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Abstract 

Lignocellulosic waste materials are the most promising feedstock for generation of a 

renewable, carbon-neutral substitute for existing liquid fuels.  The development of value-

added products from lignin will greatly improve the economics of producing liquid fuels 

from biomass.  This review gives an outline of lignin chemistry, describes the current 

processes of lignocellulosic biomass fractionation and the lignin products obtained through 

these processes, then outlines current and potential value-added applications of these 

products, in particular as components of polymer composites. 

 

1 Introduction 

Concern about the depletion of fossil fuel resources and climate change attributed to 

anthropogenic carbon dioxide emissions is driving a strong global interest in renewable, 

carbon-neutral energy sources and chemical feedstocks derived from plant sources. 

Commercial products which are capturing an increasing share of the liquid fuel market are 

esters of long-chain fatty acids from plant oils (biodiesel) and ethanol from the enzymatic 

digestion and fermentation of starch or sucrose. As an example of the use of biomass as a 

chemical feedstock, a consortium led by Dupont is working to convert maize starch to the 
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monomer, 1,3-propandiol, using genetically modified Escherichia coli (Caimi, 2004; Wehner 

et al., 2007). This monomer can then be used to prepare poly(trimethylene terephthalate), a 

polyester which is traditionally synthesised by the polycondensation of trimethylene glycol 

with either terephthalic acid or dimethyl terephthalate (Kurian, 2005; Kurian and Liang, 

2008). 

Industrial production of fuels and feedstocks from plant sources has concentrated on those 

sources that can be most readily and economically processed, such as oil palm, sugarcane, 

and corn. However, these compete for arable land with crops intended for human or animal 

consumption, putting upward pressure on food prices and accelerating environmental 

degradation. For this reason, current research efforts have concentrated on lignocellulosic 

biomass from sources that do not compete with food crops: e. g., agricultural waste products, 

such as sugar cane bagasse, wheat straw, rice stalk, cotton linters, and forest thinnings, or 

novel crops that can be grown in environments too marginal for food production, such as 

switchgrass and eucalypts (Sierra et al., 2008).   In order for biomass to be a sustainable 

source of liquid fuel, technologies are required to enable economic production of suitable 

compounds from these sources, the dry mass of which consists primarily of a matrix of 

cellulose, hemicellulose, and lignin intimately mixed on the microscopic scale.  

Current research is focussed on increasing the effectiveness and reducing the cost of cellulase 

and xylanase enzymes for cellulose and hemicellulose saccharification, (Maki et al., 2009; 

Oehgren et al., 2007; Rattanachomsri et al., 2009), developing enzymes capable of converting 

the range of sugars produced by digestion of hemicelluloses to ethanol, (Bettiga et al., 2009; 

Yano et al., 2009) and improving the pre-treatment process for the fractionation of cellulose, 

hemicellulose and lignin from biomass (Fox et al., 1987; Kim, 2009; Moxley, 2008). 

Whatever  the means, for producing ethanol from lignocellulosic biomass, large volumes of 

lignin will be produced. Current pilot plants producing ethanol from lignocellulosic material 
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use the residual lignin for energy generation, sequester it as ‘biochar’ as a carbon sink, or 

must dispose of it as waste. The viability of biofuel production would clearly be greatly 

enhanced by development of markets for lignin-derived products. Any value-added lignin 

derived product will improve the economics of biomass conversion, while high-volume bulk 

commodity applications will also address the problem of waste lignin disposal. There are a 

number of physicochemical factors which suggest a bright future for lignin-based products: 

(a) compatibility with a wide range of industrial chemicals; (b) presence of aromatic rings 

providing stability, good mechanical properties, and the possibility of a broad range of 

chemical transformations; (c) presence of other reactive functional groups allowing facile 

preparation of graft copolymers; (d) good rheological and viscoelastic properties for a 

structural material; (e) good film-forming ability; (f) small particle size; and (g) hydrophilic 

or hydrophobic character depending on origin, allowing a wide range of blends to be 

produced (Mousavioun and Doherty, 2009).   

The focus of this review is the preparation of possible value-added polymers derived from the 

varieties of lignin likely to be generated in significant amounts from the production of 

cellulosic ethanol. 

 

2. Lignin Structure 

Lignocellulose materials refer to plants that are composed of cellulose, hemicellulose and 

lignin.  The cellulose microfibrials (formed by ordered polymer chains that contain tightly 

packed, crystalline regions) are embedded within a matrix of hemicellulose and lignin (Figure 

2.1).  Covalent bonds between lignin and the carbohydrates have been suggested to consist 

benzyl esters, benzyl ethers and phenyl glycosides (Smook, 2002). 
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Figure 2.1 Cellulose strands surrounded by hemicellulose and lignin 

 Lignin is primarily a structural material to add strength and rigidity to cell walls and 

constitutes between 15 wt% and 40 wt% of the dry matter of woody plants.  Lignin is more 

resistant to most forms of biological attack than cellulose and other structural 

polysaccharides, (Akin and Benner, 1988; Baurhoo et al., 2008; Kirk, 1971) and plants with a 

higher lignin content have been reported to be more resistant to direct sunlight and frost 

(Miidla, 1980).  In vitro, lignin and lignin extracts have been shown to have antimicrobial and 

antifungal activity, (Cruz et al., 2001) act as antioxidants, (Krizkova et al., 2000; Pan et al., 

2006; Ugartondo et al., 2008) absorb UV radiation, (Toh et al., 2005; Zschiegner, 1999) and 

exhibit flame-retardant properties (Reti et al., 2008). 

Lignin is a cross-linked macromolecular material based on a phenylpropanoid monomer 

structure (Figure 2.2). Typical molecular masses of isolated lignin are in the range 1000 

g/mol to 20,000 g/mol, but the degree of polymerisation in nature is difficult to measure, 

since lignin is invariably fragmented during extraction and consists of several types of 

substructures which repeat in an apparently haphazard manner. In this review the term 
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‘lignin’ will be used both for the in vivo material and the various fractions isolated from 

living matter, which invariably undergo some degree of chemical and physical change.  

The monomer structures in lignin consist of the same phenylpropenoid skeleton, but differ in 

the degree of oxygen substitution on the phenyl ring. The H-structure (4-hydroxy phenyl) has 

a single hydroxy or methoxy group, the G-structure (guaiacyl) has two such groups, and the 

S-structure (syringyl) has three (Figure 2.2).  The polymerisation of the phenylpropanoid 

monomers is initiated by oxidases or peroxidases. While the precise mechanism is obscure, it 

is postulated that radical-radical combination of free radicals produced by enzymatic 

dehydrogenation is the key reaction, either under enzymatic control (Davin et al., 2008) or in 

a random ‘combinatorial’ manner (Ralph et al., 2004). 

 

                                   

 

(a)    (b)                  (c) 

Figure 2.2  Monolignol monomer species. (a) p-coumaryl alcohol (4-hydroxyl phenyl, H), 

(b) coniferyl alcohol (guaiacyl, G), (c) sinapyl alcohol (syringyl, S). 

Both carbon-carbon and carbon-oxygen bonds between monomers are found in lignin (Figure 

2.3).  The most common functionality, accounting for about half the bonds between 

monomers in lignin from most sources, is  a carbon-oxygen link between a p-hydroxy moiety 
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and the β-end of the propenyl group (β-O-4) (Figure 2.3a) (Chen, 1991; Ede and 

Kilpelaeinen, 1995; Kukkola et al., 2004). 

   

                    (a)         (b)                        (c) 
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Figure 2.3 Significant lignin linkage structures. (a) β-O-4, (b) α-O-4, (c) 5-5, (d) β-β, (e) 

5-O-5, (f) β-5. 

The degree of cross-linking possible in lignin, and hence the rigidity of the structure, is 

dependent on the degree of substitution. In softwoods, the G structure is dominant, while 

hardwood lignins normally contain a mixture of S and G structures with S in the majority, 

while H structures predominate in lignins found in grasses (Wang et al., 2009).  

Recent interest in lignin has been driven by the fact that it forms a large proportion of the 

non-food biomass under consideration for production of renewable and carbon-neutral liquid 

fuels and chemical feedstocks.  Separation of cellulose from lignin is one of many technical 

hurdles which must be overcome in order for biofuels to be economically produced from 

cellulose-containing waste. While biotechnology allows plants to be modified to have a larger 

cellulose: lignin ratio (Hu et al., 1999; Sticklen, 2008) and alter lignin structure to produce 

lignins which can be more easily separated, (Lapierre et al., 1999) these strategies will 

unavoidably run into limits imposed by plant physiology and thus a significant volume of 

waste lignin is unavoidable.  

3 Lignin Fractionation Processes 

The extraction of lignin from lignocellulosic materials is conducted under conditions where 

lignin is progressively broken down to lower molecular weight fragments, resulting in 

changes to its physicochemical properties.  Thus, apart from the source of the lignin, the 

method of extraction will have a significant influence on composition and properties of 

lignin.  The majority of lignin extraction and delignification processes occur by either acid or 

base-catalysed mechanisms. The chemistry of bond cleavage in lignin by these mechanisms 

has been reviewed by Gratzl and Chen (2000).  

3.1 Sulfite process 
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At present the main commercial source of lignin is from the pulp and paper industry.  The 

sulfite process which traditionally used to be the main pulping technology involves the 

reaction of a metal sulfite and sulfur dioxide (Smook, 2002).  The main reactions that take 

place during the pulping process are: (a) the reaction between lignin and free sulphurous acid 

to form lignosulfonic acid, (b) the formation of the relatively soluble lignosulfonates with the 

cations, Mg, Na or NH4
+, and (c) the fragmentation of the lignosulfonates.  In addition to 

lignosulfonates, degraded carbohydrates are also produced. The pulping reactions are usually 

conducted between 140 °C and 160 °C and the pH of the acid sulfite process is between 1.5 

and 2.0, while the bisulfite process is between pH 4.0 to 5.0 (Smook, 2002).  The chemistry 

of the sulfite process has been exhaustively reviewed by Wong (1980) and more recently by 

Alen (2000).  Several purification steps are required to obtain the lignosulfonate fraction with 

high purity, including fermentation to convert the residual sugars to ethanol and membrane 

fitration to reduce the metal ion content.  The lignosulfonate biopolymer is typically highly 

cross-linked, with ~5 wt% sulfur content, and bears two types of ionising groups; sulfonates 

(pKa ≤ 2) and phenolic hydroxy groups (pKa ~ 10).  Because of the low pKa for the sulfonate 

groups, lignosulfonates are water-soluble under most conditions.  The physicochemical 

properties of lignosulfonates are affected by the metal cation (Na or Ca) of the sulfite salt 

used during the pulping process.  Sodium sulfite produces more extended lignin chains that 

are more suitable for use as dispersants, while calcium sulfite produces more compact lignin, 

presumably due to a bridging effect of chelating Ca2+.  The sulfur content (5 wt %) of sulfite 

lignins is one of the major factors restricting its use in speciality applications, and so most of 

its lignin is currently used on co-generation. 

The sulfite delignification process is an acid catalysed process in which there is cleavage of 

the α-ether linkages and β-ether linkages of lignin.  The process goes via the quinone methide 

intermediate or nucleophilic substitution. Generally, less side-chain cleavage is seen under 
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acid-catalysed rather than alkali-catalysed reactions. The complete breakdown of the aryl 

ether linkages leads to the formation of a reactive resonance-stabilised benzyl carbocation. 

Under these conditions condensation reactions occur. The carbocation may form a C-C bond 

with an electron-rich carbon atom in the aromatic ring of an lignin fragment or the 

protonation of a benzylic oxygen atom may cause inter- or intramolecular condensation by a 

SN2 mechanism.  The formation of organic acids such as acetic acid during the delignification 

process can encourage the formation of the benzylic carbocation or lead to protonation of a 

benzylic oxygen atom, enhancing the SN2 condensation pathway. 

3.2 Kraft process 

The kraft or sulfate process is now the main traditional method for pulping and hence 

produces the largest volume of lignin (Smook, 2002).  It uses sodium hydroxide and sodium 

sulphide under strong alkaline conditions to cleave the ether bonds in lignin.  The 

delignification process proceeds in three stages.  The first phase occurs around 150 °C and is 

controlled by diffusion.  The second stage occurs between 150 oC-170 °C, while the final 

stage occurs at even higher temperatures.  The bulk of the delignification (90 wt%) occurs 

during the second stage.  The lignin may be recovered from the alkaline liquid remaining 

after pulp extraction, the black liquor, by lowering the pH to between 5 and 7.5 with acid 

(usually, sulfuric acid) or carbon dioxide (Koljonen et al., 2004).  Recent developments in 

improving the yield of the kraft process have been reviewed by Couchene (1998) and 

Kordsachia et al. (1999) have compared the suitability of the kraft process for different 

substrates with the sulfite process.   

The kraft process produces lignin with aliphatic thiol groups called kraft lignin.  Kraft lignin 

is hydrophobic and so needs to be modified to improve reactivity.  The sulfur content (1 wt% 

- 2 wt%) of kraft is also a major reason while its main application has been co-generation, 

though pulp mills uses this application to recover pulping chemicals in order to reduce costs. 
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The kraft process goes by alkaline hydrolysis in which the β-1,4 links in cellulose is cleaved, 

allowing the lignin component of biomass to be extracted.  However, the lignin itself is also 

susceptible to attack by alkali and except for the diarylether linkages, ethers in lignin readily 

undergo base-induced hydrolysis under relatively mild conditions.  

In alkaline hydrolysis α-aryl ether bonds are more easily broken than β-aryl ether bonds, 

particularly in situations where the substructures contain a free phenolic hydroxyl group in 

the para position(Baucher et al., 2003; Sakakibara et al., 1966).  Simple heating of the 

biomass in water results in substantial cleavage of the α-ether bonds either through a quinone 

methide intermediate or through nucleophilic substitution by a SN2 mechanism (Chakar and 

Ragauskas, 2004). 

In alkaline media intermolecular condensation reactions can occur with competition between 

the added nucleophiles and anionic lignin fragments (e.g., phenolate anions and carbanions) 

(Olm and Tisdat, 1979).  The extent of condensation will depend on the types of structures 

initially formed.  If a structure contains good leaving groups at the β-carbon, neighboring 

group participation reactions resulting in the cleavage of β-aryl ether linkages will 

predominate over condensation reactions (Chakar and Ragauskas, 2004). 

3.3 Soda process 

The soda process (which goes by alkaline hydrolysis) was the first chemical pulping method 

and was patented in1845.  Soda process led kraft pulping which now dominates the chemical 

pulping industry.  The soda process is the preferred method of chemical pulping of non-wood 

material such as bagasse, wheat straw, hemp, kenaf and sisal. The pulping process involves 

heating the biomass in a pressurised reactor to 140 °C -170 °C in the presence of 13 wt%-16 

wt% alkali (typically sodium hydroxide).  
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Lignin recovered through extraction with sodium hydroxide is normally referred to as ‘soda 

lignin’. Soda lignin from non-wood sources is typically difficult to recover by filtration or 

centrifugation because its high carboxylic acid content, arising from oxidation of aliphatic 

hydroxy groups, makes it a relatively good dispersant. Heating is therefore required to 

encourage coagulation and ensure filtrable material can be obtained.  As soda lignin contains 

no sulfur and little hemicellulose or oxidised defect structures, it has good potential for use in 

high value product 

3.4 Other fractionation processes 

With the push to produce cellulosic ethanol and bio-diesel, additional sources of lignin will 

be available through various pre-treatment technologies.  Promising pre-treatment 

technologies for lignocellulosic biomass involve a combination of physical, chemical, 

biochemical and thermal methods.  Physical methods include steam explosion, pulverising 

and hydrothermolysis (Mosier et al., 2005). The principal chemical methods are the use of 

ammonia expansion, aqueous ammonia, dilute and concentrated acids (e.g., H2SO4, HCl, 

HNO3, H3PO4, SO2) and alkali (e.g. NaOH, KOH, Ca(OH)2) and ionic liquids. Significantly, 

all the approaches under development for production of biofuels from lignocellulosics are 

likely to produce lignin with little or no sulfur, increasing the scope for manufacture of value-

added products. 

Organic solvents (e.g. ethanol, formic acid, acetic acid, methanol) produce lignin, called 

organosolv lignin, the benefits of organosolv lignin over sulfonated and kraft lignins include 

no sulfur, greater ability to be derivatised, lower ash content, generally lower molecular 

weight and more hydrophobic Lora 2002). 

A relatively recent development in biomass fractionation is the application of ionic liquids 

(IL) to fractionate lignocellulosic materials.  Ionic liquids usually consist of a large 
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asymmetric organic cation and a small anion and typically have negligible vapour pressure, 

very low flammability and a wide liquidus temperature range.  Most work on IL as biomass 

solvents has used alkyimidazolium IL for dissolving cellulose.  The mechanism of dissolution 

involves the coordination of small hydrogen acceptors, such as chloride ions, to the  hydroxy 

groups of cellulose, breaking the strong intramolecular H-bonding between the cellulose 

fibres (Spear et al., 2002; Swatloski et al., 2003). An ionic liquid mixture containing 1-ethyl-

3-methylimidazolium cation and a mixture of alkylbenzenesulfonates with xylenesulfonate as 

the main anion has been used to extract lignin from sugarcane bagasse at atmospheric 

pressure and elevated temperatures (170°C-190 °C) (Tan et al., 2009). The addition of small 

amounts of sodium xylene sulfonate to the ionic liquid mixture aided the cleavage of ether 

groups in lignin. This was attributed to the sodium ions coordinating to the ether oxygen, 

thereby increasing the carbonium ion character of the ether carbon atoms and enhancing their 

susceptibility to nucleophilic attack by the arylsulfonate groups of the ionic liquid (Tan et al., 

2009).  Lignins were recovered from IL by precipitation, allowing the IL to be recycled. 

Lignins with molecular weights around 2220 g/mol obtained by this process contained 

between 0.6 wt% and 2 wt% ash and about ~1.5 wt% sulfur. Low levels of hemicellulose (< 

0.1 wt.%) were also detected.  Other classes of IL, such as alkylphosphonium IL, which we 

are currently investigating, solubilise lignin by similar mechanisms as those under acidic 

conditions.  These lignins were sulfur-free and were of low molecular weights. 

 

4 Physical Properties of Lignin 

The physicochemical state of lignin dictates how and where it can be utilised in the 

manufacture of various products.  The source from which lignin is obtained and the method 

of extraction has a strong bearing on its properties (Lora and Glasser, 2002).  As a highly 

cross-linked material with widely varying functionality, lignin may not readily be 
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characterised to give meaningful molecular weight data, but other parameters more directly 

relevant to end-use properties may be assessed.  Despite this, the molecular weight data does 

provide some useful guide.  Table 4.1 gives the functional groups and molecular weight of 

selected lignins.  The reactivities of these lignins will impact on the attributes of the end 

products.  For example, Muller et al. (1984) found that kraft lignin-based phenol 

formaldehyde reins have superior properties to steam exploded lignin-based phenol 

formaldehyde resins. 

Table 4.1 Molecular weight and functional of lignins 

Lignin type Mn (gmol-1) COOH (%) OH phenolic (%) Methoxy (%) 

Soda (bagasse) 2160 13.6 5.1 10.0 

Organosolv 

(bagasse) 

2000  7.7 3.4 15.1 

Soda (wheat straw) 1700 7.2 2.6 16 

Organosolv 

(hardwood) 

800 3.6 3.7 19 

Kraft (softwood) 3000 4.1 2.6 14 

 

 

Another important parameter is the glass transition temperature, Tg, which is an indirect 

measure of crystallinity and degree of cross-linking and directly indicates whether a lignin is 

suitable for an application calling for a rubbery or a glassy material under particular 

conditions (Table 4.2) (Gargulak and Lebo, 2000).   
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Table 4.2 Tg of different lignin types (Gargulak and Lebo, 2000) 

 

Types of lignin Tg (°C) 

Milled wood lignin 

     Hardwood 

     Softwood 

 

110-130 

138-160 

Kraft lignin 124-174 

Organosolv lignin 91-97 

Steam explosion lignin 113-139 

 

Lignin Tg will depend on the amount of water and polysaccharides, as well as molecular 

weight and chemical functionalisation, but in general the Tg will be lower the greater the 

mobility of the lignin molecules.  While Tg generally increases with increasing molecular 

weight, the impact of structural variation based on the degree of polymerisation has only 

recently been established.  Baumberger and co-workers (2002) showed using a series of 

transgenic poplars that the variations in Tg were closely related to the degree of 

polymerisation of lignin as determined by thioacidolysis.  This is illustrated in Figure 4.1, 

where the Tg increases with the degree of condensation, expressed as the fraction of 

phenylpropanoid units involved in C-C linkages. 
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Figure 4.1 Correlation between the glass transition temperature (Tg) and the degree of 

condensation (% phenylpropanoid units involved in C-C linkages) of milled 

wood and enzyme lignins isolated from control and transgenic poplars 

(Baumberger et al., 2002).  Data for control plants are shown as open symbols, 

and data for transgenic plants derived from those controls are shown as closed 

symbols. Figure redrawn with permission from Baumberger et al. (2002). 

 

More potential applications of lignin can be realised if the miscibility of lignin with other 

polymeric materials can be improved.  This may be done through chemical modification of 

lignin with appropriate hydrophobic groups (e.g. butyrate, hydroxypropyl, ethyl) (Ghosh et 

al., 2000; Uraki et al., 1997) or through formation of lignin copolymers (Wang et al., 1992).  

Pouteau and his coworkers (2004) examined the compatibility of lignin-polymer blends by 

image analysis.  A strong correlation (Figure 4.2) between the solubility parameter of kraft 

lignin (20.5-22.5 (MPa)1/2) and the solubility parameters of different polymers was obtained.  

The data shown does not discriminate between molecular weight of lignin fractions, but only 
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low molecular weight lignins are compatible with apolar and very polar matrices. 

 

 

Figure 4.2 Correlation between total aggregate surface area observed per photo and the 

solubility parameter of the polymer matrix (Pouteau et al., 2004).  Figure 

redrawn with permission from Pouteau et al. (2004). 

 

5 Applications 

There are many commercial applications of low value where lignins (predominantly 

lignosulfonates) are used because of their surface-active properties (Gargulak and Lebo, 

2000; Stewart, 2008).  Table 5.1 gives the variety of these lignosulfonate products. 

Table 5.1 Lignosulfonate products because of their surface-active properties 

Products Reference 

Concrete additives  (Sestauber et al., 1988; Shperber et al., 2004) 
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Animal feed pelleting aid  (Winowiski and Zajakowski, 1998) 

Metallic ore processing (Clough, 1996; Clough, 1996) 

Oil well drilling muds  (Detroit and Sanford, 1989; Kelly, 1983) 

Dust control (Buchholz and Quinn, 1994; Fiske, 1992) 

Phenol-formaldehyde resins  (Raskin et al., 2002) 

 

Lignosulfonates are also used to produce a number of value-added products for specialty 

markets (Gargulak and Lebo, 2000).  Table 5.2 gives the variety of these lignosulfonate 

products. 

Table 5.2 Lignosulfonate products because of their speciality markets 

Products Reference 

Vanillin  (Bjorsvik and Minisci, 1999; Gogotov, 2000) 

Pesticides  (Lebo, 1996) 

Dispersant for carbon black  (Goncharov et al., 2001) 

Dyes and pigments  (Hale and Xu, 1997) 

Gypsum board  (Northey, 2002) 

Water treatments  (Jones, 2004; Zhuang and Walsh, 2003) 

Scale inhibitors  (Ouyang et al., 2006) 

Industrial cleaners  (Jones, 2008) 

Emulsifiers  (Gundersen et al., 2001; Sjoblom et al., 2000) 

Matrix for micronutrient fertilisers  (Docquier et al., 2007; Meier et al., 1993; Niemi et 
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al., 2005) 

Wood preservatives  (Dumitrescu et al., 2002; Lin and Bushar, 1991) 

Battery expanders  (Pavlov et al., 2000) 

Specialty chelants  (Khabarov et al., 2001) 

Bricks, refractories and ceramics  (Pivinskii et al., 2006) 

Retention aids in papermaking  (Vaughan et al., 1998) 

 

The products mention in the previous section is on relatively low value applications of lignin.  

Blending of two or more polymers provides the ability to tailor material properties to achieve 

specific goals with higher value.  While a particular homopolymer will have properties that 

can be tailored by controlling molecular weight and the degree of branching and crosslinking, 

blending of polymers makes a vastly greater range of potential materials properties available. 

As well as making simple additive properties accessible, in many instances polymer blending 

results in high-performance composite materials as a result of synergistic interactions 

between the components.  Many polymer combinations are immiscible and so exist in two 

different phases in the polymer matrix.  This separation into phases can result in poor stress 

transfer between the phases, thereby lowering the mechanical properties of the blend to that 

at least of one of the individual components.  When incorporated in blends with natural and 

synthetic polymers, lignin generally increases the modulus and cold crystallisation 

temperature but decreases the melt temperature.  The addition of plasticisers to such systems 

have been found to improve the mechanical properties by reducing the degree of self-

association between lignin molecules, improving lignin-polymer miscibility (Feldman et al., 

2001).  Because lignin possesses easily-functionalisable hydroxyl and carboxylic acid groups, 
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its compatibility with different polymer types has been extensively examined.  The following 

section presents some examples of lignin blends with natural and synthetic polymers. 

Natural polymers are synthesised by living organisms or by enzymes isolated from living 

organisms, through sophisticated biosynthetic pathways requiring carbon dioxide 

consumption.  These ‘environmentally friendly’ polymers include cellulose, hemicellulose, 

lignin, starch, proteins, nucleic acids and linear aliphatic polyesters.   The ability to control 

the hydrophilicity of lignin means that it could in principle form composite materials with 

any of these polymers, while the physicochemical qualities of lignin means that it can in 

many cases improve the tensile strength and bulk modulus of these biopolymers, and protect 

the composite against oxidative degradation under UV light or elevated temperature. 

Feldman (2002) and more recently Stewart (2008) have reviewed lignin blending with 

synthetic polymers. This review will discuss epoxy-lignin composites, phenol-formaldehyde 

resins where all or part of the phenol is derived from lignin, polyolefin-lignin blends, lignin 

blends with vinyl polymers, lignin-polyester blends, lignin as a component of polyurethanes, 

synthetic rubber-lignin blends, graft copolymers of lignin and the prospects of lignin 

incorporation into further polymer systems. 

 

5.1 Protein-lignin blends 

Proteins have long been used for the production of plastics and resins (Huang et al., 2004; 

Nagele et al., 2000). The main drawbacks of protein-based materials are high water 

absorption and the difficulty of separating the proteins from naturally occurring colourants 

without denaturation, but these obstacles are gradually being overcome (John and 

Bhattacharya, 1999; Otaigbe and Adams, 1997; Zhong and Sun, 2001). As a crosslinked 
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material with a largely aromatic structure, lignin has the capacity to increase the tensile 

strength, Young’s modulus, thermal stability and elongation at break of protein materials.  

The addition of soda lignin to soy protein plastics has been shown to reduce water absorption, 

as well as improving the mechanical properties of soy protein/glycerol blends.  Blends 

containing 50 wt% soda lignin have a tensile strength twice that of unblended soy protein 

(Huang et al., 2003).  Thermoplastic materials comprising lignin and protein blended with 

natural rubber, have been patented. These materials have been shown to have improved 

impact resistance compared to lignin-free formulations (Nagele et al., 2000). 

Hydrogen-bonding interactions are often insufficient to ensure adequate mixing of lignin with 

protein. Huang et al. (2004) blended kraft lignin with soy protein using methylene diphenyl 

diisocyanate (MDI) as a compatibiliser MDI will form urethane links between hydroxy 

groups on lignin molecules and in the protein.  Only a slight reduction in water absorption 

was observed, but the addition of 2 wt% MDI caused a simultaneous enhancement of 

modulus, strength, and elongation at break of the polymer blends, which was  attributed to 

graft copolymerisation and crosslinking (Huang et al., 2004).  

An alternative strategy for enhancing the compatibility of lignin with protein, rather than 

adding a compatibiliser, is chemical or enzymatic modifications of the lignin. Blending soy 

protein with hydroxypropylated soda lignin resulted in a 200 % increase in the tensile 

strength of the blended material, (Chen et al., 2006; Wei et al., 2006) without reducing the 

elongation at break (Huang et al., 2006).  Wei et al. (2006) suggested that improved 

mechanical properties of protein blended with hydroxylpropyl lignin molecules were due to: 

(a) formation of supramolecular domains by hydroxylpropyl lignin, (b) strong adhesion 

between the hydroxylpropyl group and soy protein and, (c) the interpenetration of the soy 

protein molecules into the supramolecular hydroxylpropyl domain.  Protein has also been 

incorporated in more complex composite materials, e.g., an adhesive composition of low 
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molecular weight polyaminopolyamide-epichlorohydrin resin and protein has been patented 

(Spraul et al., 2008). 

While most processing of gluten protein increases the degree of cross-linking, incorporation 

of kraft lignin in gluten reduced protein/protein interactions and prevented loss of solubility 

(Kunanopparat et al., 2009). This has obvious implications for processibility of gluten-based 

materials, suggesting kraft lignin is a promising additive for such materials. It was suggested 

that kraft lignin had a radical scavenging activity, reacting with the sulfur-centred radicals 

responsible for gluten crosslinking.  

 

5.2 Starch-lignin blends 

The use of starch-based films for packaging materials has increased recently as they degrade 

readily in the environment in comparison to conventional synthetic materials.  However, a 

significant disadvantage of starch films is that they have very poor water resistance.  

Blending with hydrophobic polymers can clearly improve the water resistance of starch, and 

lignin has a high compatibility with starch making it an obvious candidate for blending.  

Baumberger (2002) has reviewed studies involving starch-lignin films, giving an overview of 

methods of preparation, thermomechanical properties, mechanisms of starch-lignin 

interactions and potential target applications of starch-lignin blends. 

Lepifre et al. (2004) compared the reactivity of films of three soda lignins (one derived from 

sugarcane bagasse and the other two from wheat straw) with starch on exposure to radiation 

doses of 200 kGy and 400 kGy, using spectroscopic and chromatographic techniques.  

Infrared analysis of the bagasse lignin-starch film, in contrast to the wheat straw lignin, 

showed evidence of condensation probably related to the presence of reactive ferulic acid, 

and irradiation improved compatibility of the two polymers. 



22 
 

Lepifre et al. (2004) found that grafting of starch films with lignin gave significant 

improvements in water resistance. The higher water resistance of lignin/starch blends is 

attributable to the partial compatibility of lignin with the amylose component of starch, the 

presence of hydrophobic lignin at the surface of the material due to surface activity of 

phenolic groups, and cross-linking between the starch-rich phase and the lignin-rich phase 

(Baumberger et al., 2000).  The work by Baumberger et al. (1998) established that reduced 

water content and water solubility starch-kraft lignin blends was due to the amount of water 

soluble phenolics present in lignin as these hydrophilic compounds are likely to interact with 

the starch matrix, through hydrogen bonding, and lead to increased bonding to lignin.  Figure 

5.1 shows the bonding between β-1 stilbene (a component) found in lignin and the amylose 

portion of starch.  The increase in elongation at break for the starch-kraft lignin blend 

compared to starch was attributed to increased plasticity of the starch matrix due to the 

presence of low molecular phenolics and amphiphilic fatty acids.   
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Figure 5.1 Hydrogen bonding between β-1 stilbene and amylose. 

 

Composite films of lignin, starch, and cellulose have been cast from ionic liquid at room 

temperature, with the product showing good mechanical properties, thermal stability, and 

resistance to gas permeation(Wu et al., 2009). 

Ke et al. (2003) studied the effect of amylose content on the mechanical properties and 

moisture up take of starch films.  Four dry corn starches with different amylose contents: 

Amioca (0 wt% amylose ); HylonV (50 wt% amylose) and HylonVII (70 wt% amylose); 

were blended with poly lactic acid at various starch/poly lactic acid ratios and characterized 

for morphology, mechanical properties and water absorption.  It was shown that starch with 

50 wt% or more amylose content reduced moisture uptake than those with the higher 

percentage amounts of amylopectin.  The explanation given was that although amylopectin is 

more crystalline than amylose, its large branched molecules contains ~75 wt% amorphous 
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structure which readily absorb water (Ke et al., 2003).   Moreover no significant difference in 

mechanical properties was observed among starches with varying amylose content, except 

that the blend containing 50 wt% amylose had slightly greater strength. 

Based on the foregoing, to produce starch-lignin blends with improved properties research 

should be directed in the following areas: (a) reducing the hydrodynamic volume of lignin 

and increasing its phenolic hydroxyl group content, (b) attaching hydrophobic groups to both 

starch and lignin, (c) including high molecular weight plasticizers such as sorbitol and 

maltitol (Ghosh et al., 2000), (d) using starch polymer with a high amylose content and (e) 

forming lignin esters prior blending with starch.  The use of plasticizers will minimise starch 

degradation and improve processability.  The acetylation of the hydroxyl group in low 

molecular weight lignin will reduce the amount of hydroxyl groups available for water 

molecules to attract to and hence improve the water resistance of the blends.  The attachment 

of acetyl groups to lignin will reduce hydrogen bonding increasing the free volume of the 

amorphous component of starch, thereby reducing Tg. The miscibility of the starch-lignin 

blends property relationships could be studied by Fourier transform infrared (FTIR) 

spectroscopy, Raman spectroscopy and differential scanning calorimetry (DSC) in order to 

evaluate molecular interactions between the two components. 

 

5.3 Polyhydroxyalkanoates 

Polyhydroxyalkanoates (PHA) are a group of biodegradable and biocompatible linear 

aliphatic polyesters mainly composed of R-(–)-3-hydroxyalkanoate units, produced as carbon 

and energy storage materials by a range of algae and bacteria.  PHA have been reported with 

alkanoates ranging in length from C3 to C14, but the most common are polyhydroxybutanoate 

(PHB, C4) and polyhydroxyvalerate (PHV, C5) and copolymers of C4 and C5 alkanoates 

(PHBV) (Reddy et al., 2003). 
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Unlike most biopolymers, PHA are insoluble in water and have low permeability towards 

oxygen, carbon dioxide and water.  These barrier properties make PHA good candidates for 

the production of packaging products like bottles, bags, wrapping film and disposable 

nappies.  These applications have not been fully realised because PHB and PHV are 

relatively stiff and brittle and are thermally unstable during processing. 

Blending with lignin is one possible strategy for overcoming the mechanical disadvantages of 

PHA. Ghosh et al. (2000) investigated the thermoplastic blends of several biodegradable 

polymers with organosolv lignin and organosolv lignin ester based on both solvent casting 

and melt processing. Blends of PHB with lignin are claimed to have a high degree of 

recyclability (Yao, 2008). On addition of up to 20 wt% lignin to PHB, improvements were 

seen in Tg, melting point, Young’s modulus, and the degree of crystallinity (Ghosh et al., 

2000).  The addition of lignin reduced the crystallinity of PHB more than addition of lignin 

butyrate, suggesting greater compatibility of PHB with lignin than lignin butyrate.  Recently, 

Mousavioun et al. (2010) examined the miscibility between PHB and bagasse soda lignins 

(having distinct chemical group functionality) based on the Tg of their blends.  A single Tg 

implies complete compatibility between the components, while two or more Tg values 

suggest that the degree of miscibility is restricted. Figure 5.2 indicates that with the lignin 

content <40 wt% there is compatibility between PHB and lignin.  The Tg were higher for of 

the blends obtained from the lignin fraction containing higher xylan and phenolic hydroxyl 

content, but lower methoxyl and carboxylic acid content. This implies that the association 

between lignin and PHB is probably related to the chemical functionality of the lignin 

polymer as the molecular weights of these lignin fractions are similar, approximately 2400 

g/mol. In fact it was shown by FTIR that the miscibility between PHB and soda lignin was 

due to hydrogen bond formation between the carbonyl group of PHB and the phenol hydroxyl 

group of lignin (Mousavioun et al., 2010). 
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Blends of lignin butyrate with the slightly more hydrophobic polymer PHBV gave a 

significant reduction in crystallinity compared to blends with PHB.  Meister et al. (1993) 

have reported that grafting lignin with styrene-acrylonitrile copolymer improves its 

compatibility with PHB-PHV. 

 

 

Figure 5.2 Miscibility of lignin/PHB blends based on Tg. Lignin Tg,▲; PHB Tg,■. 

Camargo et al. (2002) investigated the thermal, mechanical and optical properties of bagasse 

lignin blended with PHB, as well as biodegradation of the composites.  A significant increase 

in Tg was observed and the PHB/lignin blend was readily degraded by the common fungi 

species Trametes versicolor.  The significant increase in Tg obviously related to the 

interactions between the reactive functional groups of lignin and the carbonyl groups of PHB. 

Weihua et al. (2004) investigated the effect of 1 wt% lignin on the nucleation of PHB by 

studying the kinetics of both isothermal and nonisothermal PHB crystallisation.  DSC showed 

that not only did lignin act as a nucleating agent, decreasing the activation energy of 

crystallisation, but it reduced the size of the spherulites to give a less brittle material.  
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5.4 Polylactides and polyglycolides 

Poly(L-lactic acid) (PLA) is a crystalline biodegradable polymer which like PHA has poor 

processing properties  because of its high crystallinity.  Copolymers of L-lactic acid and L-

glycolic acid are frequently used in biomedical applications to enable tailoring of flexibility 

and degradation rate. Li et al. (2003) examined the thermal and mechanical properties of 

PLA/lignin blends, with results indicating a strong intermolecular hydrogen-bonding 

interaction between PLA and lignin.  The tensile strength and elongation at break decreased 

with lignin content, while the Young’s modulus remained almost constant up to a lignin 

content of 20 wt%.  At lignin content greater than 20 wt%, thermal degradation of PLA was 

enhanced.  More recently, ring-opening polymerisation of cyclic lactides with lignin has been 

used to create graft-copolymer additives that can significantly reduce the crystallinity and 

improve the processing and end-use performance of PLA (Uyama et al., 2008).  Graupner 

(2008) used lignin to reinforce PLA/cotton composites and compared the mechanical 

properties of the composites with those of PLA/kenaf composites.  Addition of lignin 

appeared to enhance the adhesion between the cotton fibres and PLA, improving the tensile 

strength and Young’s modulus, though the impact resistance decreased (Graupner, 2008).  

Lignin has also been added to PLA in order to reduce its flammability, giving performance 

competitive with commercial intumescent formulations (Reti et al., 2008). 

From the foregoing, it is evident that not much work has been carried out to understand the 

interactions between lignin and these crystalline polymers.  The use of solid state nuclear 

magnetic resonance (NMR) and relaxation methods should be included in the analytical tools 

to study the interactions of lignin and these interacting polymers in order develop a better 

understanding of the nature of the blends for property enhancement.   

5.5 Epoxy resin blends 
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Substitution of lignin for phenol is a possible route toward the preparation of inexpensive and 

renewable epoxy-resin adhesives. In fact, entirely renewable epoxy-resins have been prepared 

using lignin and epoxides of plant origin (Hirose, 2006; Watado et al., 2009).  A very wide 

variety of comonomers and curing reagents have been applied to prepare lignin-derived 

epoxy resins (Ebata, 2004; Hirose et al., 2002).  

The effect of lignin blending with epoxy resins is strongly affected by the type of lignin used 

(Feldman, 2002).  Commercial hardwood lignins have been reported to improve adhesion to 

epoxy resins more than Indulin, a softwood lignin, a result which correlates well with the 

density of hydrogen-bonding groups in the material. Tomlinite lignin (20 wt%) gave the 

highest adhesive joint shear strength. In general, differences in performance could be related 

the differences in molecular weight and the type and amount of functional groups (Feldman, 

2002).  Investigation of the viscoelastic properties of cured kraft lignin/epoxy resins has been 

found to have a very broad Tg, which suggests they may be suitable for application as 

adhesives or as damping materials for noise and vibration (Tomita, 1998).  Epoxy-resins 

derived from lignin have also been applied in concrete formulations (Cheng et al., 2005) and 

in a range of fibreboard and plywood products (Okabe et al., 2006). 

Feldman et al. (1991a; 1991b) studied a bisphenol A-polyamine hardener-based epoxy 

adhesive incorporating kraft lignin.  Blends with up to 40 wt% kraft lignin cured at room 

temperature or above their Tg, demonstrating enhanced bonding between the components. 

The improvement was attributed to association between lignin and the unreacted amine 

groups of the hardener. In another study, Feldman and Khoury (1988) observed that epoxy 

blends with 10 wt% and 20 wt% of lignin improved the adhesion tensile strength of an epoxy 

polymer system.  While blending with 5 wt% to 20 wt% lignin had little effect on the initial 

adhesive shear strength or the weatherability of the epoxy-lignin blend, after post-curing (4 h 

at 75 ºC) significant improvement of adhesive strength under shear was observed.  
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Modifying lignin structure by ozonisation was found to have little effect on the properties of 

epoxy resins prepared from soda lignin and epoxy compounds (polyethylene glycol 

diglycidyl ether and bisphenol A diglycidyl ether) which could be prepared with acceptable 

shear strengths in applications as wood adhesive (Nonaka et al., 1996).  Only one Tg was 

observed in resins of this kind, suggesting formation of interpenetrating polymer networks 

(Nonaka et al., 1997).  Epoxy resins prepared from lignin, glycerol, and succinic anhydride 

cured with dimethylbenzylamine at a range of ratios showed a constant decomposition 

temperature, regardless of lignin and glycerol content (Hirose and Hatakeyama, 2006). 

5.6 Phenol-formaldehyde resins 

Extensive work has been carried out with a number of different lignin types as substitutes for 

phenol in phenol-formaldehyde resins.  These have primarily been considered for use in 

adhesive applications, though there has been some application of lignin-containing phenol-

formaldehyde resins as foams (Frollini et al., 2004).  The state of work in this field to 2002 

has been comprehensively reviewed by Feldman (2002). The properties of wood adhesive 

products produced with lignin-based phenol-formaldehyde resins have been found to be 

comparable with those of commercial resins at up to 35 wt% partial replacement with 

(Kulshreshtha and Vasile, 2002).  A range of different lignins, including organosolv lignin, 

soda lignin, and lignosulfonates, have been used in phenol-formaldehyde resin preparation, 

and black liquor has even been applied directly (Nada et al., 2003; Wang et al., 2006).  A 

number of methods for lignin derivatisation for forming phenol-formaldehyde resins are 

described in the literature.  These phenolysis methods are (a) the lignin reacts with phenol 

and the lignin-phenol complex is then reacted with formaldehyde, (b) the lignin with reacts 

with phenol and formaldehyde, and the pre-polymer is then reacted with phenol, (c) phenol 

reacts with formaldehyde and the mixture is then reacted with lignin, and (d) the lignin reacts 

with formaldehyde and the hydroxymethylated lignin is then reacted with phenol. The 
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phenolation process may be acid or base catalysed.  The condensation reaction occurs 

between the ortho or para position of phenol and the side chain of the phenylpropane units of 

lignin in which the α- position is substituted by hydroxyl, etherified lignin residue or a double 

bond-carbon linked lignin residue. Incorporation of lignin into phenol-formaldehyde resins 

has been demonstrated to delay the first glass transition and speed up curing (Khan and 

Ashraf, 2006; Khan and Ashraf, 2007). 

Vazquez et al. (1999) and Cetin and Ozman (2002), have shown phenol-formaldehyde resins 

prepared using organosolv lignin  and subsequent plywood board formation produced board 

knife-test results better than those obtained with a commercial phenol-formaldehyde resin.   

In contrast, Gardner and McGinnis (1988) prepared lignin-based resins with kraft lignin and 

steam-exploded hardwood lignin showing lower reactivity and poorer physical properties 

than the pure phenol resin.  This variation in results is consistent with other reports indicating 

that the method of extraction and the source from which the lignin is derived has a strong 

bearing on the properties of the phenol-formaldehyde resin.  For example, Olivares et al. 

(1988) reported that different fractions of softwood lignin separated by ultrafiltration after 

methylation and demethylation gave different reactivities toward formaldehyde, leading to 

different mechanical and water absorption properties.   In another example, Piccolo et al. 

(1997) showed that during resol synthesis organosolv bagasse lignin acted as a chain 

extender.  As a result, molded resins prepared with 40 wt% lignin exhibited modulus 

extension at elevated temperatures. 

Park et al. (2008) studied the partial substitution of phenol in phenol formaldehyde resin with 

high-purity bagasse organosolv lignin.  Purification by extraction with cyclohexane/ethanol 

removed waxes, lipids, tannins in the lignin prior to synthesis.  The Tg of the resins were 

between 125 oC and 150 oC, and this transition was clearly evident in the resins when the 

lignin content was increased from 10 wt% to 40 wt%.  Conversion profiles for lignin/phenol-
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formaldehyde resins obtained in the authors’ lanboratory are shown below, demonstrating 

that partial replacement of phenol with lignin increases the rate of polymer formation (Figure 

5.3).  The conversion profile is relatively unchanged with the addiition of 10 wt% lignin, 

however, the initial rate of conversion increases markedly upon increase in lignin 

concentration to 20 wt% and even further when the concentration is increased to 30 wt%.  

Further addition of lignin to 40 wt% decreases the rate of conversion from the 30 wt% value, 

but the conversion rate is still higher than the phenol-formaldehyde resin.  In the same study, 

cardboard coated with lignin/phenol-formaldehyde showed water resistance properties far 

superior to untreated cardboard or cardboard treated with an equivalent phenol-formaldehyde 

resin (Park et al., 2008).  Phenol-formaldehyde-type adhesives prepared from lignosulfonate 

derived from grasses (bagasse, kaigrass and wheat straw) have demonstrated acceptable 

performance qualities at up to 70 wt% lignosulfonate content (Akhtar et al., 2009; Liu et al., 

2006).  The best adhesive properties on incorporation into phenol-formaldehyde resins of 

wheat straw soda-lignin were found for the lower molecular weight fractions (Liu et al., 

2008). 
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Figure 5.3 Conversion profiles of lignin-based phenol formaldehyde resins 

 

Peng and Riedl (1994) have shown that the reactivity of lignosulfonate with formaldehyde is 

increased when wheat starch was added as a filler, and less condensation was apparent.  

Hydroxylmethylation has been reported to produce resins with improved properties in 

comparison to unmodified lignin (Yang and Liu, 2002).  It would be interesting to see if the 

addition of starch to the hydroxymethylation procedure of lignin described by Muller and 

Glasser (1984) would further enhance the reactivity of the hydroxymethylated lignin and 

produce resins of improved quality.  In another application of multiple natural products in a 

composite material, pulverised lignocellulosic materials such as sisal fibre have been applied 

as fillers in lignin-based phenolic resin (Frollini et al., 2004). 

From an environmental point of view, an important advantage of using lignin in partial 

replacement of phenol-formaldehyde resin is the decrease in formaldehyde emission during 
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processing (Kulshreshtha and Vasile, 2002). It is also possible to avoid this volatile and toxic 

compound entirely, with good materials properties having been demonstrated for a resin 

composed of lignin and the non-volatile aldehyde glyoxal (Mansouri et al., 2007).  The 

overall consensus is that lignin-based resins generally have weaker adhesive properties, and a 

high degree of variability in adhesion performance (Cyr and Ritchie, 1989).  The presence of 

plasticisers or contaminants, such as very low molecular weight lignin, is suspected to be 

largely responsible for the low bond strengths obtained, (Hiro-kuni and Kenichi, 1989; Lora, 

2002) while the variability is probably due to the sensitive dependence of properties on the 

source and history of the lignin, as mentioned above. 

5.7 Lignin-polyolefin blends 

The main objectives of incorporating lignin in polyolefins are to act as a stabiliser against 

oxidation under UV radiation or at elevated temperatures, or conversely, to enable the 

biodegradation of the material. Early investigations of polymer blending found good 

compatibility between hydrophobic lignin and high density polyethylene (HDPE) with little 

change in properties, but poor compatibility with low density polyethylene (LDPE) (Deanin 

et al., 1978).  Some improvements in the tensile modulus of LDPE were found with greater 

than 20 wt% lignin incorporation, but tensile strength was poor. The differences observed 

between HDPE and LDPE suggest that molecular architecture may play as large a role as 

chemical structure in determining the compatibility of lignin in blends, as the interactions 

between lignin and the many short branching chains of LDPE may be entropically 

unfavourable.  

Blends of up to 70 wt% hydrophilic lignin were similar for both HDPE and LDPE, with 

increases in Young’s modulus and decrease in elongation at break for both classes of blend, 

with sugar-rich lignosulfonates giving the largest increase in modulus (Kubat and Stroemvall, 
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1983).  Scanning electron microscopy of these blends suggested a morphology of thin 

HDPE/LDPE fibres in a lignosulfonate matrix. 

Straw lignin obtained by steam-explosion has been blended with LDPE, HDPE, and linear 

low density polyethylene (LLDPE), giving blends that are stabilised against UV radiation and 

can be processed by conventional thermoplastic methods. While modulus was slightly 

increased in the blends, tensile strength and elongation at break were impaired (Pucciariello 

et al., 2004).  Significant improvements have been observed in the thermal oxidative stability 

of polyethylene blended with lignosulfonate, and incorporation of lignosulfonate also had a 

significant impact on the rheology of the polymer melt (Levon et al., 1987).  

Ammonium lignosulfonate and epoxy-modified lignosulfonate can act as nucleating agents in 

polypropylene (PP) processing as well as plasticisers and controllers of melt flow (Darie et 

al., 2007). Košíková et al. (1993) investigated sulfur-free lignins as composites of PP films. 

PP films containing 2 wt% - 10 wt% of spruce organosolv lignin and/or beech wood 

prehydrolysis lignin showed good compatibility between lignin and PP and sufficient tensile 

strength. The films acted as good UV absorbers (Kosikova and Demianova, 1992). The 

influence of lignin on the oxidative stability of PP has been examined by Gregorova et al. 

(2005) by differential scanning calorimetry under non-isothermal conditions.   It was found 

that lignin exerts a stabilizing effect in both virgin and recycled PP, with a protection factor 

increasing with lignin content in the PP matrix, though the increases with small quantities of 

lignin were less significant than for polyethylene (PE) (Chodak et al., 1986). Surface 

modification of lignin/PP blends by treatment with silicon tetrachloride plasma increased 

tensile and impact strength by introducing surface cross-linking (Toriz et al., 2002).  

Alexy et al. (2000) used lignin as a filler for both LDPE and PP at concentrations up to 30 

wt%, with only small impacts on tensile strength and melt flow index, but improvements in 

processing stability and modulus.  Resistance to light and heat degradation was improved for 
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both PE-lignin and PP-lignin blends.  Kraft lignins acylated with long hydrophobic 

substituents have been used to compatibilise fractions of different polyolefins in recycled 

household waste, giving good values of tensile strength and elongation at break for blends of 

LDPE and PP (Tinnemans and Greidanus, 1984). Compatibility of lignin and hydroxypropyl 

lignin with polyethylene is low in comparison with more polar monomers, making them 

relatively ineffective in improving bulk modulus (Ciemniecki and Glasser, 1989; Glasser et 

al., 1988). The compatibility between lignin and PE/PP can be improved by grafting 

ethylene/propylene monomers onto lignin prior to blending to the polyolefin (Casenave et al., 

1996). The Young’s modulus of the lignin-grafted material prepared by Casenave (1996), 

Ait-Kadi and Riedl was similar to that of pure polyethylene at up to 64 wt% lignin content. 

Chemical modification of soda lignin with stearoyl chloride has also been effective in 

increasing its compatibility with LDPE, giving significant mixing attested to by 

improvements in mechanical properties (Vasile et al., 2006).  

Organosolv lignin blends based on the compatilisation of polyethylene with ethylene-vinyl 

acetate copolymer (EVA) have been investigated by Alexy et al. (2004).  The addition of 10 

wt% EVA gave an approximate 200 wt% increase in tensile strength and a 1300 wt% 

increase in elongation at break in comparison to blends without EVA.  A composite material 

prepared containing 33.6 wt % lignin displayed acceptable processing and mechanical 

properties, and was used successfully in preparing blown films.  The compatibility of lignin 

and EVA was found to increase with increasing content of vinyl acetate for both soda lignin 

and hydroxypropyl lignin by Glasser, Knudsen, and Chang.(Glasser et al., 1988) Tensile 

properties were inferior with less than 10 wt % vinyl acetate and the best tensile properties 

were obtained with materials containing between 5 wt % and 20 wt % hydroxypropyl lignin 

and greater than 25 wt % vinyl acetate. Ciemniecki and Glasser (1989) also observed that 
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blends of EVA and hydrodxyropyl lignin showed superior strength properties as the 

proportion of the polar vinyl acetate component increased.  

In another application of EVA, lignin was added to an EVA/LDPE blend to form a 

homogeneous blend exhibiting a single glass transition temperature that could be used to 

prepare a foam (Zhou and Luo, 2007). LDPE grafted with maleic anhydride is another 

compatabiliser that has been successfully used to mix LDPE and lignin, with scanning 

electron microscopy indicating more dispersed lignin in smaller domains in the presence of 

maleated LDPE, decreasing the melting temperature and improving stability to thermal 

oxidation (Li and Luo, 2005). At 25 wt % loading of lignin and 10 wt % maleated LDPE, 

blown films could be prepared with excellent properties.  

Processes for preparing degradable plastic blends of ethylene copolymers and organosolv 

lignin have been patented by Bono (1994) Lignin was incorporated in the form of powder 

having a grain diameter of about 1 μm - 5 μm, and homogeneous films with a thickness of 

about 15 μm - 25 μm were obtained showing improved degradation with photoactive and 

oxidizing agents. The ability of the lignin-degrading microorganism Phanerochaete 

chrysosporium to degrade lignin-PE blends has been reported by Košíková et al. (2001). The 

isolation of oligomer fraction from biodegraded polymer blends indicated that the 

biotransformation of lignin during the cultivation process was accompanied with degradation 

of the PE matrix. 

5.8 Lignin-vinyl polymer blends 

As with polyolefins, vinyl lignin polymers have attracted interest primarily as a UV and 

thermal stabiliser. In general, unmodified lignin has poor compatibility with non-polar vinyl 

polymers; while the modulus of these blends is increased, reductions in tensile strength and 

elongation at break are obtained. Early work found good compatibility between hydrophobic 
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lignin and relatively polar poly(vinyl chloride) (PVC), but poor compatibility with 

polystyrene (Deanin et al., 1978).  However, the source of the lignin can have a considerable 

impact on miscibility, and steam-explosion lignin powder has more recently been 

successfully blended with atactic polystyrene into a readily processible material (Pucciariello 

et al., 2004). Improved blending of polystyrene and lignin has also been achieved using a 

copolymer of styrene and vinyl phenol (Henry and Dadmun, 2009) or cellulose phthalate 

(Hechenleitner et al., 1997) as compatibilising agents. In the latter case, a strong dependence 

of thermal stability on the hydrophobicity of the lignin used was observed, with the more 

hydrophobic lignin fraction promoting stability and the more hydrophilic fraction reducing 

stability. 

A significant body of research has been carried out on the blending of lignin and PVC (Banu 

et al., 2006; El Raghi et al., 2000; Feldman and Banu, 2003; Mishra et al., 2007).  One 

rationale for this has been to increase the resistance of PVC-based floor coverings to attack 

by fungi that can degrade phthalate-based plasticisers to generate potentially toxic products 

(Feldman et al., 2003). Generally homogeneous PVC/lignin blends can be prepared at low 

lignin content, with increased rigidity due to the lignin component improving impact 

resistance and scratch hardness while reducing flexibility (Mishra et al., 2007). Larger 

quantities of lignin with concomitant changes in properties towards rigidity can be achieved 

by using plasticisers that can disrupt intermolecular hydrogen bonding in lignin, (Feldman 

and Banu, 2003) and in general lignin may have either an antiplasticising or plasticising 

effect depending on its molecular weight and how it is dispersed through the PVC matrix 

(Banu et al., 2006; Feldman et al., 2003). There are reports that thermal stability of PVC can 

be improved by addition of lignin (Szalay and Johnson, 1969). Conversely, a negative impact 

of lignin on stability of PVC to weathering has been attributed to degradation of lignin under 

PVC processing conditions (Feldman and Banu, 1997). There is some evidence that softwood 
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lignins, generally having a higher proportion of crosslinked phenol groups, are more effective 

in promoting properties of PVC/lignin blends than hardwood lignins (Feldman and Banu, 

1997). 

Polymer blends of hydroxypropyl lignin with poly(methyl methacrylate) (PMMA), and 

poly(vinyl alcohol) (PVA) were investigated by Ciemniecki and Glasser (1989). In both cases 

compatibility was high, with the lignin able to contribute to modulus, while depending on 

molecular weight the effect of lignin incorporation could be either plasticising or 

antiplasticising.  In all cases two-phase materials were produced, but Tg values nevertheless 

suggest a high degree of compatibilisation.  Blends prepared using injection moulding 

showed generally better properties than blends formed by solution casting from organic 

solvent (Ciemniecki and Glasser, 1988).  

Li et al. (1997) reported a blend of 85 wt % underivatised kraft lignin and poly(vinyl acetate),  

prepared with indene and diethyleneglycol benzoate as plasticizers, which exhibited 

promising mechanical properties. The modulus and tensile strength of these blends was 

strongly influenced by the degree of association between the lignin molecules. Lignins 

dissociated by prolonged incubation in 0.10 M NaOH gave much poorer mechanical 

properties in the blends, while lignins associated by incubation in 0.40 M NaOH with a high 

ionic strength gave blends with excellent mechanical properties. This work has significant 

implications for the entire field of lignin-polymer blends, implying that the effect of the 

blended copolymer on non-covalent interactions between lignin molecules could play a 

critical role in the properties of blended materials (Chen and Sarkanen, 2006).  

Blends of hydrophobic lignin with water-swellable alternating copolymers of maleic 

anhydride have attracted interest as matrices for delivery of agricultural actives. Acylated 

kraft lignin was blended with poly(maleic anhydride-alt-styrene) by solvent casting to give 
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brittle films which could be swollen to up to 50 times their dry weight in water or dilute 

aqueous ammonia (Tinnemans and Greidanus, 1984). 

There has been interest in blends of lignin with hydrophilic polymers such as poly(vinyl 

alcohol) (PVA) and poly(ethylene oxide) for application in carbon fibre synthesis (Kubo et 

al., 2005; Kubo and Kadla, 2004; Kubo and Kadla, 2005). While kraft or organosolv lignins 

can be spun into fibres, they produce carbon fibres that are brittle and difficult to handle, and 

morphological properties can be significantly improved using miscible (e.g., PEO) or 

immiscible (e.g., PVA) blends of hydrophilic polymer with lignin (Kubo et al., 2005). 

Incorporation of lignin in PVA greatly reduces the crystallinity of the PVA and reduces Tg, 

suggesting there are strong hydrogen-bonding interactions between lignin and PVA despite 

the fact the these blends remain two-phase systems (Kubo and Kadla, 2003). 

A ‘polyionic complex’ of lignosulfonic acid and poly(vinyl pyridine) can be cast into a thin 

film and shows good adhesive properties (Hasegawa et al., 2008). 

As with polyolefin/lignin blends, blends of lignin with vinyl polymers have been shown to be 

biodegradable, with poly(methyl methacrylate) (PMMA) and polystyrene blends with as little 

as 10 wt % lignin degrading under the action of a number of ‘white rot’ fungus species 

(Milstein et al., 1996).  Conversely, lignin blending with poly(vinyl alcohol) had little effect 

on its rate of bidegradation  (Pseja et al., 2006).  Incorporation of small amounts of lignin has 

also been demonstrated to accelerate the thermal depolymerisation of polystyrene and 

PMMA (Mansour, 1992). 

 

5.9 Lignin-polyester blends 

Blends of lignin have been prepared with a wide variety of synthetic polyesters, in addition to 

the poly(hydroxy alkanoates) and polylactides/polyglycolides already discussed. These 
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include poly(ethylene terephthalate) (PET),  (Agafitei et al., 1999) poly(butylene 

terephthalate),  (Xu et al., 2007) poly(trimethylene succinate)  (Li and Sarkanen, 2005) and 

poly(ε-caprolactone) (Nitz et al., 2001). 

 Blending of poly(butylene adipate) and poly(trimethylene succinate) with acylated, 

methylated and ethylated kraft lignin is most effective when the lignin has a broad molecular 

weight distribution (Li and Sarkanen, 2005). These polyesters appear to be relatively less 

effective plasticisers of lignin than PEG. On the other hand, alkylated lignin in combination 

with aliphatic polyester plasticisers has produced materials with tensile properties very 

similar to polystyrene (Sarkanen and Li, 1999).  

Blends of methylated and ethylate kraft lignins with aliphatic polyesters seem appear to be  a 

potentially versatile class of thermoplastics, with homogeneous blends obtained when the 

ratio of methylene/carboxylate ester in the polyester is between 2 and 4 (Li and Sarkanen, 

2003). As with kraft lignin/poly(vinyl acetate) blends, the association of the lignin molecules 

into supramolecular structures is postulated to be largely responsible for the properties of 

these blends (Li et al., 1997). The amount of alkylated kraft lignin necessary to disrupt 

crystalline domains of the polyester is least when the ratio of methylene/carboxylate ester in 

the polyester is between 2.5 and 3.0 (Li and Sarkanen, 2002). 

Lignin can form homogeneous blends with poly(butylene terephthalate) (Xu et al., 2007) and 

PET (Kadla and Kubo, 2004).  Soda lignin decreases the melting temperature and Tg of PET, 

improving its processability, and accelerates crystallisation implying it can play a role in PET 

nucleation (Chaudhari et al., 2006).  The compatibility of lignin epoxy-modified with 

epichlorohydrin with PET and a poly(ethylene terephthalate/isophthalate) copolymer was 

studied by Agafitei et al. (1999). Optimum compatibility with significant increases in surface 

and bulk electrical resistivity, reductions in crystallisation temperature, and increases in 

melting temperature, were achieved using 4 wt % -10 wt % lignin (Agafitei et al., 1999). 
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Organosolv lignin alkylated with propyl, butyl, or pentyl groups formed homogeneous blends 

with poly(ε-caprolactone) (PCL), with crystallisation studies suggesting the miscibility 

improved as the length of the alkyl chain increased. Good elongation at break values were 

obtained even in blends with 50 wt %  alkylated lignin (Teramoto et al., 2009).  Unmodified 

straw lignin strongly stabilised PCL against UV radiation and increased the blend modulus, 

but decreased the observed elongation at break, and the two components of the blend were 

shown to be immiscible by dynamic mechanical analysis (Pucciariello et al., 2008). 

Compatibilisation of PCL with lignin and wood flour could be achieved by incorporation of 

PCL grafted with maleic anhydride, giving a blend with a five-fold improvement in modulus 

and 100 wt % improvement in yield stress (Nitz et al., 2001). Lignin was found to retard the 

rate of decomposition of these biodegradable composites (Nitz et al., 2001). 

Sulfur-free lignin compounded with poly(butylene-co-adipate-co-terephthalate) gave 

improved mechanical properties, but marked differences were seen between lignin obtained 

by alkaline pulping of fibre plants such as sisal and abaca and alkaline pulping of wood, with 

the lignin derived from the fibre plants giving superior modulus and yield stress (Nitz et al., 

2001).  The blends obtained were heterogeneous, with the disperse lignin phase occurring in 

larger domains when wood lignin was used. 

5.10 Lignin-containing polyurethanes and lignin-polyurethane blends 

The incorporation of lignin and lignin derivatives into polyurethanes has been investigated in 

order to (a) increase crosslinking of the polyurethane networks, (b) increase Tg, (c) increase 

tensile strength, (d) increase curing rates and, (e) increase thermal stability (Hatakeyama and 

Hatakeyama, 2005).  

Extensive work has been done on the development and characterisation of polyurethanes 

from lignin grafted with polycaprolactone, which gave two-phase systems with properties 

controlled by the degree of association of the PCL chains (Hatakeyama et al., 1998; 
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Hatakeyama et al., 2001; Hatakeyama et al., 2001).  Lignin extended with polyethylene oxide 

has also been used as a basis for producing polyurethanes, notably in interpenetrating 

network systems with PMMA (Kelley et al., 1989; Kelley et al., 1990).  Liu et al. (2002) used 

propylene oxide-modified lignin with ethylene glycol and methylene diisocyanate to prepare 

polyurethane resins potentially suitable for use in hard foams, with lignin content of 30 wt % 

or less.  One intriguing application as a geoengineering material is in situ 

polyurethane/inorganic composites generated by injecting lignin and isocyanates into sand 

(Hatakeyama et al., 2005).  

Polyurethane/lignin blends have also been investigated. The morphology of such blends has 

been studied by Feldman and Lacasse (1989)  While SEM revealed an even distribution of 

lignin particles in the polyurethane matrix, the different morphologies of the constituent 

phases could clearly be observed, with differential scanning calorimetry (DSC) confirming 

immiscibility. Polyurethane lignin blends have also been obtained by treating steam 

explosion lignin from straw with a range of isocyanates. The presence of ethylene glycol 

reduced the yields, and the best results were obtained using an isocyanate terminated 

poly(butylene terephthalate) (Bonini and D'Auria, 2007).  Ciobanu et al. (2004) used a 

polyurethane elastomer blended with flax soda lignin to form homogeneous solvent-cast 

films containing between 4.2 wt % and 23.2 wt % lignin. While the thermal degradation 

ranges of unmodified polyurethane and the blends were similar, the  presence of lignin 

accelerated decomposition at lower temperatures. The tensile strength increased up to 370 wt 

%, toughness up to 470 wt % and elongation at break up to 160 wt %, for the blends 

compared to the unmodified polyurethane film.  

5.11 Rubber-lignin blends 

Lignin has attracted most attention as filler in natural and synthetic rubbers - that is, as a 

component of a multiphase mixture, not in a homogeneous blend. It has been applied as a 
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filler in butadiene-styrene-butadiene and isoprene-styrene-butadiene rubbers for shoe soles, 

(Savel'eva et al., 1983) in styrene-butadiene elastomer, (Kosikova et al., 2003; Kramarova et 

al., 2007) and in natural rubber (Kramarova et al., 2007). Soda lignin and calcium 

lignosulfonate were compared as fillers in natural rubber, and though neither had properties 

entirely comparable to carbon black, soda lignin had better filler properties than calcium 

lignosulfonate and showed potential as a low-cost substitute for carbon black (Lazic et al., 

1986).  Low molecular weight lignins have been shown to be more effective in improving the 

tensile strength of natural rubber than of styrene-butadiene rubber, being significantly more 

effective than starch or protein as a filler for natural rubber but not for styrene-butadiene 

rubber (Kramarova et al., 2007).  

 Lignin-based phenol-formaldehyde resin has demonstrated good mechanical properties, oil 

resistance, and resistance to environmental oxidation when used as a filler in nitrile rubber 

(Wang et al., 1992).  

Lignin has also been applied in combination with an oligomeric polyester as a modifier of 

isoprene rubber and methylstyrene-butadiene rubber (Savel'eva et al., 1988). The 

vulcanization rate of the rubbers increased and optimum vulcanization time decreased, and 

improvements were obtained in the mechanical properties suitable for applications as tire 

rubber (fatigue strength, adhesion to reinforcing cord). Improved adhesion to textiles in 

blends with lignin has also been observed in blends of lignosulfate with natural rubber 

(Piaskiewicz et al., 1998) and styrene-butadiene rubber (Lora et al., 1991). While in these 

applications lignin incorporation increases the adhesiveness of the material, a 

hydrophobically modified lignin has been applied to pre-vulcanised natural rubber latex in 

order to decrease the stickiness of natural rubber latex as a paperboard coating material 

(Wang et al., 2008).  
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5.12 Lignin-graft-copolymers 

Apart from the uses of lignin as a filler in thermoplastics and as a copolymer in thermosetting 

polymers, there is the potential for lignin to be used in free-radical copolymerisation with 

unsaturated polymers.  This potential is limited by the ability of the phenolic hydroxyl groups 

in lignin to act as radical scavengers, initiating the formation of quinonic structures (Barclay 

et al., 1997; Lu et al., 1998).  

 

(a)   

(b)  

Figure 5.4 Potential sites for hydrogen abstraction for free-radical grafting from lignin; 

(a) benzylic hydrogen, (b) allylic hydrogen from double bond from 

dehydrozylation 

The residual double bonds in lignin are 1,2-disubstituted and hence not reactive towards free-

radical attack, but lignin has a high concentration of benzylic sites that should be susceptible 
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to hydrogen abstraction and hence afford grafting sites (Figure 5.4).  The chief limitation on 

achieving grafted copolymers based on free-radical monomers and lignin is hence not 

normally the intrinsic reactivity of the ligand, but that the high polarity of the hydroxyl 

groups leads to a molecule insoluble in non-polar comonomers such as styrene and methyl 

methacrylate.    

Lignin has been shown to retard the polymerisation of styrene and methyl methacrylate, 

(Rizk et al., 1984) but good yields of PMMA-grafted lignin have been prepared, (Meister and 

Zhao, 1992) and successful grafting using conventional radical initiation has also been 

achieved with acrylamide, (Ibrahim et al., 2006; Meister et al., 1991) vinyl acetate, (Corti et 

al., 2003) cationic vinyl monomers, (Meister and Li, 1990) acrylic acid, (Maelkki et al., 

2002), acrylonitrile (Chen et al., 1996) and sodium acrylate (Potapov et al., 1990).  Interest in 

grafting polyelectrolytes to lignin arises from the possibility of incorporating the thermal and 

mechanical resistance of lignin into polyelectrolyte applications for extreme environments, 

such as additives for drilling muds (Ibrahim et al., 2006).  Chemical grafting of PMMA or 

polystyrene to lignin produces surface-active materials which have possible applications as 

wood coatings (Chen et al., 1995; Gardner et al., 1993).  Contact angle on wood surfaces 

coated with lignin-PMMA graft copolymer, a measure of hydrophobicity, increased with 

lignin content, and copolymers of relatively low molecular weight gave larger contact angles 

than copolymers of low molecular weight (Gardner et al., 1993). Sailaja (2005) has reported 

that lignin grafted with PMMA using manganese pyrophosphate initiator gave much 

improved mechanical properties in blends at up to 50 wt % with polyethylene, in comparison 

to blends of polyethylene with unmodified lignin.  

A promising means for producing graft copolymers of lignin and free-radical monomers 

appears to be initial derivatisation of lignin with more readily polymerisable moieties, e.g., 

with isocyanatomethacrylate to give pendant methacrylate groups readily polymerisable with 
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methyl methacrylate or styrene, (Glasser and Wang, 1989) or with chloromethylstyrene and 

methacryloyl chloride (Da Cunha et al., 1993).  Feldman et al. (1991) carried out free-radical 

grafting of maleic anhydride onto lignin in order to facilitate incorporation of the modified 

lignin into a polyurethane.  They reported both free-radical grafting to the lignin backbone 

and a degree of esterification of the phenol hydroxy groups on treatment with maleic 

anhydride and a persulfate radical source.   

Grafting of methyl methacrylate to lignin using radiation was first reported by Koshijima and 

Muraki (1964).  Alkoxylation of the phenol groups improved the effectiveness of radiation 

grafting, and radiation-curable coatings have been produced using acrylic acid and 

propoxylated lignin (Reich et al., 1996).  Radiation-induced grafting of styrene to lignin was 

facilitated in the presence of an organic solvent, with better efficiency as the proportion of 

methanol in the reactants was increased (Phillips et al., 1972).  Increasing moisture content in 

wood was correlated with increasing radiation-induced grafting of PMMA to lignin, 

presumably a phenomenon related to monomer diffusion within the matrix (Sutyagina et al., 

1987).  

Grafting to lignin has also been accomplished through anionic and cationic chain 

polymerisation,  and chemical (De Oliveira and Glasser, 1994a) or enzymatic (Huttermann et 

al., 2000) grafting of complete polymer chains. Oliveira and Glasser prepared star-like graft 

copolymers of lignin and poly(caprolactone) using anionic polymerization (De Oliveira and 

Glasser, 1994b) and heterogeneous composites of these copolymers with poly(vinyl chloride)  

(De Oliveira and Glasser, 1994c).  While these lignin-PCL copolymers were brittle and had 

poor mechanical strength on their own (De Oliveira and Glasser, 1990), they were found to 

exhibit good plasticization properties with PVC. Anionic polymerisation has been used to 

graft well-characterised polystyrene chains onto mesylated lignin, producing copolymers 
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suitable for use as compatibilisers for blends of kraft lignin and polystyrene (Narayan et al., 

1989). 

Another route to lignin-PCL graft copolymers is by enzymatic polymerisation of ε–

caprolactone (Enoki and Aida, 2007).  A similar chemo-enzymatic polymerisation pathway 

has also been reported as a means of grafting acrylamide (Mai et al., 2000a) and acrylic acid 

(Mai et al., 2001) onto lignin, in a process where the role of the laccase enzyme appears to be 

primarily to catalyse the production of peroxide-derived radicals (Mai et al., 2002).  Although 

grafting of acrylic acid to calcium lignosulfonates could be successfully carried out with a 

hydroperoxide initiator alone, the process was much more effective when the initiator was 

used in combination with laccase (Mai et al., 2000b). 

6 Conclusions 

Lignin is a very abundant naturally occurring polymer with good properties for many 

materials applications, which can play a role in replacing or part replacing petroleum-based 

components in a broad range of composite materials. Lignin can be isolated in fractions of 

varying molecular weight and may readily be functionalised to play a role in a broad range of 

composite materials. In addition, lignin can serve as a feedstock for the production of both 

liquid fuel and a broad range of commodity chemicals.  The importance of lignin in these 

applications is likely to increase, as society becomes less tolerant of product streams that 

dispose of lignin by landfill or burning and as the exploitation of lignocellulosic sources for 

biofuels increase the amount of lignin generated. Widespread exploitation of these 

lignocellulosic sources would also dramatically change the nature of the lignin isolated: today 

most lignin is hydrophilic sulfated material produced as a by-product of the pulp and paper 

industry, but the thermal, chemical, and biological methods employed in digesting 

lignocellulosic material are all likely to give rise to unfunctionalised lignin. For many 
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applications, this material will be of superior quality, and hence the emergence of a viable 

lignocellulosic biofuels industry will afford a significant opportunity to apply lignin to a 

much greater extent in polymer composites, controlled-release formulations, and as a 

feedstock for fuels and commodity chemicals. Conversely, the development of these 

applications on a commercially viable scale will exert a ‘pull’ effect on lignocellulosic 

biofuel development, making the industry economically viable at an earlier stage of fossil 

fuel resource depletion.  Despite hundreds of years of experience in the pulping of biomass, 

technically feasible processes for separation of biomass into its main components still lie 

mostly below the threshold of economic viability.  The present treatment strategies, whether 

thermal, thermochemical or thermomechanical, still require considerably energy input.  Thus 

an important future research direction is the cost-effective fractionation of lignocellulosic 

biomass. Specifically, the processes involved in lignin recovery from black liquor (such as 

acid precipitation and membrane filtration) need to be improved so that better separation, 

decreased losses during washing of the precipitated lignin, and improved purity can be 

achieved.  Research into the use of flocculants, surfactants and ions for effective lignin 

isolation from black liquor produced from various fraction strategies would also be 

worthwhile. 

  



49 
 

References 

 

 

Agafitei, G.E., Pascu, M.C., Cazacu, G., Stoleriu, A., Popa, N., Hogea, R., Vasile, C., 1999. 
Polyester/lignosulfonate blends with enhanced properties. Angew. Makromol. Chem., 
267, 44. 

Akhtar, T., Lutfullah, G., Nazli, R., 2009. Synthesis of lignin based phenolic resin and its 
utilization in the exterior grade plywood. J. Chem. Soc. Pak., 31, 304. 

Akin, D.E., Benner, R., 1988. Degradation of polysaccharides and lignin by ruminal bacteria 
and fungi. Appl. Environ. Microbiol., 54, 1117-25. 

Alen, R., 2000. Basic chemistry of wood delignification. Papermaking Sci. Technol., 3, 58. 
Alexy, P., Kosikova, B., Crkonova, G., Gregorova, A., Martis, P., 2004. Modification of 

lignin-polyethylene blends with high lignin content using ethylene-vinyl acetate 
copolymer as modifier. J. Appl. Polym. Sci., 94, 1855. 

Alexy, P., Kosíková, B., Podstránska, G., 2000. The effect of blending lignin with 
polyethylene and polypropylene on physical properties. Polymer 41, 4901. 

Banu, D., El-Aghoury, A., Feldman, D., 2006. Contributions to characterization of polyvinyl 
chloride-lignin blends. J. Appl. Polym. Sci., 101, 2732. 

Barclay, L.R.C., Xi, F., Norris, J.Q., 1997. Antioxidant properties of phenolic lignin model 
compounds. J. Wood Chem. Technol., 17, 73. 

Baucher, M., Halpin, C., Petit-Conil, M., B., W., 2003. Lignin: genetic engineering and 
impact on pulping. Critical Reviews in Biochemistry and Molecular Biology, 38, 305-
350. 

Baumberger, S., 2002. Starch-lignin films. Chem. Modif., Prop., Usage Lignin, 1. 
Baumberger, S., Dole, P., Lapierre, C., 2002. Using transgenic poplars to elucidate the 

relationship between the structure and the thermal properties of lignins. J. Agric. Food 
Chem., 50, 2450. 

Baumberger, S., Lapierre, C., Monties, B., 1998. Utilization of pine kraft lignin in starch 
composites: impact of structural heterogeneity. J. Agric. Food Chem., 46, 2234. 

Baumberger, S., Michon, C., Cuvelier, G., Lapierre, C., 2000. Lignin utilization in starch 
thermoplastics: towards molecular origin of polymer compatability. Sixth European 
workshop on Lignocellulosics and Pulps, pp. 121. 

Baurhoo, B., Ruiz-Feria, C.A., Zhao, X., 2008. Purified lignin: Nutritional and health impacts 
on farm animals--A review. Animal Feed Science and Technology, 144, 175-184. 

Bettiga, M., Bengtsson, O., Hahn-Hägerdal, B., Gorwa-Grauslund, M.F., 2009. Arabinose 
and xylose fermentation by recombinant saccharomyces cerevisiae expressing a 
fungal pentose utilization pathway. Microb. Cell Fact., 8, No pp given. 

Bjorsvik, H.R., Minisci, F., 1999. Fine chemicals from lignosulfonates. 1. synthesis of 
vanillin by oxidation of lignosulfonates. Org. Process Res. Dev., 3, 330. 

Bonini, C., D'Auria, M., 2007. New materials from lignin. Prog. Biomass Bioenergy Res., 
177. 

Bono, P., 1994. Lignin as heat and light stabilizer in thermoplastics. FR 2 701 033. 
Buchholz, R.F., Quinn, D.W., 1994. Particulate fertilizer dust control. U.S. 5 360 465. 
Caimi, P.G., 2004. Microbial hosts expressing foreign isoamylase genes and capable of 

utilizing starch degradation products as carbon sources in fermentation. WO 2004 018 
645. 



50 
 

Camargo, F.A., Lemes, A.P., Moraes, S.G., Mei, L.I., Duran, N., 2002. Characterization and 
biodegradation of blend synthesize from natural polymers 4th International 
symposium on Natural Polymers and Composites, Sao Pedro, Brazil, pp. 49-54. 

Casenave, S., Ait-Kadi, A., Riedl, B., 1996. Mechanical behavior of highly filled 
lignin/polyethylene composites made by catalytic grafting. Can. J. Chem. Eng., 74, 
308. 

Cetin, N.S., Ozman, N., 2002. Use of organosolv lignin in phenol-formaldehyde resins for 
particleboard production I.  Organosolv lignin modified resins for particleboard 
production Int. J. Adhesion, 22, 477. 

Chakar, F.S., Ragauskas, A.J., 2004. Review of current and future softwood kraft lignin 
process chemistry. Industrial Crops and Products, 20, 131-141. 

Chaudhari, A., Ekhe, J.D., Deo, S., 2006. Non-isothermal crystallization behavior of lignin-
filled polyethylene terephthalate (PET). Int. J. Polym. Anal. Charact., 11, 197. 

Chen, C.L., 1991. Lignins: occurrence in woody tissues, isolation, reactions, and structure. 
Int. Fiber Sci. Technol., 11, 183. 

Chen, M.J., Gunnells, D.W., Gardner, D.J., Meister, J.J., 1996. Utilization of chemically 
modified lignin. Book of Abstracts, 211th ACS National Meeting, New Orleans, LA, 
March 24-28, CELL-062. 

Chen, M.J., Meister, J.J., Gunnells, D.W., Gardner, D.J., 1995. Alteration of the surface 
energy of wood using lignin-(1-phenylethene) graft copolymers. J. Wood Chem. 
Technol., 15, 287. 

Chen, P., Zhang, L., Peng, S., Liao, B., 2006. Effects of nanoscale hydroxypropyl lignin on 
properties of soy protein plastics. J. Appl. Polymer Sci., 101, 334. 

Chen, Y.-R., Sarkanen, S., 2006. From the macromolecular behavior of lignin components to 
the mechanical properties of lignin-based plastics. Cellul. Chem. Technol., 40, 149. 

Cheng, X., Peng, D., Chen, Z., Chen, Y., 2005. Manufacture of concrete composite material 
containing high boiling alcohol lignin and its derivatives. CN 1 644 558. 

Chodak, I., Brezny, R., Rychla, L., 1986. Blends of polypropylene with lignin. I. Influence of 
a lignin addition on crosslinking and thermooxidation stability of polypropylene. 
Chem. Pap., 40, 461. 

Ciemniecki, S.L., Glasser, W.G., 1988. Multiphase materials with lignin: 1. Blends of 
hydroxypropyl lignin with poly(methyl methacrylate). Polymer, 29, 1021. 

Ciemniecki, S.L., Glasser, W.G., 1989. Polymer blends with hydroxypropyl lignin. ACS 
Symp. Ser., 397, 452. 

Ciobanu, C., Ungureanu, M., Ignat, L., Ungureanu, D., Popa, V.I., 2004. Properties of lignin-
polyurethane films prepared by casting method. Ind. Crops Prod., 20, 231. 

Clough, T.J., 1996. Copper and zinc recovery process from sulfide ores. U.S. 5 575 334. 
Clough, T.J., 1996. Precious metal recovery process from sulfide ores. U.S. 5 575 334. 
Corti, A., Cristiano, F., Solaro, R., Chiellini, E., 2003. Biodegradable hybrid polymeric 

materials based on lignin and synthetic polymers. Biodegrad. Polym. Plast., 141. 
Courchene, C.E., 1998. The tried, the true, and the new -- getting more pulp from chips -- 

modifications to the kraft process for increased yield. Breaking Pulp Yield Barrier 
Symp., 11. 

Cruz, J.M., Dominguez, J.M., Dominguez, H., Parajo, J.C., 2001. Antioxidant and 
antimicrobial effects of extracts from hydrolysates of lignocellulosic materials. J. 
Agric. Food Chem., 49, 2459. 

Cyr, N., Ritchie, R.G., 1989. Estimating the adhesive quality of lignins for internal bond 
strength. ACS Symp. Ser.  , 397 (Lignin: Properties and Materials), 372. 



51 
 

Da Cunha, C., Deffieux, A., Fontanille, M., 1993. Synthesis and polymerization of lignin-
based macromonomers. III. Radical copolymerization of lignin-based 
macromonomers with methyl methacrylate. J. Appl. Polym. Sci., 48, 819. 

Darie, R.N., Vasile, C., Cazacu, G., Kozlowski, M., 2007. Effect of lignin incorporation on 
some physico-chemical properties of blends containing synthetic polymers. Adv. 
Plast. Technol., 6/1-6/9. 

Davin, L.B., Jourdes, M., Patten, A.M., Kim, K.-W., Vassao, D.G., Lewis, N.G., 2008. 
Dissection of lignin macromolecular configuration and assembly: comparison to 
related biochemical processes in allyl/propenyl phenol and lignan biosynthesis. Nat. 
Prod. Rep., 25, 1015. 

De Oliveira, W., Glasser, W.G., 1990. Synthesis, chemistry and morphology of multiphase 
block copolymers containing lignin. Polym. Prepr. (Am. Chem. Soc., Div. Polym. 
Chem.), 31, 655. 

De Oliveira, W., Glasser, W.G., 1994a. Multiphase materials with lignin: 13. Block 
copolymers with cellulose propionate. Polymer, 35, 1977. 

De Oliveira, W., Glasser, W.G., 1994b. Multiphase materials with lignin. 11. Starlike 
copolymers with caprolactone. Macromolecules, 27, 5. 

De Oliveira, W., Glasser, W.G., 1994c. Multiphase materials with lignin. XII. Blends of 
poly(vinyl chloride) with lignin-caprolactone copolymers. J. Appl. Polym. Sci., 51, 
563. 

Deanin, R.D., Driscoll, S.B., Cook, R.J., Dubreuil, M.P., Hellmuth, W.N., Shaker, W.A., 
1978. Lignin as a filler in commodity thermoplastics. Soc. Plast. Eng., Tech. Pap., 24, 
711. 

Detroit, W.J., Sanford, M.E., 1989. Oil well drilling cement dispersant. U.S. 4 846 888. 
Docquier, S., Kevers, C., Lambe, P., Gaspar, T., Dommes, J., 2007. Beneficial use of 

lignosulfonates in in vitro plant cultures: stimulation of growth, of multiplication and 
of rooting. Plant Cell, Tissue Organ Cult., 90, 285. 

Dumitrescu, L., Petrovici, V., Tica, R., Manciulea, I., 2002. Reducing the environment 
hazard using the lignosulfonates as copolymerization partners. Environ. Eng. Manage. 
J., 1, 437. 

Ebata, Y., 2004. Environmentally friendly adhesives with improved resistance to heat and 
water and their manufacture. JP 2004 210 816. 

Ede, R.M., Kilpelaeinen, I., 1995. Homo- and hetero-nuclear 2D NMR techniques: 
unambiguous structural probes for non-cyclic benzyl aryl ethers in soluble lignin 
samples. Res. Chem. Intermed., 21, 313. 

El Raghi, S., Zahran, R.R., Gebril, B.E., 2000. Effect of weathering on some properties of 
poly(vinyl chloride)/lignin blends. Mater. Lett., 46, 332. 

Enoki, M., Aida, Y., 2007. Enzymic preparation of biodegradable lignin polyester 
copolymers. JP 2007 006 827. 

Feldman, D., 2002. Lignin and its polyblends - a review. in: T.Q. Hu (Ed.) Chemical 
Modification, Properties, and Usage of Lignin. Springer, New York, pp. 81-100. 

Feldman, D., Banu, D., 1997. Contribution to the study of rigid PVC polyblends with 
different lignins. J. Appl. Polym. Sci., 66, 1731. 

Feldman, D., Banu, D., 1997. Lignin as a filler for PVC. Ext. Abstr. Eurofillers 97, 211. 
Feldman, D., Banu, D., 2003. Interactions in poly(vinyl chloride)-lignin blends. J. Adhes. Sci. 

Technol., 17, 2065. 
Feldman, D., Banu, D., Campanelli, J., Zhu, H., 2001. Blends of vinylic copolymer with 

plasticized lignin: thermal and mechanical properties. J. Appl. Polym. Sci., 81, 861. 



52 
 

Feldman, D., Banu, D., Manley, R.S.J., Zhu, H., 2003. Highly filled blends of a vinylic 
copolymer with plasticized lignin: Thermal and mechanical properties. J. Appl. 
Polym. Sci., 89, 2000. 

Feldman, D., Banu, D., Natansohn, A., Wang, J., 1991a. Structure-properties relations of 
thermally cured epoxy-lignin polyblends. J. Appl. Polymer Sci., 42, 1537. 

Feldman, D., Banu, D., Wang, J., 1991b. Epoxy-lignin polyblends: Correlation between 
polymer interaction and curing temperature. J. Polymer Sci., 42, 1307. 

Feldman, D., Khoury, M., 1988. Epoxy-lignin polyblends. Part II. Adhesive behavior and 
weathering. J.Adhesion Sci. and Technol., 2, 107. 

Feldman, D., Lacasse, M.A., 1989. Morphology of lignin-polyurethane blends. Mater. Res. 
Soc. Symp. Proc., 153, 193. 

Feldman, D., Luchian, C., Banu, D., Lacasse, M., 1991. Polyurethane-maleic anhydride 
grafted lignin polyblends. Cellul. Chem. Technol., 25, 163. 

Fiske, L.B., 1992. Coal dust waste reduction. Residues Effluents: Process. Environ. Consid., 
Proc. Int. Symp., 871. 

Fox, D.J., Gray, P.P., Dunn, N.W., Marsden, W.L., 1987. J. Chem. Tech. Biotechnol., 40, 
117. 

Frollini, E., Paiva, J.M.F., Trindade, W.G., Tanaka, I.A., Tanaka Razera, I.A., Tita, S.P., 
2004. Plastics and composites from lignophenols. Nat. Fibers, Plast. Compos., 193. 

Gardner, D.J., McGinnis, G.D., 1988. Comparison of the reaction rates of the alkali-catalyzed 
addition of formaldehyde to phenol and selected lignins. J. Wood Chem. and Tech. , 8, 
261. 

Gardner, D.J., Zhao, Z., Meister, J.J., 1993. Studies of the surface activity of lignin graft 
copolymers containing poly(methyl methacrylate) side chains. Polym. Prepr. (Am. 
Chem. Soc., Div. Polym. Chem.), 34, 604. 

Gargulak, J.D., Lebo, S.E., 2000. Commercial use of lignin-based materials. ACS Symp. Ser., 
742, 304. 

Ghosh, I., Jain, R.K., Glasser, W.G., 2000. Multiphase materials with lignin. Part 16. Blends 
of biodegradable thermoplastics with lignin esters. ACS Symp. Ser., 742 (Lignin: 
Historical, Biological, and Materials Perspectives), 331. 

Glasser, W.G., Knudsen, J.S., Chang, C.S., 1988. Multiphase materials with lignin. III. 
Polyblends with ethylene-vinyl acetate copolymers. J. Wood Chem. Technol., 8, 221. 

Glasser, W.G., Wang, H.X., 1989. Derivatives of lignin and ligninlike models with acrylate 
functionality. ACS Symp. Ser., 397, 515. 

Gogotov, A.F., 2000. Use of lignin derivatives as oxidants for production of aromatic 
aldehydes from lignin. Zh. Prikl. Khim. (S.-Peterburg), 73, 511. 

Goncharov, V.M., Lesik, E.I., Khudolei, M.A., 2001. Modification of carbon black with 
substances based on vegetable polyphenols. Kauch. Rezina, 17. 

Gratzl, J.S., Chen, C.L., 2000. Chemistry of pulping: lignin reactions. ACS Symp. Ser., 742, 
392. 

Graupner, N., 2008. Application of lignin as natural adhesion promoter in cotton fibre-
reinforced poly(lactic acid) (PLA) composites Journal of Materials Science, 43, 5222. 

Gregorová, A., Cibulková, Z., Kosíková, B., Simon, P., 2005. Stabilization effect of lignin in 
polypropylene and recycled polypropylene. . Polym. Degrad. Stabil. , 89, 553. 

Gundersen, S.A., Saether, O., Sjoblom, J., 2001. Salt effects on lignosulfonate and Kraft 
lignin stabilized O/W-emulsions studied by means of electrical conductivity and 
video-enhanced microscopy. Colloids Surf., A, 186, 141. 

Hale, N., Xu, M., 1997. Low energy heat activated transfer printing process. U.S. 5 640 180. 



53 
 

Hasegawa, D., Teramoto, Y., Nishio, Y., 2008. Molecular complex of lignosulfonic 
acid/poly(vinyl pyridine) via ionic interaction: characterization of chemical 
composition and application to material surface modifications. J. Wood Sci., 54, 143. 

Hatakeyama, H., Hatakeyama, T., 2005. Environmentally compatible hybrid-type 
polyurethane foams containing saccharide and lignin components. Macromol. Symp., 
224, 219. 

Hatakeyama, H., Izuta, Y., Hirose, S., Hatakeyama, T., 1998. Polyurethanes derived from 
lignin-based polycaprolactones. Adv. Lignocellul. Chem. Ecol. Friendly Pulping 
Bleaching Technol., Eur. Workshop Lignocellul. Pulp, 5th, 607. 

Hatakeyama, H., Izuta, Y., Yoshida, T., Hirose, S., Hatakeyama, T., 2001. Saccharide- and 
lignin-based polycaprolactones and polyurethanes. Recent Adv. Environ. Compat. 
Polym., Int. Cellucon Conf., 11th, 33. 

Hatakeyama, H., Nakayachi, A., Hatakeyama, T., 2005. Thermal and mechanical properties 
of polyurethane-based geocomposites derived from lignin and molasses. Composites, 
Part A, 36A, 698. 

Hatakeyama, T., Izuta, Y., Hirose, S., Hatakeyama, H., 2001. Phase transitions of lignin-
based polycaprolactones and their polyurethane derivatives. Polymer, 43, 1177. 

Hechenleitner, A.A.W., Pineda, E.A.G., Martins, A.D., Alves, E., 1997. Thermal behavior of 
lignin-polystyrene and lignin-cellulose phthalate blends. Braz. Symp. Chem. Lignins 
Other Wood Compon., Proc., 5th, 6, 315. 

Henry, N.W., Dadmun, M.D., 2009. Model compatibilizers for the lignin-polystyrene 
interface. Abstracts of Papers, 237th ACS National Meeting, Salt Lake City, UT, 
United States, March 22-26, 2009, CELL-217. 

Hiro-kuni, O., Kenichi, S., 1989. Wood adhesives from phenolysis lignin. ACS Symp. Ser.  , 
397 (Lignin: Properties and Materials.), 334. 

Hirose, S., 2006. Sugars and lignin as raw materials for epoxy resins. Kogyo Zairyo, 54, 62. 
Hirose, S., Hatakeyama, H., 2006. Synthesis and thermal properties of epoxy resins from 

alcoholysis lignin and glycerol. Kami Parupu Kenkyu Happyokai Koen Yoshishu, 
73rd, 150. 

Hirose, S., Hatakeyama, H., Funabashi, M., 2002. Biodegradable polyvalent carboxylic acid 
and epoxy resin composition. JP 2002 284 791. 

Hu, W.J., Harding, S.A., Lung, J., Popko, J.L., Ralph, J., Stokke, D.D., Tsai, C.J., Chiang, 
V.L., 1999. Repression of lignin biosynthesis promotes cellulose accumulation and 
growth in transgenic trees. Nat. Biotechnol., 17, 808. 

Huang, J., Zhang, L., Chen, P., 2003. Effects of lignin as a filler on properties of Soy Protein 
plastics. II Alkaline lignin. J. Appl. Polymer Sci., 88, 3291. 

Huang, J., Zhang, L., Wei, H., Cao, X., 2004. Soy protein isolate/kraft lignin composites 
compatibilized with methylene diphenyl diisocyanate. . J. Appl. Polymer Sci., 93, 624. 

Huang, J., Zheng, H., Fan, L., Xu, Y., 2006. hydroxypropyl lignin-modified soybean protein 
plastics and its preparation method. CN 1 807 490. 

Huttermann, A., Majcherczyk, A., Braun-Lullemann, A., Mai, C., Fastenrath, M., 
Kharazipour, A., Huttermann, J., Huttermann, A.H., 2000. Enzymic activation of 
lignin leads to an unexpected copolymerization with carbohydrates. 
Naturwissenschaften, 87, 539. 

Ibrahim, M.N.M., Azreena, I.N., Nadiah, M.Y.N., Saaid, I.M., 2006. Lignin graft copolymer 
as a drilling mud thinner for high temperature well. J. Appl. Sci., 6, 1808. 

John, J., Bhattacharya, M., 1999. Properties of reactively blended soya protein and modified 
polyester. . Polymer Int., 48, 1165. 

Jones, D.H., 2004. Wastewater treatment. U.S. 2004 144 719. 



54 
 

Jones, D.H., 2008. Lignosulfonate-containing aqueous cleaning solutions and methods for 
cleaning surfaces. WO 2008 046 174. 

Kadla, J.F., Kubo, S., 2004. Lignin-based polymer blends: analysis of intermolecular 
interactions in lignin-synthetic polymer blends. Composites, Part A, 35A, 395. 

Ke, T., Sun, S.X., Seib, P., 2003. Blending of poly(lactic acid) and starches containing 
varying amylose content. Journal of Applied Polymer Science, 89, 3639-3646. 

Kelley, S.S., Glasser, W.G., Ward, T.C., 1989. Multiphase materials with lignin. 9. Effect of 
lignin content on interpenetrating polymer network properties. Polymer, 30, 2265. 

Kelley, S.S., Ward, T.C., Glasser, W.G., 1990. Multiphase materials with lignin. VIII. 
Interpenetrating polymer networks from polyurethanes and poly(methyl 
methacrylate). J. Appl. Polym. Sci., 41, 2813. 

Kelly, J.R., 1983. Drilling fluid composition. U.S. 4 374 738. 
Khabarov, Y.G., Koshutina, N.N., Shergin, A.E., 2001. Manufacture of alkali-soluble iron 

chelates with nitrosated lignosulfonic acid. RU 2 165 936. 
Khan, M.A., Ashraf, S.M., 2006. Development and characterization of groundunt shell lignin 

modified phenol formaldehyde wood adhesive. Indian J. Chem. Technol., 13, 347. 
Khan, M.A., Ashraf, S.M., 2007. Studies on thermal characterization of lignin. Substituted 

phenol formaldehyde resin as wood adhesives. J. Therm. Anal. Calorim., 89, 993. 
Kim, Y., Mosier, N.S., Ladisch, M.R., 2009. Enzymatic digestion of liquid hot water 

pretreated hybrid poplar. Biotechnol. Prog., 25, 340-348. 
Kirk, T.K., 1971. Effects of microorganisms on lignin. Annu. Rev. Phytopathol., 9, 185-210. 
Koljonen, K., Österberg, M., Kleen, M., Fuhrmann, A., Stenius, P., 2004. Precipitation of 

lignin and extractives on kraft pulp: effect on surface chemistry, surface morphology 
and paper strength. Cellulose, 11, 209-224. 

Kordsachia, O., Patt, R., Sixta, H., 1999. Cellulose isolation from various raw materials. 
Papier (Heidelberg), 53, 96. 

Koshijima, T., Muraki, E., 1964. Radiation grafting of methyl methacrylate onto lignin. 
Mokuzai Gakkaishi, 10, 110. 

Kosikova, B., Alexy, P., Gregorova, A., 2003. Use of lignin products derived from wood 
pulping as environmentally desirable component of composite rubber materials. Wood 
Res. (Bratislava, Slovakia), 48, 62. 

Kosikova, B., Alexy, P., Mikulasova, M., Kacik, F., 2001. Characterization of 
biodegradability of lignin-polyethylene blends. Drev. Vysk., 46, 31. 

Kosikova, B., Demianova, V., 1992. Lignin-filled UV-absorbing polyolefin film. CS 277 055. 
Kosikova, B., Demianova, V., Kacurakova, M., 1993. Sulfur-free lignins as composites of 

polypropylene films. J. Appl. Polym. Sci., 47, 1065. 
Kramarova, Z., Alexy, P., Chodak, I., Spirk, E., Hudec, I., Kosikova, B., Gregorova, A., Suri, 

P., Feranc, J., Bugaj, P., Duracka, M., 2007. Biopolymers as fillers for rubber blends. 
Polym. Adv. Technol., 18, 135. 

Krizkova, L., Polonyi, J., Kosikova, B., Dobias, J., Belicova, A., Krajcovic, J., Ebringer, L., 
2000. Lignin reduces ofloxacin-induced mutagenicity in Euglena assay. Anticancer 
Res, 20, 833. 

Kubat, J., Stroemvall, H.E., 1983. Properties of injection molded lignin-filled polyethylene 
and polystyrene. Plast. Rubber Process. Appl., 3, 111. 

Kubo, S., Gilbert, R.D., Kadla, J.F., 2005. Lignin-based polymer blends and biocomposite 
materials. Nat. Fibers, Biopolym., Biocompos., 671. 

Kubo, S., Kadla, J.F., 2003. The formation of strong intermolecular interactions in 
immiscible blends of poly(vinyl alcohol) (PVA) and lignin. Biomacromolecules, 4, 
561. 



55 
 

Kubo, S., Kadla, J.F., 2004. Poly(ethylene oxide)/organosolv lignin blends: relationship 
between thermal properties, chemical structure, and blend behavior. Macromolecules, 
37, 6904. 

Kubo, S., Kadla, J.F., 2005. Kraft lignin/poly(ethylene oxide) blends: Effect of lignin 
structure on miscibility and hydrogen bonding. J. Appl. Polym. Sci., 98, 1437. 

Kukkola, E.M., Koutaniemi, S., Poellaenen, E., Gustafsson, M., Karhunen, P., Lundell, T.K., 
Saranpaeae, P., Kilpelaeinen, I., Teeri, T.H., Fagerstedt, K.V., 2004. The 
dibenzodioxocin lignin substructure is abundant in the inner part of the secondary 
wall in Norway spruce and silver birch xylem. Planta, 218, 497. 

Kulshreshtha, A.K., Vasile, C., 2002. Handbook of polymer blends and composites. Rapra 
Technology, Shrewsbury. 

Kunanopparat, T., Menut, P., Morel, M.H., Guilbert, S., 2009. Modification of the wheat 
gluten network by kraft lignin addition. J. Agric. Food Chem., 57, 8526-8533. 

Kurian, J.V., 2005. A new polymer platform for the future - sorona from corn derived 1,3-
propanediol. J. Polym. Environ., 13, 159. 

Kurian, J.V., Liang, Y., 2008. Processes for making elastomeric polyether esters from 
recycled polyesters. WO 2008  085 397. 

Lapierre, C., Pollet, B., Petit-Conil, M., Toval, G., Romero, J., Pilate, G., Leple, J.-C., 
Boerjan, W., Ferret, V., De Nadai, V., Jouanin, L., 1999. Structural alterations of 
lignins in transgenic poplars with depressed cinnamyl alcohol dehydrogenase or 
caffeic acid O-methyltransferase activity have an opposite impact on the efficiency of 
industrial kraft pulping. Plant Physiol., 119, 153. 

Lazic, V., Kules, M., Ibrahimefendic, S., 1986. The mixing of natural rubber with lignins and 
its effect on physical and mechanical properties. Hem. Ind., 40, 14. 

Lebo, S.E., 1996. Methods for producing improved pesticides. 5 529 772. 
Lepifre, S., Baumberger, S., Pollet, B., Cazaux, F., Coqueret, X., Lapierre, C., 2004. 

Reactivity of sulphur-free alkali lignins within starch films. Ind. Crops Prod., 20, 219. 
Lepifre, S., Froment, M., Cazaux, F., Houot, S., Lourdin, D., Coqueret, X., Lapierre, C., 

Baumberger, S., 2004. Lignin incorporation combined with electron-beam irradiation 
improves the surface water resistance of starch films. Biomacromolecules, 5, 1678. 

Levon, K., Huhtala, J., Malm, B., Lindberg, J.J., 1987. Improvement of the thermal 
stabilization of polyethylene with lignosulfonate. Polymer, 28, 745. 

Li, J., He, Y., Inoue, Y., 2003. Thermal and mechanical properties of biodegradable blends of 
poly(L-lactic acid) and lignin. Polymer Int., 52, 949. 

Li, X.F., Luo, X.G., 2005. Effect of LDPE-g-MAH on properties of LDPE/lignin blends. 
Zhongguo Suliao, 19, 41. 

Li, Y., Mlynar, J., Sarkanen, S., 1997. The first 85% kraft lignin-based thermoplastics. J. 
Polym. Sci., Part B: Polym. Phys., 35, 1899. 

Li, Y., Sarkanen, S., 2002. Alkylated kraft lignin-based thermoplastic blends with aliphatic 
polyesters. Macromolecules, 35, 9707. 

Li, Y., Sarkanen, S., 2003. Biodegradable Kraft lignin-based thermoplastics. Biodegrad. 
Polym. Plast., 121. 

Li, Y., Sarkanen, S., 2005. Miscible Blends of Kraft Lignin Derivatives with Low-Tg 
Polymers. Macromolecules, 38, 2296. 

Lin, S.Y., Bushar, L.L., 1991. Lignosulfonate-based wood preservatives. U.S. 4 988 576. 
Liu, G., Qiu, X., Xing, D., Yang, D., 2006. Phenolation modification of wheat straw soda 

lignin and its utilization in lignin-based phenolic formaldehyde resins. Res. Prog. 
Pulping Papermaking, 933. 



56 
 

Liu, G., Qiu, X., Yang, D., 2008. Properties of wheat straw soda lignin of different molecular 
weights and its influence on properties of LPF adhesive. Huagong Xuebao (Chin. 
Ed.), 59, 1590. 

Liu, Q., Yang, S., Li, J., Zhan, H., 2002. Characteristics of oxygen-alkali lignin and its 
application in synthesis of polyurethane. Emerging Technol. Pulping Papermaking, 
Proc. Int. Symp., 2nd, 841. 

Lora, J.H., 2002. Chemical modification. in: T. Hu (Ed.) Properties and usage of lignin. 
Springer, New York. 

Lora, J.H., Trojan, M.J., Klingensmith, W.H., 1991. Lignin derivatives as tackifiers for 
rubber compositions. EP 461 463. 

Lu, F.J., Chu, L.H., Gau, R.J., 1998. Free radical-scavenging properties of lignin. Nutr. 
Cancer, 30, 31. 

Maelkki, Y., Toikka, M.M., Sipilae, A.J., 2002. Manufacture of absorbing substances from 
lignocellulosic materials and acrylic monomers. WO 2002 092 669. 

Mai, C., Majcherczyk, A., Huttermann, A., 2000b. Chemo-enzymatic synthesis and 
characterization of graft copolymers from lignin and acrylic compounds. Enzyme 
Microb. Technol., 27, 167. 

Mai, C., Milstein, O., Huttermann, A., 2000a. Chemoenzymatical grafting of acrylamide onto 
lignin. J Biotechnol, 79, 173. 

Mai, C., Schormann, W., Huttermann, A., 2001. Chemo-enzymatically induced 
copolymerization of phenolics with acrylate compounds. Appl Microbiol Biotechnol, 
55, 177. 

Mai, C., Schormann, W., Huttermann, A., Kappl, R., Huttermann, J., 2002. The influence of 
laccase on the chemo-enzymatic synthesis of lignin graft-copolymers. Enzyme 
Microb. Technol., 30, 66. 

Maki, M., Leung, K.T., Qin, W., 2009. The prospects of cellulase-producing bacteria for the 
bioconversion of lignocellulosic biomass. Int. J. Biol. Sci., 5, 500-516. 

Mansour, O.Y., 1992. Thermal degradation of some thermoplastic polymers in presence of 
lignin. Polym. Plast. Technol. Eng., 31, 747. 

Mansouri, N.-E., Pizzi, A., Salvado, J., 2007. Lignin-based wood panel adhesives without 
formaldehyde. Holz Roh- Werkst., 65, 65. 

Meier, J.N., Fyles, J.W., MacKenzie, A.F., O'Halloran, I.P., 1993. Effects of lignosulfonate-
fertilizer applications on soil respiration and nitrogen dynamics. Can. J. Soil Sci., 73, 
233. 

Meister, J.J., Aranha, A., Wang, A., 1993. Poly(3-hydroxybutyrate)-(3-hydroxyvalerate)-
lignin graft copolymer blends. Polym. Prepr. (Am. Chem. Soc., Div. Polym. Chem.), 
34, 608. 

Meister, J.J., Lathia, A., Chang, F.F., 1991. Solvent effects, species and extraction method 
effects, and coinitiator effects in the grafting of lignin. J. Polym. Sci., Part A: Polym. 
Chem., 29, 1465. 

Meister, J.J., Li, C.T., 1990. Synthesis of cationic graft copolymers of lignin. Polym. Prepr. 
(Am. Chem. Soc., Div. Polym. Chem.), 31, 653. 

Meister, J.J., Zhao, Z., 1992. Lignin graft copolymers containing a methyl methacrylate graft 
side chain. Polym. Mater. Sci. Eng., 67, 228. 

Miidla, H., 1980. Lignification in plants and methods for its study. Regul. Rosta Pitan. Rast., 
87. 

Milstein, O., Gersonde, R., Huttermann, A., Chen, M.-J., Meister, J.J., 1996. Fungal 
biodegradation of lignin graft copolymers from ethene monomers. J. Macromol. Sci., 
Pure Appl. Chem., A33, 685. 



57 
 

Mishra, S.B., Mishra, A.K., Kaushik, N.K., Khan, M.A., 2007. Study of performance 
properties of lignin-based polyblends with polyvinyl chloride. J. Mater. Process. 
Technol., 183, 273. 

Mosier, N., Wyman, C., Dale, B., Elander, R., Lee, Y.Y., Holtzapple, M., Ladisch, M., 2005. 
Features of promising technologies for pretreatment of lignocellulosic biomass. 
Bioresource Technol., 96, 673. 

Mousavioun, P., Doherty, W.O.S., 2009. Chemical and thermal properties of fractionated 
bagasse soda lignin. Ind. Crops Prod., 31, 52-58. 

Mousavioun, P., Doherty, W.O.S., George, G., 2010. Thermal stability and miscibility of 
poly(hydroxybutyrate) and soda lignin blends. Personal communication. Centre for 
Tropical Crops and Biocommodities, Queensland University of Technology, 
Brisbane, Australia. 

Moxley, G., Zhu, Z., Zhang, Y.H.P., 2008. Efficient sugar release by the cellulose solvent-
based lignocellulose fractionation technology and enzymatic cellulose hydrolysis. J. 
Agric. Food Chem., 56, 7885-7890. 

Muller, P.C., Glasser, W.G., 1984. Engineering plastics from lignin. VIII. phenolic resin 
prepolymer synthesis and analysis. J. Adhes., 17, 157. 

Muller, P.C., Kelley, S.S., Glasser, W.G., 1984. Engineering plastics from lignin. IX. 
phenolic resin synthesis and characterization. The Journal of Adhesion, 17, 185 - 206. 

Nada, A.A., Abou-Youssef, H., El-Gohary, S., 2003. Phenol formaldehyde resin modification 
with lignin. Polym.-Plast. Technol. Eng., 42, 689. 

Nagele, H., Pfitzer, J., Eisenreich, N., Eyerer, P., Elsner, P., Eckl, W., 2000. Plastic blends 
containing lignin-based natural polymers and their use. WO 2000 027 923. 

Narayan, R., Stacy, N., Ratcliff, M., Chum, H.L., 1989. Engineering lignopolystyrene 
materials of controlled structures. ACS Symp. Ser., 397, 476. 

Niemi, K., Kevers, C., Haeggman, H., 2005. Lignosulfonate promotes the interaction 
between Scots pine and an ectomycorrhizal fungus Pisolithus tinctorius in vitro. Plant 
Soil, 271, 243. 

Nitz, H., Semke, H., Landers, R., Mulhaupt, R., 2001. Reactive extrusion of polycaprolactone 
compounds containing wood flour and lignin. J. Appl. Polym. Sci., 81, 1972. 

Nitz, H., Semke, H., Mulhaupt, R., 2001. Influence of lignin type on the mechanical 
properties of lignin based compounds. Macromol. Mater. Eng., 286, 737. 

Nonaka, Y., Tomita, B., Hatano, Y., 1996. Viscoelastic properties of lignin/epoxy resins and 
their adhesive strength. Mokuzai Kogyo, 51, 250. 

Nonaka, Y., Tomita, B., Hatano, Y., 1997. Synthesis of lignin/epoxy resins in aqueous 
systems and their properties. Holzforschung, 51, 183. 

Northey, R.A., 2002. The use of lignosulfonates as water reducing agents in the manufacture 
of gypsum wallboard. Chem. Modif., Prop., Usage Lignin, 139. 

Oehgren, K., Vehmaanperae, J., Siika-Aho, M., Galbe, M., Viikari, L., Zacchi, G., 2007. 
High temperature enzymatic prehydrolysis prior to simultaneous saccharification and 
fermentation of steam pretreated corn stover for ethanol production. Enzyme and 
Microbial Technology, 40, 607-613. 

Okabe, Y., Mizuno, K., Hirano, K., Fukuda, H., Oda, M., Ishigaki, T., Harada, T., 2006. 
Manufacture of cellulosic fiberboards. JP 2006 007 534. 

Olivares, M., Guzman, J.A., Natho, A., Saavedra, A., 1988. Kraft lignin utlization in 
adhesives. . Wood Sci., Technol., 22, 157. 

Olm, L., Tisdat, G., 1979. Kinetics of the initial stage of kraft pulping. Svensk Cellulosa, 82, 
458-464. 



58 
 

Otaigbe, J.U., Adams, D.O., 1997. Bioadsorbable soy protein plastic composites. Effect of 
polyphosphate fillers on water absorption and mechanical properties. . J, 
Environment. Polym. Degrad., 5, 199. 

Ouyang, X., Qiu, X., Lou, H., Yang, D., 2006. Corrosion and scale inhibition properties of 
sodium lignosulfonate and its potential application in recirculating cooling water 
system. Ind. Eng. Chem. Res., 45, 5716. 

Pan, X., Kadla, J.F., Ehara, K., Gilkes, N., Saddler, J.N., 2006. Organosolv ethanol lignin 
from hybrid poplar as a radical scavenger: relationship between lignin structure, 
extraction conditions, and antioxidant activity. J. Agric. Food Chem., 54, 5806. 

Park, Y., Doherty, W.O.S., Halley, P., 2008. Developing new lignin-based coatings and 
composites. Industrial Crops and Products, 27, 1163. 

Pavlov, D., Myrvold, B.O., Rogachev, T., Matrakova, M., 2000. A new generation of highly 
efficient expander products and correlation between their chemical composition and 
the performance of the lead-acid battery. J. Power Sources, 85, 79. 

Peng, W., Riedl, B., 1994. The chemorheology of phenol-formalddehye thermoset resin and 
mixtures of the resin with lignin fillers. Polymer, 35, 1280. 

Phillips, R.B., Brown, W., Stannett, V.T., 1972. Graft copolymerization of styrene and lignin. 
II. Kraft softwood lignin. J. Appl. Polym. Sci., 16, 1. 

Piaskiewicz, M., Rajkiewicz, M., Gesiak, M., Berek, I., Kleps, T., 1998. Use of waste lignin 
in rubber blends. Elastomery, 2, 43. 

Piccolo, R.S.J., Santos, F., Frollini, E., 1997. Sugar cane bagasse lignin in resol type resin: 
alternative application for lignin-phenol formaldehyde resins. J. Macromol. Sci. - 
Pure Appl. Chem., A34, 153. 

Pivinskii, Y.E., Dyakin, P.V., Dyakin, P.V., 2006. Pressure-molded high-alumina ceramic 
castables. 3. Effect of processing additives on pressure-induced compaction and 
properties of bauxite-quartz glass matrix systems. Refract. Ind. Ceram., 47, 132. 

Potapov, G.P., Nikulina, L.A., Fedorova, E.I., 1990. Chemical modification of hydrolytic 
lignin by sodium acrylate. Khim. Drev., 40-3. 

Pouteau, C., Baumberger, S., Cathala, B., Dole, P., 2004. Lignin-polymer blends: evaluation 
of compatibility by image analysis. C. R. Biol., 327, 935. 

Pseja, J., Charvatova, H., Hruzik, P., Hrncirik, J., Kupec, J., 2006. Anaerobic biodegradation 
of blends based on polyvinyl alcohol. J. Polym. Environ., 14, 185. 

Pucciariello, R., Bonini, C., D'Auria, M., Villani, V., Giammarino, G., Gorrasi, G., 2008. 
Polymer blends of steam-explosion lignin and poly(ε-caprolactone) by high-energy 
ball milling. J. Appl. Polym. Sci., 109, 309. 

Pucciariello, R., Villani, V., Bonini, C., D'Auria, M., Vetere, T., 2004. Physical properties of 
straw lignin-based polymer blends. Polymer, 45, 4159. 

Ralph, J., Lundquist, K., Brunow, G., Lu, F., Kim, H., Schatz, P.F., Marita, J.M., Hatfield, 
R.D., Ralph, S.A., Christensen, J.H., Boerjan, W., 2004. Lignins: Natural polymers 
from oxidative coupling of 4-hydroxyphenylpropanoids. Phytochem. Rev., 3, 29. 

Raskin, M., Ioffe, L.O., Pukis, A.Z., Wolf, M.H., 2002. Lignin-based resin materials for 
industrial binders and method of producing same. U.S. 2002 065 400. 

Rattanachomsri, U., Tanapongpipat, S., Eurwilaichitr, L., Champreda, V., 2009. 
Simultaneous non-thermal saccharification of cassava pulp by multi-enzyme activity 
and ethanol fermentation by Candida tropicalis. J. Biosci. Bioeng., 107, 488-493. 

Reddy, C.S.K., Ghai, R., Rashmi;, Kalia, V.C., 2003. Polyhydroxyalkanoates: an 
overview. Bioresource Technology, 87, 137-146. 

Reich, W., Breitenbach, J., Larbig, H., Beck, E., 1996. Preparation of coatings from 
radiation-curable compositions containing polymerizable lignin derivatives. DE 4 437 
720. 



59 
 

Reti, C., Casetta, M., Duquesne, S., Bourbigot, S., Delobel, R., 2008. Flammability properties 
of intumescent PLA including starch and lignin. Polym. Adv. Technol., 19, 628. 

Rizk, N.A., Nagaty, A., Mansour, O.Y., 1984. Inhibition and retardation induced by lignin on 
homopolymerization reactions of some vinyl monomers. Acta Polym., 35, 61. 

Sailaja, R.R.N., 2005. Low density polyethylene and grafted lignin polyblends using epoxy-
functionalized compatibilizer: Mechanical and thermal properties. Polym. Int., 54, 
1589. 

Sakakibara, A., Takeyama, H., Morohoshi, N., 1966. Hydrolysis of lignin with dioxane and 
water. IV. Experiments with methylated lignin and certain model compounds. 
Holzforschung, 20, 45. 

Sarkanen, S., Li, Y., 1999. Plasticizers that transform alkylated kraft lignins into 
thermoplastics. Biomass, Proc. Biomass Conf. Am., 4th, 1, 533. 

Savel'eva, M.B., Onishchenko, Z.V., Bogomolov, B.D., Tiranov, P.P., Lebed, I.G., 
Kadantseva, Y.A., 1983. Technical lignins as promising ingredients for sole rubbers. 
Izv. Vyssh. Uchebn. Zaved., Tekhnol. Legk. Prom-sti., 26, 53. 

Savel'eva, M.B., Shevtsova, K.V., Shelkovnikova, L.A., Kercha, Y.Y., Onishchenko, Z.V., 
1988. Effect of a binary system of lignin-based modifiers on the physicomechanical 
properties of vulcanizates. Kompoz. Polim. Mater., 38, 40. 

Sestauber, K., Fiala, V., Maca, K., Valenta, D., 1988. Lignosulfonate additive for improved 
workability of concrete mixtures. CS 249 038. 

Shperber, R.E., Shperber, E.R., Shperber, F.R., Shperber, I.R., Shperber, R.S., Shperber, 
D.R., 2004. Freezing-resistant concrete mix. RU 2 233 814. 

Sierra, R., Smith, A., Granda, C., Holtzapple, M.T., 2008. Producing fuels and chemicals 
from lignocellulosic biomass. Chem. Eng. Prog., 104, S10. 

Sjoblom, J., Gundersen, S.A., Myrvold, B.O., 2000. Lignine composition as stabilizer in 
water based emulsions. WO 2000 050 164. 

Smook, G.A., 2002. Handbook for Pulp and Paper Technologies. 3rd Edition ed. Angus 
Wilde Publications, Inc.  , Vancouver, B.C. 

Spear, S.K., Holbrey, J.D., Roger, R.D., 2002. J. Am. Chem. Soc., 124, 4874. 
Spraul, B.K., Brady, R.L., Allen, A.J., 2008. Adhesive composition of low molecular weight 

polyaminopolyamide-epichlorohydrin resin and protein. WO 2008 024 444. 
Stewart, D., 2008. Lignin as a base material  for materials applications: Chemistry, 

application and economics. . Industrial Crops and Products, 27, 202. 
Sticklen, M.B., 2008. Use of RNA interference to limit lignin biosynthesis in maize and 

increase cellulose accumulation for use in ethanol biofuel production. U.S. 2008 213 
871. 

Sutyagina, S.E., Glukhov, V.I., Zoldners, J., 1987. Effect of wood moisture content on the 
graft polymerization of methyl methacrylate onto the aromatic and carbohydrate 
fractions of wood. Khim. Drev., 97. 

Swatloski, R.P., Rogers, D., Holbery, J.D., 2003. WO 2003 029 329. 
Szalay, P.J., Johnson, C.A., 1969. Improving heat stability of vinyl chloride polymers. U.S. 3 

484 397. 
Tan, S.S.Y., MacFarlane, D.R., Upfal, J., Edye, L.A., Doherty, W.O.S., Patti, A.F., Scott, 

J.L., 2009. Extraction of lignin from lignocellulose at atmospheric pressure using 
alkylbenzenesulfonate ionic liquid. Green Chemistry. 

Teramoto, Y., Lee, S.-H., Endo, T., 2009. Phase structure and mechanical property of blends 
of organosolv lignin alkyl esters with poly(ε-caprolactone). Polym. J. (Tokyo, Jpn.), 
41, 219. 

Tinnemans, A.H.A., Greidanus, P.J., 1984. Chemically modified lignin for the use in polymer 
blends. Inst. Appl. Chem., TNO, Utrecht, Neth., pp. 492-4. 



60 
 

Toh, K., Nakano, S., Yokoyama, H., Ebe, K., Gotoh, K., Noda, H., 2005. Anti-deterioration 
effect of lignin as an ultraviolet absorbent in polypropylene and polyethylene. Polym. 
J. (Tokyo, Jpn.), 37, 633. 

Tomita, B., 1998. New resin system from lignin. Sci. Technol. Polym. Adv. Mater., 747. 
Toriz, G., Denes, F., Ramos, J., Young, R.A., 2002. Lignin-polypropylene composites part 3. 

Composites from plasma treated lignin and polypropylene. Int. Conf. Woodfiber-
Plast. Compos., 6th, 207. 

Ugartondo, V., Mitjans, M., Vinardell, M.P., 2008. Comparative antioxidant and cytotoxic 
effects of lignins from different sources. Bioresour. Technol., 99, 6683. 

Uraki, Y., Hashida, K., Sano, Y., 1997. Self-assembly of pulp derivatives as amphiphilic 
compounds. Preparation of amphiphilic compound from acetic acid pulp and its 
properties as an inclusion compound. Holzforschung 51, 91. 

Uyama, H., Motoki, K., Yin, Y., Funaoka, M., 2008. Plant-derived lignophenol-poly(lactic 
acid) complex for modifier of poly(lactic acid). JP 2008 274 068. 

Vasile, C., Iwanczuk, A., Frackoviak, S., Cazacu, G., Constantinescu, G., Kozlowski, M., 
2006. Modified lignin/polyethylene blends. Cellul. Chem. Technol., 40, 345. 

Vaughan, C.W., Adamsky, F.A., Richardson, P.F., 1998. A new approach to wet end 
drainage/retention/formation technology and its improvement of paper machine 
production rates and runability. Wochenbl. Papierfabr., 126, 458,462,466,470. 

Vazquez, G., Rodriguez-Bona, C., Freire, S., Gonzalez-Alvarez, J., Antorrena, G., 1999. 
Acetosolv pine lignin as copolymer in resins for manufacture of exterior grade 
plywoods. . Bioresour. Technol., 70, 209. 

Wang, D., Luo, D., Jia, L., 1992. Microstructure and properties of high lignin-formaldehyde 
resin filled NBR-26 vulcanizate. Hecheng Xiangjiao Gongye, 15, 12. 

Wang, H., de Vries Frits, P., Jin, Y., 2009. A win-win technique of stabilizing sand dune and 
purifying paper mill black-liquor. Journal of Environmental Sciences, 21, 488-493. 

Wang, H., Easteal, A., Edmonds, N., 2008. Prevulcanized natural rubber latex/modified 
lignin dispersion for water vapour barrier coatings on paperboard packaging. Adv. 
Mater. Res. (Zuerich, Switz.), 47-50, 93. 

Wang, J., Manley, R.S.J., Feldman, D., 1992. Synthetic polymer-lignin copolymers and 
blends. Prog. Polym. Sci., 17, 611. 

Wang, Y.Y., Peng, W.J., Chai, L.Y., Peng, B., Min, X.B., He, D.W., 2006. Preparation of 
adhesive for bamboo plywood using concentrated papermaking black liquor directly. 
J. Cent. South Univ. Technol. (Engl. Ed.), 13, 53. 

Watado, H., Fujieda, S., Fukaya, T., Motomiya, A., Kondo, A., Oyazato, Y., 2009. Lignin-
based adsorbents and manufacture thereof. JP 2009 034 634. 

Wehner, A., Fenyvesi, G., Muska, C.F., Desalvo, J.W., Joerger, M., Miller, R., Palefsky, I.A., 
Poladi, R.H.P., 2007. Biodegradable compositions comprising renewably-based, 
biodegradable 1,3-propanediol. WO 2007 095 255. 

Wei, M., Fan, L., Huang, J., Chen, Y., 2006. Role of star-like hydroxylpropyl lignin in soy-
protein plastics. . Macromol. Mater. Eng., 291, 524. 

Weihua, K., He, Y., Asakawa, N., Inoue, Y., 2004. Effect of lignin particles as a nucleating 
agent on crystallization of poly(3-hydroxybutyrate). J. Appl. Polymer Sci., 94, 2466. 

Winowiski, T.S., Zajakowski, V.L., 1998. Animal feed incorporating reactive magnesium 
oxide. EP 834 258. 

Wong, A., 1980. Sulfite pulping: a review of its history and current technology. Pulp Pap., 
54, 74. 

Wu, R.L., Wang, X.L., Li, F., Li, H.Z., Wang, Y.Z., 2009. Green composite films prepared 
from cellulose, starch and lignin in room-temperature ionic liquid. Bioresour. 
Technol., 100, 2569-2574. 



61 
 

Xu, Y., Zeng, S.-J., Zhou, H.-F., Shen, Q., 2007. Blending and miscibility of poly(butylene 
terephthalate) with lignin. Xianweisu Kexue Yu Jishu, 15, 36, 44. 

Yang, S., Liu, Q., 2002. Effect of lignin modification on synthetic properties. Emerging 
Technol. Pulping Papermaking, Proc. Int. Symp., 2nd, 782. 

Yano, S., Murakami, K., Sawayama, S., Imou, K., Yokoyama, S., 2009. Ethanol production 
potential from oil palm empty fruit bunches in southeast asian countries considering 
xylose utilization. J. Jpn. Inst. Energy, 88, 923-926. 

Yao, K., 2008. Recyclable resin composition based on polylactic acid and lignophenols for 
molded parts of business equipment. U.S. 2008 048 365. 

Zhong, Z., Sun, X.S., 2001. Properties of soy protein isolate/polycaprolactone blends 
compatibilized by methylene diphenyl diisocyanate. Polymer, 42, 6961. 

Zhou, J., Luo, X., 2007. Preparation of lignin/LDPE/EVA composite foam. Huagong Xuebao 
(Chin. Ed.), 58, 1834. 

Zhuang, J.M., Walsh, T., 2003. Application of lignosulfonates in treatment of acidic rock 
drainage. Hydrometall. 2003, Proc. Int. Symp., 5th, 2, 1873. 

Zschiegner, H.J., 1999. Use of lignins and lignin derivatives as UV protectants for biological 
insecticides. DE 19 750 482. 

 
 


	Another route to lignin-PCL graft copolymers is by enzymatic polymerisation of ε–caprolactone (Enoki and Aida, 2007).  A similar chemo-enzymatic polymerisation pathway has also been reported as a means of grafting acrylamide (Mai et al., 2000a) and ac...

