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Abstract. 
Lignin, which is one of the most abundant natural materials, represents a vastly underutilized natural polymer. With the emerging necessity to develop alternative sustainable transportation fuels, bioethanol produced from lignocellulosic biomass is considered as a viable option to petroleum-derived fuels. The effective utilization of biomass feedstock necessitates the development of cost-effective pretreatment technologies that are necessary to separate the three main biopolymers (cellulose, hemicellulose, and lignin). One of the key issues concerning the pretreatment process is the full recovery of the feedstock through optimum utilization of all lignocellulosic components, including nonsugar compounds, as marketable products. Thus, availability of high-quality lignin in large quantities should stimulate development in new lignin applications in the fields of fibres, biodegradable polymers, adhesives, and surface treatment (rust converter).

1. Introduction
The decreasing reserves of fossil fuels and the necessity to protect our environment have resulted in a great amount of research in the past couple of decades on renewable sources of liquid fuels to replace fossil fuels. One of the more promising alternative energy sources is ethanol produced through fermentation of sugars. Ethanol is currently used as a partial gasoline replacement. A potential source for future low-cost ethanol production is to utilize lignocellulosic materials such as crop residues, grasses, sawdust, wood chip, oil palm empty fruit bunch, trunk, and frond. Lignocellulosic feedstock is mainly composed of three biopolymers (i.e., cellulose, hemicellulose, and lignin), and its effective utilization necessitates the development of pretreatment technologies which are necessary to separate the polysaccharidic fractions and to enhance the enzyme digestibility of cellulose. Several types of physicchemical pretreatments for lignocellulosic biomass conversion have been proposed, including steam explosion, ammonia fiber explosion, and microwave digestion (for a recent review, see [1]). Chemical pretreatments that have been proposed include sulfuric acid, sulfur dioxide, organosolv, sodium hydroxide, and wet oxidation. These technologies have been evaluated and optimized for the delignification of hardwood [2], softwood [3, 4], dedicated energy crops [5, 6], agricultural wastes including corn cob [7, 8], sugar cane bagasse, rice husk [9], and grape stalks [10].
To improve the overall effectiveness of bioethanol production, one strategy is the biorefinery model in which all components of biomass are fully used to produce a wide range of value-added products [11]. Pretreatment processes which allow a clean fractionation of lignocellulosic feedstocks and the recovery of high-quality lignins are of great interest and are currently a focus of attention. Thus, availability of such lignin fractions in large quantities should stimulate development in new lignin utilizations. This paper presents the progress of various pretreatments of lignocellulosic biomass to produce high-quality lignins. Impacts of the process conditions on the chemical structure of the recovered lignin fractions and on delignification mechanisms are exposed, and recent utilizations of lignins for the production of green materials (e.g., biodegradable polymers, and adhesives) are given. 
2. Pretreatment Processes for Bioethanol  Production and Lignin Recovery
The objective of the pretreatment is to alter the structure of biomass to make cellulose more accessible to the enzymes that convert the carbohydrate polymers into fermentable sugars. Lignin is the most recalcitrant component of the plant cell wall, and the main goal of pretreatment is not only to break the lignin seal but also to disrupt the crystalline structure of cellulose. In this paper, we will focus on the pretreatment technologies which extract and remove most of the lignin from the raw material.  Production of lignin should be an advantage over alternative processes, and should stimulate development in new lignin applications and should give an added value to the process (Figure 1).





	
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	
	
		
			
				
				
				
				
				
				
			
		
	
	
		
			
				
				
				
				
				
				
				
			
		
	
	
		
			
				
				
				
				
				
				
			
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	
	
		
			
				
				
				
				
				
				
				
			
		
	


	
		
		
			
		
	
	
		
		
			
		
	
	
		
		
			
		
	
	
		
		
			
		
	
	
		
			
		
			
		
	


Figure 1: Schematic of the conversion of lignocellulosic biomass to biofuel and biomaterials.


2.1. Steam Explosion [12–17]
In a steam explosion process, the biomass is treated with high-pressure saturated steam, eventually in the presence of a catalyst, at a temperature of 160–260°C, and then the pressure is suddenly reduced, which makes the materials undergo an explosive decompression. The removal and redistribution of hemicellulose and lignin increase the volume of the pretreated sample which enhanced its cellulose digestibility. During this step, lignin is removed only to a limited extent but is redistributed on the fiber surfaces as a result of melting and depolymerization/repolymerization reactions. The lignin fragments can be further extracted using organic solvents or basic aqueous solution [3].
2.2. Organosolv Treatment [5, 18–21]
Organosolv pretreatment of biomass resides on the use of an organic solvent system with enhanced solubilizing properties due to organic components. Alcohols are the most frequently used solvents in organosolv pretreatments, and, due to its low cost, ease of recovery, and low toxicity, ethanol is the most favored alcohol. Biomass is treated with the addition of a catalyst at low temperatures (below 180°C) or without a catalyst (autocatalysis) at higher temperatures (185–210°C). The catalyst generally employed is sulphuric acid. After cooking, the solid residue (pulp) is filtered and washed with an ethanol solution. The resulting black liquor is diluted with water to precipitate the organosolv lignin.
2.3. Alkaline Pulping Processes [22–28]
Alkaline pulping processes such as kraft pulping and soda pulping are known as potential pulping processes for nonwoody materials. Essentially, both processes function to liberate lignin, hemicelluloses and cellulose to enhance the quality of the pulp. In some cases, the addition of oxygen or hydrogen peroxide to the reaction mixture greatly improves the delignification of the biomass especially for wood-related bioresources [29, 30].  Kraft pulping is a dominant pulping process in the world. This process enables pulping of different tree species, recovers and reuses all pulping chemicals, and produces a high-quality paper. However, there is a growing interest in applying soda pulping for nonwoody material in papermaking such as oil palm empty fruit bunch fiber (EFB).
 Fibrous derivates from EFB, however, represent a renewable source of nonwood lignocellulosic materials which has created considerable research interest, not only in the pulp and paper industry but also in the composite industry. The process of producing cellulosic pulp from oil palm trunk fiber and other nonwood fibers requires delignification with sodium hydroxide under pressure. This liberates the cellulosic fiber and produces a large quantity of black liquor. The pulp and paper industry normally burn the lignin dissolved in the black liquor for energy generation. However, the lignin, which has been separated from hemicelluloses and cellulose during the pulping process, can be utilized as a starting material, due to its variable functional groups; these functional groups could lead to tremendous potential reactive sites for chemical and biochemical modification. 
Both pulping processes (kraft and soda) were carried out in a digester.  For kraft pulping, a 19% active alkali and a 25% sulphidity with water to solid ratio of 8 was used. The digester was heated from room temperature to 170°C for one hour and continued at 170°C for 2 hours. The contents in the digester were stirred by rotating the digester via a motor. For soda pulping, 25% active alkali with no percentage of sulphidity was applied and the same condition was used. After cooking, the pulp and black liquor were mixed. The pulp was washed and separated by screening through a sieve, and the black liquor was collected. Lignin was precipitated from the concentrated black liquor by acidifying it until pH 2 using 20% (v/v) sulphuric acid. The precipitated lignins were filtered and washed with pH 2 water. Both lignins were then dried in an oven at 45°C for 48 hours.
Aqueous ammonia in a flow through mode known as ammonia recycled percolation (ARP) process has also been described [31]. At the end of the reaction, lignin can be precipitated from the black liquor by acidification.
3. Structural Aspects of Lignin
3.1. Native Lignin
Lignin is biosynthesized from three monolignols: p-coumaryl, coniferyl, and sinapyl alcohols which give rise, respectively, to the so-called p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) phenylpropanoid units. H, G, and S units show different abundances in lignins from different groups of vascular plants, as well as in different plant tissues and cell-wall layers. During biosynthesis, the monolignols undergo an in situ radical polymerization, yielding several interunit linkages including aryl ether (α-O-4′ and β-O-4′), resinol (β-
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), phenylcoumaran (β-5′), biphenyl (5-5′), and 1,2-diaryl propane (β-1′) as depicted in Figure 2 [32]. 




















































































































































































	


	


	


	


	


	


	


	


	


	


	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


Figure 2: Building blocks of lignin and common linkages between phenyl propane units.


In the past decades, lignin was described as an extremely complex three-dimensional, amorphous, cross-linked, and three-dimensional phenolic polymer resulting from random polymerization processes. Recent papers seem to demonstrate that the structure of native lignin is mostly linear and composed of repetitive units involving mainly β-O-4′ interunit linkages [33, 34] as depicted in Figure 3 [33].





	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	




Figure 3: Lignin polymer model for lignins from poplar.


3.2. Organosolv Pulping
In organosolv pulping using an acidic catalyst, the cleavage of the ether linkage is primarily responsible for lignin depolymerization processes. According to several authors, the acidic hydrolysis mainly affected the Cα position of the side chains [35, 36]. The solvolytic splitting of α-aryl ether (or α-sugar) leads to the formation of a benzylic carbocation which can react with the solvent (Figure 4). In high severity reaction conditions, extensive aryl-ether bond hydrolysis and β-ether cleavages through the formation of Hibbert’s ketones [37] were observed. In the range of experimental conditions generally employed in the literature, organosolv process produced a relatively pure, unaltered, and high-quality lignin of low molecular mass bearing high phenolic and aliphatic hydroxyl contents.





	
		
			
		
		
		
		
		
			
		
		
		
		
		
		
			
		
		
			
		
		
			
		
		
		
			
				
			
				
			
		
		
			
				
			
				
			
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
			
			
			
		
		
			
			
			
		
		
			
			
			
			
			
			
		
		
			
			
			
			
			
			
		
		
			
			
			
			
			
		
		
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
			
			
			
		
		
			
		
		
			
		
		
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
		
		
			
		
	
	
		
	


	
	
	
		
	
		


Figure 4: Mechanism of acidic solvolytic cleavage of aryl ether linkages.


3.3. Soda Pulping
In alkaline processes, ionization of a free phenolic OH group at the C4 position facilitates the formation of a quinone intermediate accompanied with the elimination of the group at the α position. β-ethers can be cleaved according to Figure 5: An ionized hydroxyl group serves as a nucleophile in displacing the neighboring aryloxy group.





	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
		
	
	
		
	
		
	
	
		
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
		
	
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	


	
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
	
	
		
	


Figure 5: Mechanism of the solvolytic cleavage of aryl ether linkages in basic medium.


3.4. Steam Explosion
In a steam explosion process, homolytic cleavage was described with the formation of an intermediate quinine methide which degrades to give stilbenes through the loss of the γ-methylol group as formaldehyde. Such mechanism and structures were previously identified in kraft pulping [38] and also during the ethanol organosolv treatment as shown in Figure 6 [39]. 


































	
		
	
		
	































	
		
	
		
	






























	
		
	
		
	


























































	
	
		
	



	
	
		
	



	
	
		
	


	
		
	
		
	


	
		
	
		
	



























	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	


	


	


	


	


	


	


	


	






	
	
	


	


	
	
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	


	



Figure 6: Degradation mechanism of β-aryl ether during a steam explosion process.


4. Current and Future Utilizations of Lignin for Material Applications
4.1. Polymer Blends
The development of biodegradable materials and/or materials from renewable sources, such as polyesters, polylactides, and polysaccharides, is in great demand, but such polymers show, in general, poor mechanical, thermal properties and prohibitive cost which prevent their large commercial utilization. As a result of these limitations, research efforts have concentrated to modify these polymers by producing biodegradable polymers by bending with lignins. The thermal properties and miscibility of poly(hydroxybutyrate) (PHB) and soda lignin blends were recently investigated by Mousavioun et al. [40] using thermogravimetry analysis, differential scanning calorimetry, scanning electron microscopy, and Fourier transform infrared spectroscopy. The results suggested compatibility for the blends containing up to 40 wt% soda lignin. The infra-red data show that the miscibility of the blends is associated with specific hydrogen bonding interactions between the reactive functional groups in lignin with the carbonyl groups of PHB (Figure 7).





	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
	


	
	
	
	


Figure 7: Hydrogen bonding interactions between the reactive functional groups in soda lignin and the carbonyl groups of PHB.


Blends of steam-explosion lignin and poly(ε-caprolactone) (PCL) were prepared with the technique of high-energy ball milling [41]. It was shown that the addition of lignin stabilized the PCL against UV radiation and increased the modulus of the blends. Nevertheless, the presence of lignin decreased the tensile strength and the elongation at break because of the poor compatibility between lignin and the synthetic polymer.
In polymer blends, lignin can be used to diminish the effect of chemical stress by inhibiting atmospheric degradation, acting as an antioxidant, and ultraviolet light stabilizer. Feldman et al. [42] described the blends obtained from an unplasticized poly(viny1 chloride) (PVC) compound, formulated with organosolv lignin. The objective of this study was the development of new vinyl flooring formulations with increased resistance to attack by fungi and microorganisms. The results indicated that lignin could replace up to 20 parts of the copolymer. At this level of replacement, the key mechanical properties of the new composites compared very favorably with those of the control formulations. The results obtained suggested a proton donor/proton acceptor interaction between lignin and PVC chains.
Alcell lignin was thermally blended with poly(ethylene oxide) (PEO) over a range of blend compositions, and good spinning properties were observed [43]. Compared with kraft lignins, Alcell lignin displayed better plastic behavior and the corresponding PEO blends were described to possess good thermoforming properties. 
Thus, because of the presence of polar groups (phenols and alcohols), lignin can show a good affinity toward synthetic polymers bearing functional groups like polyesters, polyethyleneoxide, or polyvinylchloride. On the other hand, the mechanical properties of lignin-based hydrophobic polymer blends were poor because of phase separations due to a lack of compatibility. To circumvent this limitation, many derivatization reactions have been carried out and among them, etherification of lignin with alkylene oxides (especially ethylene oxide) has been extensively studied [44]. This chemical modification is carried out in aqueous alkali at room temperature and produces unifunctional derivatives with only aliphatic hydroxy groups [45, 46]. A drastic reduction of glass transition temperature was observed accompanied by an enhanced solubility in organic solvents. Thus, a decrease in brittleness could be achieved in the resulting material through the introduction of soft molecular segments capable of a plastic response to mechanical deformation. The esterification of soda lignin was also studied in order to increase its hydrophobicity for utilization as a lubricant for thermoplastics or for composite applications.
4.2. Environmentally Friendly Wood Adhesive
With an increasing pressure from environmentalists as well as an increasing in general public knowledge towards safe environment, manufacturers are left with little alternatives except to produce more environmentally friendly products from their factories. This is also true in the wood processing industries where the uses of adhesives are very extensive.
Adhesives are required in many wood processing industries such as particleboard, wood panels, fibre board, and plywood. Among the various adhesives used for the production of these articles, phenol formaldehyde (PF) resin is the most common type of adhesive [47]. With the increasing use of composite materials such as strand board, flake board, and composite lumber, the demand for adhesive is increasing. These adhesives are in adequately supply today, but the scarcity of petroleum products could affect the future cost and availability of these petroleum-based adhesives [47]. 
Lignin-phenol-formaldehyde (LPF) resin was prepared in two stages. The first stage involved the preparation of lignin-phenol adduct (LP), while the second step comprised the preparation of lignin-phenol-formaldehyde resin. In the first stage, 28.0 g of dry lignin and 28.0 g of phenol were mixed in a beaker. The mixture was stirred at 40°C for one hour to obtain a homogenous mass of lignin-phenol adduct. In the second stage, 23.28 g of LP adduct, 20.27 g of formaldehyde solution, 10 g of methanol, and excessive phenol (in order to obtain the desired phenol : lignin ratio) were mixed in a three-neck round-bottom flask and heated. The objective of this study was to replace as much phenol as possible with lignin. When the temperature attained 80°C, 1.16 g of sodium hydroxide which was dissolved in 10 g of distilled water was added to the mixture. The heating process was allowed to continue for 4 hours [48]. From this study, the maximum lignin to phenol ratio was found to be 30%.
Fourier Transfer Infrared spectrometry (FT-IR) was used to analyze functional groups present in both the LPF and CPF resins. Apart from this, all samples underwent the close contact joint or adhesive tensile strength tests in accordance with ASTM D897 specifications [49]. The same procedures were used to compare the adhesive strength of LPF resin with CPF resin. Wood samples measuring 100 mm × 25 mm × 10 mm were used as substrates for tensile testing. During the procedure, adhesive was applied on both sides of interface within a 50 mm × 25 mm area. The glued samples were pressed in a hot pressing machine at 160°C for 20 minutes. Subsequently, the tensile strength of the samples was analyzed at a crosshead speed of 6 mm/min.
Finally, a capillary viscometer with three tubes, that is, capillary tube, venting tube, and filling tube, was used to measure the viscosity of the resins. The procedure involved channeling the resin into the filling tube and allowing it to flow down to the bottom of the viscometer. The resin was then sucked up through the capillary tube by applying vacuum pressure at the venting tube. The duration taken for the sample to fall down to the bottom of the capillary tube was recorded after the suctioning process was stopped. The viscosity of both resins was determined on the seventh day of every week over a 3-week period. Figure 8 depicts the infrared (IR) spectra of the lignin-phenol adduct and LPF and CPF resins. The absorption bands in the 3300 cm−1 region for lignin-phenol adduct and LPF and CPF resins reveal the presence of the OH functional group. In addition, the stretching vibrations of the aromatic compound for the lignin-phenol adduct and the LPF and CPF resins are discernible within an adsorption band in the 1600 cm−1 to 1500 cm−1 region.





	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
				
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
				
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
				
			
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
	
	
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
	
	
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
		
	
		
	
		
	
	
		
	
	
	
	
		
	
	
		
	
	
		
	
		
	
		
	
	
	
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
		
	
	
	
	
		
	
	
		
	
		
	
	
		
	
	
	
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
	


Figure 8: Comparison of IR spectra of lignin-phenol adduct, LPF and CPF resins.


The bending vibrations of a C–H asymmetry from methyl of aromatic group for CPF and LPF are, respectively, at the 1461 cm−1 and 1472 cm−1. The frequencies 1273 cm−1 for CPF and 1233 cm−1 for LPF indicate asymmetric stretching for phenolic C–C–OH. Besides this, the peak frequency of 1144 cm−1 for CPF is indicative of a C–O stretching vibration, while the peak of frequency 1115 cm−1 shows the presence of ether aliphatic through asymmetric stretching vibration for C–O–C [50]. 
Both the lignin-phenol adduct and the LPF resin have similar peaks at band 1470 cm−1 indicating the presence of a methylene bridge [51]. However, this band is not present in the CPF resin. Furthermore, two bands at 2900 and 2800 cm−1 in the lignin-phenol adduct and LPF spectra signify the presence of CH stretching. Finally, the confirmed presence of lignin in both the lignin-phenol adduct and LFP compounds is indicated by the CH stretching in syringyl and the presence of C–O primary alcohol at bands 1113 and 1115 cm−1, respectively [51]. 
The tensile strength results for both CPF and LPF adhesive bonds were analysed in order to measure the bonding strength between the adhesive and the wood substrate. Tables 1 and 2 show the results of the ultimate tensile strengths tests for LPF and CPF, respectively. The mean value recorded was 11.56 MPa for LPF and 5.61 MPa for CPF. The results indicate that the adhesive strength of LPF on wood substrate was much stronger than that of CPF. It is also noted that the elongation at break for both samples is about 1%.
Table 1: Tensile strength test using LPF resin as an adhesive.
	

	Samples	Maximum load (N)	Ultimate tensile strength (MPa)	Elongation at break (%)
	

	1	3823.50	15.39	1.84
	2	2944.85	11.78	1.32
	3	1866.08	7.51	0.33 
	

	Mean	2878.14	11.56	1.163
	



Table 2: Tensile strength test using CPF resin as an adhesive.
	

	Samples	Maximum load (N)	Ultimate tensile strength (MPa)	Tensile stress (%)
	

	1	2536.78	5.15	0.53
	2	2269.43	4.55	1.45
	3	2930.61	7.15	2.28 
	

	Mean	2578.94	5.61	1.42
	



The ability of lignin phenol formaldehyde resin to bear additional loads before adhesive failure is attributable to the presence of lignin and phenol. In addition, the increased probability of strong bonds forming between the adhesive and wood substrate is facilitated by the structural similarity between lignin and phenol.
Table 3 shows the kinematics viscosity of LPF and CPF resins. The data indicate that LPF resin consistently generated lower values compared to CPF resin after being stored for three weeks. The results also indicate that the kinematics viscosity for both resins increased with the elapse of time. Overall, the densities of LPF and CPF were 1.088 g/cm3 and 1.196 g/cm3, respectively. Since increase in viscosity is directly proportional to its density, it is not surprising that the CPF resin generated higher viscosity values as this resin has a higher density than LPF. However, high density will hinder resin movement and cause resin to freeze rapidly when exposed to air [52]. The lower viscosity of the LPF resin is attributable to the abundant presence of both aliphatic and aromatic hydroxyl groups in lignin. This consequently increases the ionization of the phenolic hydroxyl group in LPF thus increasing intermolecular ionic repulsion among molecules. The existence of these forces between the molecules therefore accounts for the lower viscosity of the LPF resin when compared to the CPF resin [53]. 
Table 3: Results for viscosity test for LPF and CPF resins at different storage times.
	

	Days	LPF resins (cSt)	CPF resins (cSt)
	25°C	29°C	25°C	29°C 
	

	7	0.9656	0.8204	6.1781	5.7156
	14	0.9908	0.8612	9.9864	8.6264
	21	0.9746	0.8756	9.9884	9.1148
	



Apart from this, different temperatures generate different viscosity readings for both resins. At 29°C, both resins share a lower viscosity reading compared to that at 25°C. This is because viscosity decreases as temperature increases since the cohesive force between fluid molecules decreases as kinetic force increases [54]. As the tendency of resin to become viscous hinders the resin handling process on the substrate, especially on plywood [55, 56], the low kinematics viscosity of LPF resin is a preferable advantage as this would confer the resin a longer shelf life or storage time.
Pizzi [57] developed a promising technology based on premethylolated lignin in the presence of small amounts of a synthetic phenol-formaldehyde (PF) resin and polymeric 4,4-diphenyl methane diisocyanate (PMDI). The proportion of premethylolated lignin used is 65 wt% of the total adhesive, the balance being made up of 10–15% PF resin and of 20–25% PMDI. This adhesive presses at very fast speed, well within the fastest range used today industrially, contains a high proportion of lignin, and yields exterior grade boards. More recently, mixed wood panel adhesive formulations for interior-grade applications were developed using glyoxalated organosolv lignin. Glyoxal, in opposition to formaldehyde, is a nontoxic, nonvolatile aldehyde [58, 59]. However, the glyoxalated lignin by itself gave relatively low wood-joint strength, and it cannot be used alone as wood adhesive unless it can be cross-linked further. Thus, adhesive formulations based on glyoxylated organosolv lignin and mimosa tannin mixtures were prepared, and the rigidity of bonded wood joint in function of temperature was studied by thermomechanical analysis (TMA). The internal bond (IB) strength of a panel is a direct measure of the performance of the adhesive. Two different formulations prepared with miscanthus organosolv lignin and mimosa tannins were analyzed, and the results are given in the Table 4. From this table, it can be seen that glyoxalated lignin/tannin 50/50 formulation does not satisfy the IB strength results required (‡0.35 MPa) but is slightly lower. On the basis of the known reactivity of polyflavonoid tannins with glyoxal, it was considered the addition of a further amount of tannin in the glue mix. Thus, glyoxalated lignin/tannin 60/40 formulation gives a good result and satisfies the relevant requirements of standard specifications for interior type wood particleboard [58].
Table 4: Results of wood particleboard bonded with glyoxalated organosolv lignin-mimosa tannin formulation [58].
	

					IB
	Formulation	Press time (mn)	Temperature	Density (kg/m3)	N/mm² = Mpa 
	

	Lignin (50%) + tannin (50%)	7.5 min	195°C	695	
	
		
			
				0
				.
				3
				3
				±
				0
				.
				0
				2
			

		
	

	Lignin (40%) + tannin (60%)	7.5 min	195°C	696	
	
		
			
				0
				.
				4
				1
				±
				0
				.
				0
				5
			

		
	

	



Environment-friendly, nontoxic polymeric materials of natural origin constitute as much as 94% of the total panel binder formulation. The wood panel itself is then constituted of 99.5% natural materials. The 0.5% nonnatural material is composed of glyoxal, a nontoxic and nonvolatile aldehyde. The resulting panels present an effective zero formaldehyde emission when tested by the dessicator method [60].
4.3. Ecofriendly Corrosion Inhibitors
Corrosion is an electrochemical process that takes place at the surface of a metal substrate when exposed to the atmosphere and other corrosive environment, causing the metal to deteriorate. In many industries, the need to use constructional materials safely, but cost-effectively, is a primary consideration, and thus the use of inhibitors is the most practical method to protect metals against corrosion. As environmental constraints continue to limit the use of many types of corrosion inhibitors, lignin presents a green alternative to using synthetic organic corrosion inhibitors that are mostly expensive and toxic. Lignin terpolymer that has been obtained by grafting copolymerisation of both dimethyl diallyl ammonium chloride and acrylamide onto lignin (from straw black liquor) recorded an inhibition of 95% against the corrosion of mild steel in 10% HCl [61]. Alternatively, electropolymerization of lignosulfonates from the Russian pulp and paper factories in brine solution was found to reduce the corrosion rate of carbon steel by more than three times [62]. In addition, our studies have shown that soda and kraft lignin from the empty fruit bunch of palm oil was an excellent corrosion inhibitor of mild steel in NaCl at alkaline pH that was evaluated via electrochemical and weight-loss techniques.  The adsorption mechanism of these lignins at the metal surface could have proceeded as follows: (1) electrostatic interaction between the charged metal, and the charged lignin molecules, (2) interaction of electrons pairs of the functional groups (−OH, COOH, etc.) in the lignin molecule with the metal surface, (3) interaction of π-electrons within the lignin molecule with the metal and (4) combination of (1) and (3). Alternatively as observed from the XRD, FTIR, and SEM results, lignin acts as a rust converter by transforming the rust components into ferric-lignin complexes, thus forming a protective layer that hinders further corrosion processes.
5. Conclusion
Lignin represents the second most abundant natural polymeric material on earth and is still currently underutilized. Large amounts of lignin are expected to be produced in future biorefineries as a by-product of biofuel production which is stimulating new emerging applications, principally as sustainable alternatives to nonrenewable products such as polyurethanes, thermoplastic polymers, epoxy and phenolic resins, as well as corrosion inhibitors. However, all the researches currently developed in these fields are carried out at the laboratory scale. Thus, the ability of organosolv lignins to provoke significant impact as a substitute for polymeric materials depends on its availability in industrial quantities.
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