserved.
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(3)



The traditionally held biosynthesis process, which consists essentially of random radical coupling reactions, sometimes followed by the addition of water, of primary, secondary, and phenolic hydroxyl groups to quinonemethide intermediates, leads to the formation of a three-dimensional polymer that lacks the regular and ordered repeating units found in other natural polymers such as cellulose and proteins. Traditionally no other enzymes or proteins are thought to be required (1). The random biosynthesis process is under review. Dirigent proteins, acting as templates, are proposed to assist the orientation of lignin precursors to afford stereoselective phenoxy radical coupling (2,3). Normal softwood lignins are usually referred to as guaiacyl lignins because the structural elements are derived principally from coniferyl alcohol (more than 90%), with the remainder consisting mainly of p-coumaryl alcohol-type units. Normal hardwood lignins, termed guaiacyl–syringyl lignins, are composed of coniferyl alcohol and sinapyl alcohol-type units in varying ratios. In hardwood lignins, the methoxyl content per phenylpropanoid unit is typically in the range of 1.2–1.5 (4). Grass lignins are also classiﬁed as guaiacyl–syringyl lignins. However, unlike hardwood lignins, grass lignins additionally contain small but signiﬁcant amounts of structural elements derived from p-coumaryl alcohol. Grass lignins also contain p-coumaric, hydroxycinnamic, and ferulic acid residues attached to the lignin through ester and ether linkages (5). The distribution of lignin in individual cells of ligniﬁed wood has been well examined. The lignin concentration is rather uniform across the secondary wall, but there is a signiﬁcant increase in lignin concentration at the boundary of the middle lamella and primary wall region (6). This pattern of lignin distribution, with the highest concentration in the interﬁber region and a lower, uniform concentration in the bulk of the cell walls, is typical for most wood cells. Thus lignin serves the dual purpose of binding and stiffening wood ﬁbers through its distribution between and in the cell walls. Lignin performs multiple functions that are essential to the life of the plant. By decreasing the permeation of water across the cell wall in the conducting xylem tissues, lignin plays an important role in the internal transport of water, nutrients, and metabolites. It imparts rigidity to the cell walls and acts as a binder between wood cells, creating a composite material that is outstandingly resistant to compression, impact, and bending. It also imparts resistance to biological degradation. In commercial chemical pulping of wood, the reverse process in nature is performed to isolate ﬁbers for papermaking. In the process, wood is deligniﬁed by chemically degrading and/or sulfonating the lignin to water-soluble fragments. The industrial lignins thus obtained are used in many applications.
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Structure and Reactions The structural building blocks of lignin are linked by carbon–carbon and ether bonds (7,8). Units that are trifunctionally linked to adjacent units represent branching sites which give rise to the network structure characteristic of lignin (see Figs. 1 and 2). Thus lignin consists of complex and diverse structures, including in softwood lignin an eight-member ring conﬁguration (dibenzodioxocin) (11).



Fig. 1. Structural model of spruce lignin (9).



103 Fig. 2. Structural model of beech lignin (10).
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Table 1. Types and Frequencies of Interunitary Linkages in Softwood and Hardwood Lignins (Number of Linkages per 100 C9 Units) Linkage β–O–4 α–O–4 β–5 β–1 5–5 4–O–5 β–β a Ref. b Ref.



Softwood lignina 49–51 6–8 9–15 2 9.5 3.5 2



Hardwood ligninb 65 6 15 2.3 1.5 5.5



12. 7.



The types and frequencies of several prominent interunitary lignin linkages are summarized in Table 1. Because the interunit carbon–carbon linkages are difﬁcult to rupture without extensively fragmenting the carbon skeleton of the lignin, solvolysis of the ether linkages is often utilized as the best approach for degrading lignin. Of the functional groups attached to the basic phenylpropanoid skeleton, those having the greatest impact on reactivity of the lignin include phenolic hydroxyl, benzylic hydroxyl, and carbonyl groups. The frequency of these groups may vary according to the morphological location of lignin, wood species, and method of isolation. Electrophilic Substitution. The processes by which the aromatic ring in lignin is modiﬁed by electrophilic substitution reactions are chlorination, nitration, and ozonation. Chlorination, widely used in multistage bleaching sequences for delignifying chemical pulps, proceeds by a rapid reaction of elemental chlorine with lignin in consequence of which the aromatic ring is nonuniformly substituted with chlorine. In nitration, nitro groups are introduced into the aromatic moiety of lignin with nitrogen dioxide (13). As one of several competing processes, electrophilic attack of ozone on lignin ultimately leads to ring hydroxylation (14).



Conversion of Aromatic Rings to Nonaromatic Cyclic Structures. On treatment with oxidants such as chlorine, hypochlorite anion, chlorine dioxide, oxygen, hydrogen peroxide, and peroxy acids, the aromatic nuclei in lignin typically are converted to o- and p-quinoid structures and oxirane derivatives of quinols. Because of their relatively high reactivity, these structures often appear as transient intermediates rather than as end products. Further reactions of the intermediates lead to the formation of catechol, hydroquinone, and mono- and dicarboxylic acids. Aromatic rings in lignin may be converted to cyclohexanol derivatives by catalytic hydrogenation at high temperatures (250◦ C) and pressures [20–35 MPa (200–350 atm)] using copper–chromium oxide as the catalyst (15). Similar reduction of aromatic to saturated rings has been achieved using sodium in liquid ammonia as reductants (16).
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Conversion of Cyclic to Acyclic Structures. Upon oxidation, the aromatic rings of lignin may be converted directly to acyclic structures, eg, muconic acid derivatives, or indirectly by oxidative splitting of o-quinoid rings. Further oxidation creates carboxylic acid fragments attached to the lignin network. Ring Coupling and Condensation Reactions. Many oxidants, eg, ClO2 , O2 , generate free radicals in lignin. Coupling of such reactive radicals ultimately leads to diphenyl structures. In alkaline media, phenolic units may react with formaldehyde forming methylol derivatives that condense with themselves or with other phenols. This formaldehyde condensation reaction is the basis for using technical lignins in the preparation of adhesives. Cleavage of Ether Bonds. Ether linkages at the α- and β-positions are the most abundant functional groups on the propanoid side chain of lignin. Under acidic conditions these linkages undergo solvolytic cleavage, initially forming secondary alcohols which are converted to carbonyl, ethylene, and carboxyl structures through a combination of dehydrations and allylic rearrangements, leading eventually to fragmentation of the side chain (17). The alkali-promoted cleavage of α- and β-ether linkages, an important step in alkaline pulping processes, is mainly responsible for the fragmentation and dissolution of lignin in the pulping liquor. Addition of bisulﬁde ion to the aqueous alkaline media, as in the case of kraft pulping, enhances the rate and extent of β-aryl ether cleavage in phenolic units (18). Cleavage of Carbon–Carbon Bonds. Under appropriate conditions, the propanoid side chain in lignin may be ruptured to form three-, two-, or onecarbon fragments. This carbon–carbon fragmentation occurs in a variety of laboratory treatments and technical processes such as in bleaching of chemical pulps with Cl2 , ClO2 , and O2 , in microbial degradation (19), and in photo-oxidation (20). Substitution Reactions on Side Chains. Because the benzyl carbon is the most reactive site on the propanoid side chain, many substitution reactions occur at this position. Typically, substitution reactions occur by attack of a nucleophilic reagent on a benzyl carbon present in the form of a carbonium ion or a methine group in a quinonemethide structure. In a reversal of the ether cleavage reactions described, benzyl alcohols and ethers may be transformed to alkyl or aryl ethers by acid-catalyzed etheriﬁcations or transetheriﬁcations with alcohol or phenol. The conversion of a benzyl alcohol or ether to a sulfonic acid group is among the most important side-chain modiﬁcation reactions because it is essential for the solubilization of lignin in the sulﬁte pulping process (21). Formation and Elimination of Multiple Bond Functionalities. Reactions that involve the formation and elimination of multiple bond functional groups may signiﬁcantly affect the color of residual lignin in bleached and unbleached pulps. The ethylenic and carbonyl groups conjugated with phenolic or quinoid structures are possible components of chromophore or leucochromophore systems that contribute to the color of lignin. Reduction of ring-conjugated carbonyl groups to the corresponding primary and secondary alcohols is generally achieved by reaction with sodium borohydride. Ring-conjugated oleﬁnic groups may be converted to their saturated components by hydrogenation.
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Analytical Methods Detection of Lignin. The characteristic color-forming response of ligniﬁed tissue and some lignin preparations on treatment with certain organic and inorganic reagents was recognized in the early nineteenth century. More than 150 color reactions have now been proposed for the detection of lignin (22). Reagents used in these reactions may be classiﬁed into aliphatic, phenolic, and heterocyclic compounds, aromatic amines, and inorganic chemicals. Among the important re¨ actions are the Wiesner and Maule color reactions. The Wiesner Reaction. The reaction of ligniﬁed tissue and phloroglucinol– hydrochloric acid gives a visible absorption spectrum with a maximum at 550 nm. This has been attributed to coniferaldehyde units in lignin as the groups responsible for the color formation.



The Maule ¨ Color Reaction. The procedure for this test consists basically of three sequential treatments of ligniﬁed material with 1% potassium permanganate, 3% hydrochloric acid, and concentrated ammonium hydroxide. A red-purple color develops for hardwoods and a brown color for soft¨ woods. The steps comprising the Maule reaction may be represented as follows (23,24):



Determination of Lignin Content. Lignin content in plants (wood) is determined by direct or indirect methods (25). The direct method includes measurement of acid-insoluble (ie, Klason) lignin after digesting wood with 72% sulfuric acid to solubilize carbohydrates (26). The Klason lignin contents of representative ligniﬁed materials are shown in Table 2. In contrast to the direct determination of lignin content, indirect methods do not involve the isolation of a lignin residue. These include spectrophotometric methods and procedures that are based on oxidant consumption. A uv microspectrophotometric method has been used to determine the distribution of lignin in the various cell wall regions of softwoods (27). Supplementing the uv-microscopic technique is a method in which lignin is brominated and the bromine uptake,
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Table 2. Klason Lignin Contents of Ligniﬁed Materialsa Material Softwoods Hardwoods Nonwood ﬁbers Bagasse Bamboo Wheat straw Kenaf Sorghum Pulp Pine kraft Birch kraft Spruce kraft Birch acid sulﬁte Birch bisulﬁte a Ref.



Klason lignin content, % 26–28.8 22 19.6 22.2 17.0 10.9 7.9 4.8 5.0 2.8 3.2 4.0



25.



which is proportional to the lignin content, is determined by a combination of scanning or transmission electron microscopy (sem or tem) and energy dispersive x-ray analysis (edxa) (28). A number of spectral methods for determining lignin content are based on totally dissolving the sample in a suitable solvent and measuring the uv absorbance of the solution. Among the solvents used to dissolve lignocellulosic material are sulfuric acid, phosphoric acid, nitric acid, cadoxene, and acetyl bromide in acetic acid. The acetyl bromide method appears to have gained the most widespread acceptance (29). The methods of oxidant consumption are used exclusively in the analysis of residual lignin in unbleached pulps. These procedures are all based on the common principle that lignin consumes the applied oxidants at a much faster rate than the carbohydrates, and oxidant consumption under carefully speciﬁed conditions can be regarded as a measure of lignin concentration in the pulp. Two oxidants commonly used are chlorine and potassium permanganate. The Roe chlorine number, the uptake of gaseous chlorine by a known weight of unbleached pulp [ie, Technical Association of the Pulp and Paper Industry (TAPPI) Standard Method T202 ts-66] has been superseded by the simpler hypo number (ie, TAPPI Ofﬁcial Test Method T253 om-86), eg, chlorine consumption in treatment of the pulp with acidiﬁed sodium or calcium hypochlorite. By far the most commonly used oxidation method is the corrected permanganate number test (30) in which the number of mL of 0.1 N KMnO4 consumed by 1 g of oven-dried pulp under speciﬁed conditions (kappa number) is determined (TAPPI Historical Method T236 hm-85). Typical kappa numbers for representative pulps are shown in Table 3. Characterization of Lignin. Lignin is characterized in the solid state by Fourier transform infrared (ftir) spectroscopy, uv microscopy, interference microscopy, cross polarization/magic angle spinning nuclear magnetic resonance (cp/mas nmr) spectroscopy, photoacoustic spectroscopy, Raman spectroscopy,
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Table 3. Kappa Numbers for Typical Pulpsa Pulp



Kappa number range



Kraft (bleached grade) Softwood Hardwood Neutral sulﬁte semichemical (softwood) Bisulﬁte (softwood) Acid sulﬁte Softwood Hardwood Kraft (chlorinated and alkali extracted) Softwood Hardwood a Ref.



25–35 14–18 80–100 30–50 16–22 14–20 5–8 3–6



29.



pyrolysis-gas chromatography–mass spectroscopy, and thermal analysis. In solution, lignins are characterized by spectral methods such as uv spectroscopy, ftir spectroscopy, 1 H nmr spectroscopy, 13 C nmr spectroscopy, electron spin resonance spectroscopy (esr), and by several chemical degradation methods such as acidolysis, nitrobenzene and cupric oxidations, permanganate oxidation, thioacidolysis, hydrogenolysis, nuclear exchange reaction, ozonation and dfrc (derivitization followed by reductive cleavage). The details of these characterization methods have been discussed (31,32). FTIR spectroscopy is a versatile, rapid, and reliable technique for lignin characterization. Using this technique, the p-hydroxyphenyl, guaiacyl, and syringyl units, methoxyl groups, carbonyl groups, and the ratio of phenolic hydroxyl to aliphatic hydroxyl groups can be determined. The uv microscopy method is best suited for investigating the topochemistry of lignin in wood, namely, for determining the concentration and chemical structure of lignin in different layers of the cell wall. CP/MAS NMR spectroscopy provides for another spectral technique whereby lignin can be characterized in the solid state. Results obtained by cp/mas nmr are in good agreement with Klason lignin contents for softwoods. In solution, lignin is most conveniently analyzed qualitatively and quantitatively by uv spectroscopy. Typical absorptivity values D at 280 nm for milled wood lignins MWL(s) and other types of lignins are listed in Table 4. These values are used for quantitative determination of the lignins in suitable solvents. 1 H and 13 C nmr spectroscopies provide detailed information on all types of hydrogen and carbon atoms, thus enabling identiﬁcation of functional groups and types of linkages in the lignin structure. Detailed assignments of signals in 1 H and 13 C nmr spectra have been published (34,35). A review of the use of 31 P nmr as an analytical tool for lignin is available (36). Through phosphitylation of the various hydroxyl groups present in lignin, unique quantitative and qualitative information has been obtained. Electron spin resonance (esr) and electron paramagnetic resonance (epr) spectroscopy are essential tools for the study of structure and dynamics of molecular systems containing one or more unpaired electrons. These methods have found application as a highly sensitive tool for the detection and identiﬁcation of
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Table 4. Absorptivity Values D of Lignin at 280 nma Lignin Spruce MW Spruce MW Spruce MW Pine MW Beach MW Maple MW Poplar dioxane Spruce lignosulfonate Beech lignosulfonate Pine kraft a Ref.



D, L/(g·cm)



Solvent



16.7 20.7 19.5 18.8 13.3 12.9 12.6 11.9 10.4 24.6 26.4



2-Methoxyethanol Formamide Dioxane 2-Methoxyethanol/ethanol Formamide 2-Methoxyethanol/ethanol Dioxane Water Water Water 2-Methoxyethanol/water



33.



free-radical species in lignin and lignin model compounds (37,38). Milled wood lignin generally exhibits a singlet esr signal with a g-value of 2.0023 and a line width of 1.6 mT (16 G), typical of a phenoxy radical. Among the chemical degradation methods, acidolysis, nitrobenzene and cupric oxide oxidations, permanganate oxidation, thioacidolysis, and hydrogenolysis are all based on a common principle of chemically degrading lignin polymers to identiﬁable low molecular weight products through side-chain cleavages and maintaining the aromatic nature of the lignin units. By these methods, the makeup of monomeric units in the lignin (eg, guaiacyl–syringyl–p -hydroxyphenyl ratio) is determined. In addition, the identiﬁcation of dimeric and trimeric degradation products reveals the types of linkages existing in the lignin. A new degradation method termed dfrc (derivatization followed by reductive cleavage) has been found to be simpler and is gaining acceptance (39). Combination of dfrc with 31 P nmr has revealed information about the structural nature of hydroxyl-bearing moieties of lignin (40). A technique based on ozonation, in contrast, provides information on the structure of the lignin side chain by degrading the aromatic rings (41). Thus the side chain of the dominant structure in all native lignins, the arylglycerol–βaryl ether moiety, can be obtained in the form of erythronic and threonic acids. Ozonation proves to be an elegant method for determination of the stereospeciﬁcity in lignin. The quantities of noncondensed and condensed phenyl nuclei in various lignins and in the morphological regions of cell walls are determined by a nucleus exchange method (42). The data obtained from this method indicate that lignin in the middle lamella is more condensed than lignin in the secondary wall and that hardwood lignin is less condensed than softwood lignin. By combining nucleus exchange with nitrobenzene oxidation, the methylol groups formed in the condensation of lignin with formaldehyde can be directly measured without isolation of the lignin. Functional Group Analysis. The move toward instrumental analysis and away from wet methods is illustrated in the methods of analysis of the various fuctional groups present in lignin. NMR has become a particularly useful tool.
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Each section below contains information about both the classical wet method as well as references to the most current instrumental techniques. The total hydroxyl content of lignin is determined by acetylation with an acetic anhydride–pyridine reagent, followed by saponiﬁcation of the acetate, and followed by titration of the resulting acetic acid with a standard 0.05 N NaOH solution. Either the Kuhn–Roth (43) or the modiﬁed Bethge–Lindstrom (44) procedure may be used to determine the total hydroxyl content. The aliphatic hydroxyl content is determined by the difference between the total and phenolic hydroxyl contents. Total hydroxyl content has been determined, after derivitization, by 31 P, 13 C, 1 H, and 19 F nmr techniques. This was recently reviewed (45). The phenolic hydroxyl group is one of the most important functionalities affecting the chemical and physical properties of lignin. It facilitates the base-catalyzed cleavage of interunitary ether linkages and oxidative degradation, and has a pronounced inﬂuence on the reactivity of lignin polymers in various modiﬁcation reactions such as sulfomethylation with formaldehyde and bisulﬁte. Regarding classical analysis, the periodate method is based on the oxidation of a phenolic guaiacyl group with sodium periodate to orthoquinone structures, wherein nearly 1 mole of methanol per mole of phenolic hydroxyl group is released (46). Measurement of the methanol formed is approximately equivalent to the phenolic hydroxyl content. Another classic method is aminolysis (44) consisting of acetylation of lignin and aminolysis with pyrrolidine to remove acetyl groups such as 1-acetylpyrrolidine. The amount of removed acetyl is a measure of the phenolic hydroxyl content of lignin. These and other procedures for determining phenolic hydroxyl groups have been compared (47). The advantages and disadvantages of each of these methods compared with nmr spectroscopy has also been discussed (45). A simple and reliable 1 H nmr method that does not require derivitization has been reported. This method relies on D2 O exchange of the phenolic proton. An instrument capable of 500 MHz or greater is required (48). Table 5 lists the total phenolic and aliphatic hydroxyl contents of some representative milled wood, bamboo, and technical lignins. As early as 1922, the presence of carbonyl groups in spruce lignin was postulated (50). Coniferaldehyde [458-36-6] has deﬁnitely been identiﬁed as a building block in lignin, and the α-carbonyl content has been found to increase in the milling of wood and during pulping processes. The total carbonyl content of lignin is determined by a borohydride or hydroxylamine hydrochloride method (51),



Table 5. Phenolic and Aliphatic Hydroxyl Contents of Milled Wood and Technical Ligninsa Hydroxyl content, mol/C9 unit Lignin



Total Phenolic



Spruce MWL Bamboo MWL Pine kraft lignin Bamboo kraft lignin



1.46 1.49 1.35 1.00



a Ref.



49.



0.28 0.36 0.58 0.44



Aliphatic 1.18 1.13 0.77 0.56
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Table 6. Carboxyl Contents of Various Ligninsa Lignin Hardwood kraft Hardwood native Lignosulfonates Wheat straw MWL Spruce MWL Decayed spruce Softwood kraft a Ref.



COOH, meq/g 1.44 0.92 0.31–2.08 0.81 0.12 0.55 0.80



54.



and the α-carbonyl content from analysis of uv alkaline difference spectra. An 19 F nmr method employing quantitative triﬂuoromethylation of lignin was recently reported, which is claimed to be not only more precise than the previous methods, but can differentiate between the various types of carbonyl groups (52). The method of choice for determining carboxyl groups in lignin is based on potentiometric titration in the presence of an internal standard, p-hydroxybenzoic acid, using tetra-n-butylammonium hydroxide as a titrant (53). The carboxyl contents of different lignins are shown in Table 6. In general, the carboxyl content of lignin increases upon oxidation. Methoxyl groups are determined by the Viebock and Schwappach procedure (55). In treatment of lignin with hydroiodic acid, the methoxyl group is cleaved, forming methyl iodide which is quantitatively stripped from the reaction mixture and collected in a solution of sodium acetate and glacial acetic acid containing bromine. The bromine reacts with methyl iodide to form alkyl bromide and iodine bromide. The iodine thus produced is titrated with a dilute standard sodium thiosulfate solution by using 1% starch solution as an indicator. The methoxyl content can be quantitatively determined with high accuracy based on the quantity of iodine recovered. A technique that offers a simpler procedure using gas chromatography (gc) has been reported (56). This method relies on quantiative analysis of methyl iodide by gc after reaction with hydroiodic acid. This bypasses the complex apparatus, as well as the distillation, trapping, and titration steps. Finally, the sulfonate content of lignin is determined by two main methods: one typiﬁed by conductometric titration in which sulfonate groups are measured directly, and the other which measures the sulfur content and assumes that all of the sulfur is present as sulfonate groups. The method of choice for determining the sulfonate content of lignin samples that contain inorganic or nonsulfonate sulfur, however, is conductometric titration (57).



Properties Molecular Weight and Polydispersity. Because it is not possible to isolate lignin from wood without degradation, the true molecular weight of lignin
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in wood is not known. Different methods for measuring the molecular weight of isolated lignins give various results, and aggregation of lignin molecules may prevent determination of real molecular weight. Light scattering and vapor-phase pressure osmometry are the traditional methods of analysis. Using these methods, the weight-average molecular weight M w of softwood milled wood lignin is estimated to be 20,000; lower values have been reported for hardwoods (58). Various methods based on sec (size exclusion chromatography) have been reported. An initial stumbling block for this method was an afﬁnity between Lignin and early sec columns, and the use of linear polystyrene sulfonate standards (59). Since that time, various standardization techniques such as universal calibration, mals (multiple angle light scattering) and maldi-tof (matrix assisted laser desorption ionization-time of ﬂight) mass spectrometry have been coupled with sec (60,61). With the maldi-tof method the M w of softwood kraft lignin was found to be close to 3000. Puriﬁed softwood lignosulfonates have been estimated to have a M w of 30,000 by mals (62). Kraft lignins invariably have lower molecular weights than lignosulfonates, indicative of a more extensive degradation of the lignin during the kraft pulping process. Hopefully, a method that gives the actual molecular weight of isolated lignins will be veriﬁed by one of the above listed techniques. Solution Properties. Lignin in wood behaves as an insoluble, threedimensional network. Isolated lignins (milled wood, kraft, or organosolv lignins) exhibit maximum solubility in solvents having a Hildebrand’s solubility param1 1 eter, σ , of 20.5–22.5 (J/cm3 ) 2 [10–11(cal/cm3 ) 2 ], and µ in excess of 0.14 µm, where µ is the infrared shift in the O D bond when the solvents are mixed with CH3 OD. Solvents meeting these requirements include dioxane, acetone, methyl cellosolve, pyridine, and dimethyl sulfoxide. Thermal Properties. As an amorphous polymer, lignin behaves as a thermoplastic material undergoing a glass transition at temperatures that vary widely depending on the method of isolation, sorbed water, and heat treatment (62). Lignin stores more energy than cellulose in wood. For example, the glasstransition temperature T g and heat capacity at 350 K for dioxane lignin are 440 K and 1.342 J/(g·K), respectively (63). Thermal softening of lignin at elevated temperatures accelerates the rate of deligniﬁcation in chemical pulping and enhances the bond strength of ﬁbers in paper- and boardmaking processes. In commercial thermomechanical pulping, a pretreatment of wood chips with sulﬁte lowers the T g of lignin to 70–90◦ C (63), thus decreasing the power consumption in deﬁbration. Other physical properties of lignin have been comprehensively reviewed (51). Chemical Properties. Lignin is subject to oxidation, reduction, discoloration, hydrolysis, and other chemical and enzymatic reactions. Many are brieﬂy described elsewhere (64). Key to these reactions is the ability of the phenolic hydroxyl groups of lignin to participate in the formation of reactive intermediates, eg, phenoxy radical (4), quinonemethide (5), and phenoxy anion (6):



(4)
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(6)



The free-radical intermediate initiates light-induced discoloration (yellowing) and enzymatic degradation of lignin (38,65). Nucleophilic addition occurs at the quinonemethide center, of which the most important reactions are the addition of sulfonate groups to the α-carbon during sulﬁte pulping and the sulﬁde assisted depolymerization in kraft pulping (Fig. 3). The signiﬁcance of phenoxy anions is well-recognized in the isolation of kraft and other water-insoluble technical lignins by acid precipitation. The ionization of phenolic hydroxyl groups coupled with the reduction of molecular size renders native lignin soluble in the aqueous pulping solution, thus enabling its separation from the polysaccharide components of wood. The aromatic ring of a phenoxy anion is the site of electrophilic addition, eg, in methylolation with formaldehyde. The phenoxy anion is highly reactive to



Fig. 3. Reactions at the quinonemethide center during pulping: (a) sulﬁte pulping and (b) kraft pulping.
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many oxidants such as oxygen, hydrogen peroxide, ozone, and peroxyacetic acid. Many of the chemical modiﬁcation reactions of lignin utilizing its aromatic and phenolic nature have been reviewed elsewhere (66). During the last decade there has been increased interest in the use of ligninolytic enzymes that degrade lignin, for the pulping of wood, bleaching of ﬁber, or for modiﬁcation of lignin-based chemical feedstocks. The pretreatment of pulpwood with enzymes has seen limited commercial use. With a number of research groups dedicated to this technology, it should continue to gain commercial acceptance (67).



Industrial Lignins Industrial lignins are by-products of the pulp and paper industry. Lignosulfonate [8062-15-5], derived from sulﬁte pulping of wood, and kraft lignin [8068-05-1], derived from kraft pulping, are the principal commercially available lignin types. Organosolv lignins [8068-03-9] derived from the alcohol pulping of wood are also reported to be available commercially, in the past, but is no longer available in any quantity (68). The production capacity of lignin in the Western world is estimated to be ca 8×105 t/year (Table 7). Although the production of lignosulfonates has been declining, kraft lignin production has increased. Of the companies listed in Table 7, LignoTech Sweden and Westvaco produce kraft lignins. The rest produce lignosulfonates. Advances in technology have increased the importance of lignin products in various industrial applications. They are derived from an abundant, renewable resource, and they are nontoxic and versatile in performance. Lignosulfonates. Lignosulfonates, also called lignin sulfonates and sulﬁte lignins, are derived from the sulﬁte pulping of wood. In the sulﬁte pulping process, lignin within the wood is rendered soluble by sulfonation, primarily at benzyl alcohol, benzyl aryl ether, and benzyl alkyl ether linkages on the side chain of phenyl propane units (69). Some demethylation also occurs during neutral and alkaline sulﬁte pulping, and this leads to the formation of catechols and methane sulfonic acid (see Fig. 3). Table 7. European and American Lignin Manufacturers Producer Borregaard LignoTech Tembﬁbre Fraser Paper Tolmozzo Westvaco Inland Paper Others Total



Country



Annual capacity, t/year



Europe United States Europe Canada United States Italy United States United States



400,000 70,000 40,000 40,000 50,000 35,000 30,000 20,00 100,000 785.000
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Table 8. Compositions of Spent Sulﬁte Liquorsa Percentage of total solids Component



Softwood



Hardwood



55 14 6 8 4 2 10



42 5 20 11 9 1 10



Lignosulfonate Hexose sugars Pentose sugars Noncellulosic carbohydrates Acetic and formic acids Resin and extractivesb Ash a Ref. b For



70. example, polyphenolic oils and tall oils.



Depending on the type of pulping process, lignosulfonates of various bases, including calcium [8061-52-7], sodium [8061-51-6], magnesium [8061-54-9], and ammonium lignosulfonates [8061-53-8], can be obtained. Typical compositions for hardwood and softwood spent sulﬁte liquors are given in Table 8. In addition to whole liquor products, commercial forms of lignosulfonates include chemically modiﬁed whole liquors, puriﬁed lignosulfonates, and chemically modiﬁed forms thereof. Isolation of Lignosulfonates. Various methods have been developed for isolating and purifying lignosulfonates from spent pulping liquors. One of the earliest and most widely used industrial processes is the Howard process, where calcium lignosulfonates are precipitated from spent pulping liquor by addition of excess lime. Lignin recoveries of 90–95% are obtainable through this process. Other methods used industrially include ultraﬁltration and ion exclusion (69), which uses ion-exchange resins to separate lignin from sugars. Laboratory methods for isolating lignosulfonates include dialysis (71,72), electrodialysis (73), ion exclusion (73,74), precipitation in alcohol (75,76), and extraction with amines (77–79). They can also be isolated by precipitation with long-chain substituted quarternary ammonium salts (80–82). Physical and Chemical Properties of Lignosulfonates. Even unmodiﬁed lignosulfonates have complex chemical and physical properties. Their molecular polydispersities and structures are heterogeneous. They are soluble in water at any pH but insoluble in most common organic solvents. Typical C9 formulas reported for isolated softwood and hardwood lignosulfonates are C9 H8.5 O2.5 (OCH3 )0.85 (SO3 H)0.64 and C9 H7.5 O2.5 (OCH3 )1.39 (SO3 H)0.68 , respectively. These correspond to monomer unit molecular weights of 235 for softwood lignosulfonates and 254 for hardwoods. Polymer molecular weights are polydisperse and difﬁcult to determine precisely. However, a range of 1000–140,000 has been reported for softwood lignosulfonates (83), with lower values reported for hardwoods (84). A number of different functional groups are present in lignosulfonates. 13 C nmr analysis of a puriﬁed sulfonated lignin from Western hemlock revealed 2.0% phenolic hydroxyl, 17.5% sulfonate, 12.5% methoxyl, and 0.6% carboxyl groups per unit weight of lignosulfonates (85). Additional studies indicate that
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lignosulfonates also contain limited numbers of oleﬁnic, carbonyl, and catechol groups (86). Lignosulfonates exhibit surface activity but have only a slight tendency to reduce interfacial tension between liquids. When compared with true surfaceactive agents, they are not effective in reducing the surface tension of water or for forming micelles (87). Their surface activity can be improved, however, by introducing long-chain alkyl amines into the lignin structure (88), by ethoxylation of lignin phenolic structures (89), or by conversion to oil-soluble lignin phenols (90). Lignosulfonate Uses. Worldwide, the single largest use of lignosulfonates is as water reducers for concrete. Both hardwood and softwood lignosulfonates are widely used as lower end water reducers. Recently, higher molecular weight products produced by fractionation of softwood lignosulfonates have been used as midrange water reducers, and efforts are underway to modify lignosulfonates for use as superplasticizers. From a historical perspective, two other large-volume uses include production of vanillin and dimethyl sulfoxide (DMSO) (91). Commercially, softwood spent sulﬁte liquors or lignosulfonates can be oxidized in alkaline media by oxygen or air to produce vanillin [121-33-5].



Through reaction with sulﬁde or elemental sulfur at 215◦ C, lignosulfonates can also be used in the commercial production of dimethyl sulﬁde and methyl mercaptan (92). Dimethyl sulﬁde produced in the reaction is further oxidized to DMSO, a useful industrial solvent.



Additional large-volume uses of lignosulfonates include animal feed pellet binders, dispersants for gypsum board manufacture, thinners/ﬂuid loss control agents for drilling muds, dispersants/grinding aids for cement manufacture, and in dust control applications, particularly road dust abatement.
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Lignin technology has advanced signiﬁcantly, and increased research and development efforts have resulted in specialty uses in several key market areas. Dye Dispersants. One such area is dye manufacture, where lignosulfonates act as primary dispersants, extenders, protective colloids, and grinding aids. Products produced by the reaction of lignosulfonates with benzyl alcohols have low azo dye reduction properties, low ﬁber-staining properties, high dispersion efﬁciency, good grinding aid qualities, and increased heat stability (66). Lignosulfonates prepared by sulfonation of kraft lignin are also widely used in this application. Such products are particularly useful in applications requiring superior heat stability. Pesticide Dispersants. Modiﬁed lignosulfates and lignosulfonates derived from kraft lignins are used in the formulation of pesticides. In wettable powders, suspension concentrates, and water-dispersible granules, they act as dispersants and prevent sedimentation. They also act as binders in the production of granular pesticides. Typical usage levels in these types of products range from 2 to 10%. Carbon Black Dispersant. Specially modiﬁed lignosulfonates are used in a wide range of pigment applications to inhibit settling and decrease solution viscosity. Applications include dispersants for dark pigment systems used to color textile ﬁbers, coatings, inks , and carbon black. Lignosulfonates are also used as grinding aids and binders in the pelletizing of carbon black. Water Treatment/Industrial Cleaning Applications. Boiler and cooling tower waters are treated with lignosulfonates to prevent scale deposition (93). In such systems, lignosulfonates sequester hard water salts and thus prevent their deposition on metal surfaces. They can also prevent the precipitation of certain insoluble heat-coagulable particles (94). Typical use-levels for such applications range from 1 to 1000 ppm. In industrial cleaning formulations, lignosulfonates function as dirt dispersants and suspending agents (95). Rinsing properties are improved, corrosivity is reduced, and the amount of wetting agent needed is lowered when lignosulfonates are added to acid and alkaline industrial cleaning formulations. Typical use-levels in such formulations range from 0.05 to 2.0%. Complexing Agent for Micronutrients. Complexes of lignosulfonates and iron, copper, zinc, manganese, magnesium, boron, or combinations of such are used to provide essential micronutrients to plants growing in metal-deﬁcient soils. In most instances application of such complexes is by foliar spray. When applied in this manner the micronutrients can be readily absorbed by the plant without undesired leaf burn (96). Lignosulfonate complexes can also be used in soil treatment where they maintain availability of metals longer than if metals are applied alone (97). Lignosulfonate–metal complexes are weaker complexes than those formed from amine-based complexing agents such as ethylenediaminetetracetic acid (EDTA). They are compatible with most pesticides/herbicides, but their use in phosphate fertilizers is not recommended Oil-Well Cement Retarders. Sodium and calcium lignosulfonates are the most commonly used retarders for oil-well cements (98). They are effective with all Portland cements and are generally added in concentrations from 0.1 to 2%. Depending on their structure and purity and on the nature of the cement, they
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are effective to about 250◦ F bottom hole circulating temperature. This range can be extended to 400◦ F by addition of sugar acids or sodium borate. Expanders for Lead-Acid Batteries. Oxylignin, a sodium lignosulfonate derived from the vanillin process, is the premier expander for lead-acid batteries (99). When added to the negative plate at dosages of 0.1–0.5%, battery lifetimes are expanded from days to years. Other Uses. Other uses of specially modiﬁed lignosulfonates include leather tanning (100), as ﬂotation and wetting aids in ore processing, as sacriﬁcial agents in enhanced oil recovery (101), as precipitating agents in protein recovery (102, 103), in deicing formulations (104), and as wood preservatives (105). Medicinally, lignosulfonates have been purported to have value as antithrombotic (106) and antiviral (107,108) agents. Interest in acrylic-graft copolymers of lignosulfonates is also growing. Commercially such products have found use as dispersants/ﬂuid loss control agents for oil-well drilling muds and cements (109,110), as scale control agents in water treatment (111), as water reducing agents in the manufacture of bricks and ceramic materials (112), and as low inclusion animal feed binders (113). Kraft Lignins. Kraft lignins, also called sulfate or alkali lignins, are obtained from black liquor by precipitation with acid. Generally, acidiﬁcation is conducted in two steps. In the ﬁrst step, carbon dioxide from the waste gases of boiler ﬁres or from lime kilns is used to reduce the pH of the liquor from 12 to 9–10. About three quarters of the lignin is precipitated in this step as a sodium salt. After isolation, the material thus obtained can be used as is or further reﬁned by washing. By suspending the salt in water and lowering the pH to 3 or less with sulfuric acid, reﬁned lignin is obtained. Typical compositions for softwood and hardwood kraft black liquors are shown in Table 9. Most commercial kraft lignins are sulfonated kraft lignins or lignin amines. A few nonsulfonated products are, however, available. Physical and Chemical Properties of Kraft Lignins. Kraft lignins are soluble in alkali (pH > 10.5), dioxane, acetone, dimethyl formamide, and methyl cellosolve. They are insoluble in water at neutral and acidic pH, have numberaverage molecular weights in the 2000–3000 range, and are less polydisperse Table 9. Compositions of Kraft Black Liquorsa Total solids, % Component Kraft lignin Xyloisosaccharinic acid Glucoisosaccharinic acid Hydroxy acids Acetic acid Formic acid Resin and fatty acids Turpentine Others a Ref.
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than lignosulfonates. A C9 formula of C9 H8.5 O2.1 S0.1 (OCH3 )0.8 (CO2 H)0.2 has been reported for softwood kraft lignin corresponding to a monomer molecular weight of about 180 (114). Because of the high degree of degradation during pulping, they also have a large number of free phenolic hydroxyl groups (4.0%). The aromatic rings of kraft lignins can be sulfonated to varying degrees with sodium sulﬁte at high temperatures (150–200◦ C) or sulfomethylated with formaldehyde and sulﬁte at low temperatures ( 























des documents recommandant







[image: alt]





"Fillers". In: Encyclopedia of Polymer Science and Technology 

By definition, fillers are used to extend a material and to reduce its cost. ...... ticles in explosives and pyrotechnics and sliver nanoparticles in electronics and.










 


[image: alt]





"Latex Technology". In: Encyclopedia of Polymer Science and 

to proteins in natural latex and other natural latex market drivers have recently ... Traditional applications for latices are adhesives, binders for fibers and ...... (132). Sometimes skewed monomer feeds are used to offset differences in monomer ..










 


[image: alt]





"Phosgene". In: Encyclopedia of Polymer Science and Technology 

ammelide (which is a polymer of urea), cyanuric acid, and sometimes cyamelide ..... Chemical Safety, Data Sheet SD-95, Manufacturing Chemists Association, ...










 


[image: alt]





"Hydrogels". In: Encyclopedia of Polymer Science and Technology 

small changes of some specific stimuli dictate most of the biochemical response in the body. .... possesses enough energy to ionize simple molecules either in air or water (46). ...... polar mold materials results in a surface rich character.










 


[image: alt]





"Test Methods". In: Encyclopedia of Polymer Science and Technology 

short-chain branching distribution of an ethylene 1-olefin copolymer across the molecular weight .... Gas-phase mirage-effect spectroscopy has been used for ..... Samples can be tested under different stress configurations, ie, tensile, flexural ...










 


[image: alt]





"Thermoforming". In: Encyclopedia of Polymer Science and Technology 

Many to a hundred. One or two, usually. Mechanical assist. Plug. Plug, billow, vacuum box. Mold type. Female, usually. Male, female, mixed. Mold materials.










 


[image: alt]





"Butyl Rubber". In: Encyclopedia of Polymer Science and Technology 

Polyisobutylene is produced in a number of molecular weight grades and each has ... such as B(C6F5)3 (14,15) have been used as Lewis acids in initiating systems ... 25. AlCl3. CH3Cl. âˆ’90. 2.3. 26. EtAlCl2 + Cl2. CH3Cl. âˆ’35. 2.5. 27. AlCl3 ..... w










 


[image: alt]





"Gelatin". In: Encyclopedia of Polymer Science and Technology .fr 

chief protein component in skin, bones, hides, and white connective tissues of the animal body .... Dry gelatin stored in airtight containers at room temperature has a shelf life of ... Perhaps the most useful property of gelatin solution is its ca- 










 


[image: alt]





"Extrusion". In: Encyclopedia of Polymer Science and Technology 

rpm and are used mostly in profile extrusion applications. Most twin ... In most cases, the wear resistance ..... AC motors are starting to be used more frequently.










 


[image: alt]





"Additives". In: Encyclopedia of Polymer Science and Technology 

an acid or anhydride with a linear or branched alcohol (3). Dialkyl phthalates ... thermal stabilizers in PVC because of their ability to scavenge HCl generated.










 


[image: alt]





"Hardness". In: Encyclopedia of Polymer Science and Technology 

either measured by (1) static penetration of the specimen with a standard .... has been shown to be directly proportional to its glass-transition temperature (10).










 


[image: alt]





"Polycarbonates". In: Encyclopedia of Polymer Science and 

terification process and the polycarbonate product so formed (11). ..... have been invoked as mechanisms for energy absorption, providing .... bonate exhibits excellent thermal stability, especially in the absence of oxygen ... Visible light transmis










 


[image: alt]





"Polyurethanes". In: Encyclopedia of Polymer Science and 

The polymers known as polyurethanes include materials that incorporate ... and excellent processibility, but limited thermal stability (owing to their thermo- plasticity). Thermoset ... propylene oxides provided the foam manufacturers with a broad ch










 


[image: alt]





"Thermosets". In: Encyclopedia of Polymer Science and 

Tensile mode illustrated with wire-mesh cut at 45â—¦ bias to minimize shear resistance of mesh. Fig. 18. .... C), such as methanol. It was speculated that .... tronic sensor, a low cost, on-line approach sensitive to refractive index variation, for c










 


[image: alt]





"Transport Properties". In: Encyclopedia of Polymer Science 

types of polymers. The transport properties of glassy and rubbery polymers are related to their ... Encyclopedia of Polymer Science and Technology. Copyright John ...... J. R. Fried, M. Sadat-Akhavi, and J. E. Mark, J. Membr. Sci. 149(1), 115 ...










 


[image: alt]





"Oxidative Polymerization". In: Encyclopedia of Polymer Science 

Oxidative polymerization is, formally, abstraction of two hydrogen atoms from a ..... polyphenol was obtained for the first time by controlling the polymer structure ..... presence of a strong acid by electrolysis (198) and by reaction with Lewis ...










 


[image: alt]





"Ethylene Copolymers". In: Encyclopedia of Polymer Science 

heterogeneous polymers consisting of mixtures of copolymers and homopolymers ..... Engineering stressâ€“strain data (23â—¦C, 5.7 minâˆ’ 1) for ethylene-co-styrene.










 


[image: alt]





"Chloroprene Polymers". In: Encyclopedia of Polymer Science 

In solution or at the end of emulsion polymerization, tetraalkyl thiuram disulfides .... providing increased strength to vulcanizates used as mechanical goods. ...... of elasticity of such films decreases further on continued exposure to heat. ..... 










 


[image: alt]





"Polyethers, Aromatic". In: Encyclopedia of Polymer Science 

also used for coatings, in electrical insulation for high temperature service, and ... An all aromatic polyetherimide is made by DuPont from reaction of pyromel-.










 


[image: alt]





"Polyamides, Plastics". In: Encyclopedia of Polymer Science 

cialization of this polymer. .... sorption is generally concentrated in the amorphous regions of the polymer ...... Chemicals Association, Lancaster, Pa., 1999. 21.










 


[image: alt]





Encyclopedia of Polymer Science and Tec 

Gases and vapors permeate FEP resin at a rate that is considerably lower than that of most plastics. Because FEP resins are melt processed, they are void-free ...










 


[image: alt]





"Polymer-Supported Reagents". In: Encyclopedia of Polymer Science 

stitution in the presence of a Lewis acid (27) or by metallation of a ...... P. H. Toy, T. S. Reger, P. Garibay, J. C. Garno, J. A. Malikayil, G. Liu, and K. Janda,.










 


[image: alt]





"Colorants". In: Encyclopedia of Polymer Science and ... .fr 

Bismuth oxychloride pigment is the closest to natural pearl but is fragile and has relatively poor ..... Molybdates and vanadates are often used as catalysts for.










 


[image: alt]





"Wood Composites". In: Encyclopedia of Polymer Science and ... .fr 

include the fact that it is a liquid polymer, and so it does not require a solvent ..... by the APA-Engineered Wood Association as the APA-Engineered Wood ...










 














×
Report "Lignin". In: Encyclopedia of Polymer Science and Technology





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Signe






Email




Mot de passe







 Se souvenir de moi

Vous avez oublié votre mot de passe?




Signe




 Connexion avec Facebook












 

Information

	A propos de nous
	Règles de confidentialité
	TERMES ET CONDITIONS
	AIDE
	DROIT D'AUTEUR
	CONTACT
	Cookie Policy





Droit d'auteur © 2024 P.PDFHALL.COM. Tous droits réservés.








MON COMPTE



	
Ajouter le document

	
de gestion des documents

	
Ajouter le document

	
Signe









BULLETIN



















Follow us

	

Facebook


	

Twitter



















Our partners will collect data and use cookies for ad personalization and measurement. Learn how we and our ad partner Google, collect and use data. Agree & Close



