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 The purpose of this study is to modify lignin for the better 
blending with the general purpose synthetic polymers. The 
possible advantages by using this modification would be cost 
reduction, the better physical properties and biodegradability. 
In this study, soft wood kraft lignin(Indulin AT) was used and 
different types of reagents were used for the modification of 
lignin. It was suggested that the reagents would be chemically 
bonded to lignin like lignin-carbohydrate-complex (LCC) 
structure. Several analyses were performed to chase the 
change of molecular structure by modification procedure. It 
was confirmed that the lignin is modified as expected and 
reaction site of modification and the reaction behaviors were 
varied by the reagent types. It was found that the highest 
yield of modification was achieved at the condition of 10:6 
(reagent : lignin) charge ratio and 2hour reaction time. By 
the analysis of 1H-NMR, FT-IR and DSC, it was found that 
the lignin was modified as intended and had different 
character due to the types of aliphatic chain. Then the 
modified lignin was blended with synthetic polymers like PLA, 
PP and PET. The blends were characterized by using UTM, 
DSC and XRD to investigate the physical properties. 
Furthermore, the degradation test was performed in order to 
see if biodegradability was given by the modified lignin. 

Keyword: soft wood kraft lignin, aliphatic chain modification, 

polymer blend, biodegradability
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Ⅰ. Introduction

After the bronze-iron age, modern society was called the 

'Age of Plastic.’ There are many types and properties of 

plastics for diverse uses. Many scientists say that plastic will 

only be a symbolical remains or legacy if human beings and 

civilization are fossilized. Almost all plastic is hard to degrade 

and needs a longtime without environmental harm for it to do 

so. Thus, raw plastic material from natural resources is 

needed as long as the plastic material does not have any 

environmental problems. These conclusions come from many 

experts in the plastic or environment industries. In modern 

times, a new plastic research or invention focuses on a raw 

material that is biodegradable or originates from nature. 

Due to the environment problem of petroleum resources and 

the exacerbation of global warming, the need for 

non-petroleum based energy resources, such as bio-diesel, 

and non-petroleum based materials, such as polylacticacid 

(PLA), is rapidly increasing. Thus, studies in this line of 

research are actively underway all around the world[1-5] 

However, these studies have many problem in a ethics 

because of raw material of biobased or bioplastic are starch 

based that it can converted as food, although many 

researchers are enough to go to industrial scale. Therefore, it 

need to finding another natural resource - have enough mass 

for use industrial scale, can not use as food, non-used or 

rarely used in nowadays not yet. 
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Almost all wood based raw materials fill the demand and are 

also different from general petroleum based materials. For 

example, it is reproducible, carbon-neutral, and biodegradable. 

There has been many efforts to use wood based materials in 

a modern industry. However, difficulties using wood based 

materials cause wood to have a tendency to burn and not 

melt like plastics when the temperature is increased for 

manufacturing. Wood is not composed of cellulose, 

hemicellulose, and lignin mixtures, but combined by three 

components called the 'Lignin-Carbohydrate-Complex'(LCC) in 

micro-scale.  The purpose of any kind of pulping process is 

to breakup this LCC and use cellulose only.[6] Cellulose, 

hemicellulose, and many kinds of materials extracted from 

wood are used, except for lignin. 

Lignin is extracted from solution because it cannot be treated 

as it is. Specifically, lignin is treated with solutions containing 

high concentrations of alkali ions and neutralized by a strong 

acid to create a powder phase mixture that contains almost of 

lignin. This powder had burned to supplement the energy 

requirement of the production process, though it has low fuel 

efficiency [7]. 

Many researchers have reported that the production of 

thermoplastic materials containing a large amount of lignin is 

possible. However, there is a tendency for the elongation of 

such materials to decrease dramatically with increasing lignin 

content; in fact, the physical properties of thermoplastic 

blends are significantly degraded when more than 25 % lignin 
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is incorporated into synthetic polymers [8]. Therefore, 

maximizing the amount of lignin in thermoplastic materials and 

minimizing the corresponding degradation of mechanical 

properties are a very important research topic. The 

development of materials with such properties could reduce 

the price of production and environmental pollution.

Chemical modification of lignin is a major issue in the lignin 

research area. Chemical modification of lignin is performed to 

replace the carboxyl group and hydroxyl group of the lignin 

by alkylation, acylation, and hydroxyalkylation [9]. A new 

method is proposed in this study where the lignin functional 

group is replaced by the proper molecular weight of an 

aliphatic chain. Replacing a lignin functional group is similar 

to another lignin modification method like alkylation and/or 

acylation, but these methods are limited in that only those 

with molecular weight lower than one hundred dalton can be 

substituted. These methods face difficulty in dramatically 

increasing compatibility between matrices. Selecting an 

aliphatic chain is as follows:

1. End of oligomerized aliphatic chain must have a functional 

group that can form a covalent bond with lignin functional 

group by radical, condensation polymerization and etc.

2. Have a compatibility between aliphatic chain and polymer 

that is used for matrix.
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3. Have a proper polymerization reaction time. Not too fast, 

Not too slow.

4. Have a simple polymerization catalyst and/or self 

polymerization in the proper temperature.

Hydroxyalkylation is suited for conditions 1 and 4 since this 

reaction is too slow and the end product is a liquid form that 

cannot be used to directly blend with polymer. Therefore, 

Hydroxyalkylated lignin is used as a precursor or polyol in a 

polyurethane synthesis, because it has a hydroxyl group at 

the end of the substituted chain. Moreover, the modification 

method is etherification only, and the reagent is limited in the 

type of oxide: ethylene oxide or propylene oxide. This 

method is better than the other method in that it allows 

molecular weights in the hundreds to thousands, different 

modification reagent types, and a simple procedure. A 

combination of sulfuric acid catalyzed condensation, ring 

opening polymerization, or radical polymerization can lead to 

relatively high molecular weight aliphatic chain that is 

substituted to the lignin functional group. 

Furthermore, another purpose of modification in this study is 

in capping a lignin functional group by replacing with an 

oligomerized modification reagent, especially the hydroxyl and 

carboxyl groups of lignin. 'Sintering' is a well-known lignin 

property, [10] generally in metal or ceramic material science 

where a solid mass of material is compacted and formed by 

heat and/or pressure without melting it to the point of 
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liquefaction.[11] Lignin is not a metallic or ceramic material, 

but sintering occurs due to the functional group outside lignin 

in a molecular scale. Many kinds of lignin functional groups 

form a covalent bond naturally between 160oC ~ 200oC and 

the temperature corresponds somewhat to the plastic melt 

process temperature.

The theoretical basis is built on lignin existing in the form of 

a LCC in plants. The discussion about the LCC was a 

long-time controversy, but today, the LCC chemical bond 

between the hemicelluloses and lignin is established theory. 

These facts support the theory of the biosynthesis of lignin, 

which is also demonstrated by electron microscopy. Proto 

lignin forms a covalent bond with hemicellulose chemically via 

a glycoside bond or ether bond in plants. LCC has been 

proposed, until now, as a combination of a glycoside bond 

with the hydroxyl group of the aromatic ring, combined with 

the ester bond of the side chain and the ether linkage of the 

side chain. There is evidence that each is present. The 

carbohydrate combined with lignin was proposed as 

L-arabinose, D-xylose or Dgalactose [12].

In this study, different types reagents were used, and the 

reagents were chemically bonded with lignin based on the 

ideas of the LCC structure. The modified lignin were blended 

with a wide use synthetic polymer that have different 

solubility parameter(SP) and property. Non-modified lignin has 

an amphiphilic nature because of the hydrophilic hydroxyl 

groups and the hydrophobic benzene ring [13]. Due to 
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molecular structure, SP value of lignin is in the middle of 

hydrophilic polymer like PVA and hydrophobic polymer like 

PP. In the case of the polymeric materials blend, polymers 

are blended well so that the polymer solubility parameter (SP) 

values are close to each other. This is similar to the 

well-mixed combination of water and alcohol. If the SP value 

is very different, phase separation occurs, as in the 

relationship between water and oil. It is almost same principle 

not only liquid material but also relationship between 

polymer-polymer and polymer-filler. In this point of view, it 

can be think easily - hydrophobic polymer blended well with 

hyprophobic filler, hydrophilic polymer blended well with 

hydrophilic filler. Moreover, the main reasons for blending 

are: To reduce high-cost of some polymers like PLA with 

low-cost one like lignin - it makes price more than half,  to 

improve mechanical and physical properties better than 

lignin-polymer blend that well known brittle, to control the 

rate of biodegradation, etc.
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Ⅱ. Literature Survey

2.1. Chemistry of lignin and LCC

2.1.1. Molecular structure of lignin

Lignin have a complex molecular structure that irregular 

connection between three monomers as shown in Figure 1. 

The proportion of possible bond in lignin show also in Figure 

1. This is the reason of lignin unpredictable, modification 

need to capping a functional group of lignin, and make it 

thermoplastic or non-sintered. Hydroxyl group and β-O-4 

linkage are abundant in the lignin, these are the modification 

site to change the property of lignin.[14-18]

 

The natural polymer lignin, second only to cellulose in natural 

abundance, is readily available, relatively inexpensive and 

considered a waste product. The annual sales of lignin as a 

specialty chemical in 1998 amounted to only 1 % of the total 

lignin production [19]. The remaining 99 % is burned as part 

of an energy recovery step or disposed of in waste streams. 

However, it is very inefficient as a fuel source, producing 

less than 1/4 of the energy of middle distillate (diesel, jet and 

boiler) fuels. 

Meanwhile, an ever-increasing number of paper mills have 

become chemical recovery limited, such that if paper 

production is to be maximized, then the by-product lignin can 

no longer be used in its traditional role as a fuel. Lignin has 

enormous potential in the polymer industry for use as a raw 
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material, because it is a renewable, nontoxic, commercially 

available, and low-cost natural resource. Despite many years 

of development efforts, the potential of lignin has not been 

fully realized.

However, due to its unique molecular structure, lignin exhibits 

poor mechanical properties and is difficult to process. More 

than a century has been dedicated to lignin materials 

research, but two major problems still exist. One of them is 

the brittleness induced by the excessive number of hydroxyl 

groups that exist at the end of the molecular structure of 

lignin. The other is the phase separation caused during 

blending by the amphiphilic nature of lignin, which arises from 

the unusual molecular structure of lignin [20].
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Figure 1. (a) 3 Types of lignin monomer and (b) proportion of 

possible bond in a lignin extract from black liquor [14-18]
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2.1.2. A study of LCC 

At the first time of LCC investigation started Erdman, 

hypothesized that "glycolignose", to explain the difficulty in 

separating lignin and carbohydrate - two combined chemically 

from LCC in wood. This hypothesis was accepted and 

identified by many reseachers. Since that time, numerous 

investigations have been made on the nature of the LCC in 

wood. Merewether had revealed the secret conjectured to 

arise from LCCs by review – collect  meaning in the course 

of the chemical or microbiological treatment of wood by many 

reseachers. [21]

The next meaning step of LCC investigation was a 

viscosity/molecular weight analysis and interpretation of 

acetylated glucomannan by Linnell and Swenson. They applied 

the Zimm-Kilb theory to found best explained model using a 

containing crosslinks by particle like structure and 

carbohydrate linear chains like glucomannan.[21] 

(Zimm-Kilb theory - Numerical calculations were performed 

for the viscoelastic properties of dilute solutions of branched 

star polymers with equal branch lengths as formulated in 

terms of a bead-spring model by Zimm and Kilb.)[22] 

Lignin branched glucomannan as proposed by other 

researchers is a kind of large micelle formed by 

hydrophobic-hydrophilic interaction among the 

glucomannan-lignin conjugates having structure (a). However, 
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It show water-insoluble behavior more than 35% lignin 

containing glucomannan because of high lignin ratio 

glucomannan have a formation like structure (b).(Fig. 2) [23]

The LCC oligomer (IV) obtained by Yaku et al. [24] was 

isolated from the red pine which have the same molecular 

weight and carbohydrate composition, indicating that such 

repeating units are actually included in the red pine wood 

LCC. In this extracted LCC, main portion is a lignin - Mn 

1200 LCC, lignin fraction - Mn 800. It is well known that 

lignin-high polymers to be degraded to lignin oligomers is 

hard to archive by the action of glycosidases. Not only the 

carbohydrate chains but also lignin itself are degraded by the 

glycosidases. It means that enzymes thought to cleave only 

glycosidie linkages between sugar units. 

Lignin itself could not be severed by the glycosidases, it 

would appear means that the original LCCs composed of 

lower molecular weight lignins linked to  polysaccharide 

chains. LCC considered like a necklace formation of fiber role 

polysaccharide and jewel part lignin. (Fig. 3).[25] Hence 

researchers inferred that the polymers would be changed to 

oligomers by the cutting of the polysaccharide chains with 

which the lignins are connected with each other by the action 

of glycosidases.
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Figure 2. (a) Simple branched structure of LCC and (b) tetra- 

functional branched structure of LCC by high lignin contents [23]
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Figure 3. Schematic diagram for hydrolysis of a LCC molecule by 

carbohydrorase [25] 
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Table 1 show viscosities of the neutral LCC named CI-M-I 

that have different composition between lignin and 

carbohydrate.[26] The reduction observed in viscosity of 

different LCC is promoted by increasing the lignin content of 

the neutral LCC, although the glucomannan 100% did not 

show decreased viscosity even on addition of lignins. 

 

This behavior indicating that the vicinity of the lignin-binding 

polysaccharide chains, a hydrophobic interaction occurs 

between the lignin moieties of the LCC if another hydrophobic 

interaction moiety like lignin fraction added. (Fig.  4).[26]

As a result, LCC have a lowered viscosity of this constricted 

configuration in the solution. This lowering can be considered 

only from the molecular formation where side chains of lignin 

are linked to polysaccharide chains. From these investigation, 

it should be certain that lignin is presented as a LCC form in 

the wood. Figure 5 show the recently proposed wood 

molecular structure.[27] 
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Table 1. Decreased viscosities of Pinus densijlora LCCs due to the 

induced formation of constricted configuration of an LCC.. [26]



- 16 -

Figure 4. Schematic diagram for induced formation of constricted 

configuration of an LCC molecule by the addition 

of lignin fraction in an aqueous solution. [26]
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Figure 5. Illustration of a plant cell wall. The various features of 

the plant cell wall such as pectin, cellulose, hemicellulose, lignin and 

protein. The relative contributions of the three major monolignols to 

the lignin in the various layers are also indicated [27]
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In this stage the type of chemical bond presented in the 

wood’s proto LCC must be clarified. Proto lignin is chemically 

bonded with hemicellulose by the glyco-conjugates, in which 

hydrophobic lignin is chemically bound to hydrophilic 

polysaccharides or an ether and ester covalent bond. Several 

types of lignin-carbohydrate linkages have been proposed -  

benzyl ether type - hydroxyl group of the lignin is etherified 

with the hydroxyl group of carbohydrate [28-32]

benzyl ester type - hydroxyl group of the lignin is esterified 

with the carboxyl group of glucuronic acid residue [33-39]

glycoside type - alcoholic or phenolic hydroxyl groups of the 

lignin are glycosylated by the reducing end group of 

carbohydrates [40-42]

acetal type - in which two hydroxyl groups of carbohydrate 

are linked to lignin by an acetallinkage [43,44]

These linkages are proposed and identified by many 

researchers dedication. The benzyl ether and ester types 

have been considered to be the most probable among the 

linkages. [45]. These linkages were created in the lignin 

biosynthesis process by the reaction between a 

quinone-methide intermediate and a carbohydrate hydroxyl 

group. Furthermore, the addition of a carboxyl group in the 

quinone-methide is rapid and easy.  
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2.1.3. Usage of lignin

2.1.3.1. Lignin in phenol–methanal adhesives

Phenol–formaldehyde resins are currently used in about one 

tenth of all plywood and particle board. The binding 

technology represented by these 'Bakelite' resins would be 

applied if the reagents,  using lignin in place of phenol reduce 

the cost of the binder.[49] However, lignin is not structurally 

equivalent to phenol. Phenol has 5 hydrogen sites on the 

aromatic ring and no nonhydrogen, ortho or para substituents 

around the hydroxyl group. Kraft pine lignin has only 72 

phenolic hydroxyl groups per 100 C9 repeat units and 48 

aliphatic hydroxyl groups per 100 C9 repeat units.[50] For 

virtually all lignin phenolic hydroxyl groups, the aromatic ring 

is para substituted by the propyl chain of the 

1-propylphen-4-ol (coumaryl) structural unit. In softwoods, 

the hydroxyl group is often next to a methoxyl group in the 

number 3 position on the ring while in hardwoods, it is 

completely ortho substituted by methoxyl groups. This leaves 

only the meta position open for reactions on the aromatic ring 

of a lignin phenol. The implications of this structure on lignin 

reactivity in phenol/methanal crosslinking polymerizations. 

Lignin has most sites ortho and para to its aromatic hydroxyl 

groups blocked by organic, functional groups. This is the 

reason why lignin reacts slower with methanal than does 

phenol and why lignin can only be used to replace between 

40 and 70 weight percent of the phenol in an adhesive 

formulation. Lignin simply has too few, highly reactive sites 
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to create a high density of crosslinks without at least 30 

weight percent phenol being present.[51]

2.1.3.2. Lignin in electrodes

Lignosulfonates are used in a lead/acid battery to inhibit 

crystallization of the negative electrode during recharging of 

the battery.[52] Without the addition of a purified, modified 

lignosulfonate to the negative terminal of the battery, the 

battery did not work because of lead deravitive crystal 

forming, would fail to recharge after only a few discharge 

cycles.[53] This lignosulfonate is considered to control the 

formation of lead sulfate on the surface of the sponge lead in 

the negative terminal.[54] Lignin pyrolyzed at 700oC under 

nitrogen forms a cohesive, conducting solid which can act as 

an electrode in a storage battery. This modification to 

dehydrogenate and deoxygenate by the pyrolysis, the 

lignosulfonate became a charcoal like state.

2.1.3.3. Lignin for photostabilizers

DePaoli and Furlan have studied the use of lignin from sugar 

cane bagasse as a photostabilizer for butadiene rubber.[56] 

The principle of this application comes from the 

phenol-containing repeat units of lignin that resonance 

stabilized molecular structure. This structures proximate to 

compounds currently known to act as photostabilizers in 

rubber. Hindered alkyl phenols with long chains para to the 

hydroxyl group are known to inhibit photo-induced bond 
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cleavage in rubbers by forming stable phenoxyl radicals.[57] 

This stable, hindered radical prohibits the formation of a 

peroxide radical on the rubber backbone, thereby preserving 

the structural integrity.

2.1.3.4. Lignin for food additives

A other possible usage of lignin is expected to dietary fiber 

source of pet and human food by the addition of alkali 

lignins.[58,59] Extensive research has shown that high dietary 

fiber correlates with low incidents of colon cancer.[60,61] 

Researchers show that the lignin in vegetation can be a 

appropriate source of this cancer protection.[62] This 

valuable effect of lignin can considered by trapping free 

radicals property that above-mentioned while in the 

colon.[63-65] If further work show no side effects from 

lignin, it may be added to food.
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2.2. Technology of Lignin Modification

2.2.1. Outline of lignin modification

Lignin modification started early 20th century, most of this 

work was done before 1945 and represents a classic 

approach to the verification of structure. Almost of lab scale, 

lignin modifications were performed solely to determine the 

structure of lignin by synthesis of an identifiable adduct or 

derivative of the structure being sought. The reactions run to 

verify structure were formation of ethanoate esters to identify 

hydroxyl groups, capping of hydroxyl groups with 

dimethylsulfate, demethylating methoxyl groups, oxidation with 

nitric acid to decompose, and reacting with copper oxide to 

identify aldehydes and etc.

Although these modification were developed to identify, 

chemical modification of lignin can thus be used to improve 

polymer-lignin compatibility and to introduce reactive sites. 

The modification of these reactive sites can reason out a 

effective alteration of the lignin solubility behavior.[63,64] 

The hydroxyl groups on the lignin molecule are 

reactive,plentiful, and local centers of high-polarity capable of 

hydrogen bonding.[65] Another functional group of lignin, it 

has been reacted with carboxylic acids, carboxylic acid 

halides, or anhydrides[64] 

Hyddroxy-alkylation and esterification with larger chain 

derivatives have also been successful but did not widely used 
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cause of relatively little attention and economic 

feasibility.[66-68] Introduce various modification procedures 

have been described in many literature. 

2.2.2. Methods of lignin modification

2.2.2.1. Alkylation

The three methods of alkylating lignin are (a) reaction with 

diazoalkanes, (b) reaction with alcohols in the presence of a 

catalyst, usually hydrochloric acid, (c) use of alkylsulfates and 

sodium hydroxide. The sites of alkylation are the oxygen 

atoms of the hydroxyl, carbonyl, and carboxyl groups in 

lignin. Reactions (a) and (b) are selective with diazoalkanes 

(a) reacting under anhydrous conditions to alkylate, chiefly, 

the slightly acidic hydroxyl groups[69] of the phenolic, 

enolic,[70,71] and carboxylic[72,73] units to form ethers. The 

diazoalkane reaction with carboxylic acids only occurs in 

solvents in which the acid is deprotonated to an enolate 

anion. 

A catalyzed alcohol reaction (b) on lignin takes place at 

a-hydroxyketones, carbonyl, and carboxyl groups. Since 

alcohol/acid alkylation does not alkylate the aromatic hydroxyl 

groups, alkyl-lignins from these reactions have sharply 

different solubility and physical properties than those from 

diazoalkane alkylation. They are, for example, soluble in 

dilute, aqueous sodium hydroxide and are generally more 

hydrophilic than diazoalkane-treated lignins.
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The use of dialkylsulfate,(c) R2SO4, and base to alkylate lignin 

produces a product in which the aromatic and primary and 

secondary, aliphatic alcohols are alkylated. Some tertiary 

alcohol groups may escape alkylation. These products are 

extensively hydrophobic since almost all of the acidic alcohol 

groups are now capped as ethers and all carboxylic acid 

groups have been converted to esters. Unless other ionic 

functional groups are present, these products dissolve only in 

nonpolar or organic solvents and have the physical properties 

of a thermoplastic.[73]

2.2.2.2. Halogenation and Nitration

One of the simplest addition reactions to lignin is the addition 

of a halide to the alkylaromatic backbone of lignin.  The 

reaction is run by bubbling chlorine into spent, aqueous 

pulping liquor and following that addition with additions of 

bromine and chlorine.[74] The weight percent halide in the 

product is raised to between 20 and 40 percent. Since the 

halogenated alkylaromatic is hydrophobic, it precipitates. The 

molecular weight of several halolignins has been determined 

by collegative methods and found to be between 1 KDa and 6 

KDa. The halogination reaction is accompanied by extensive 

dealkylation and breaking of ether links in the lignin. This 

second reaction would sharply lower the molecular weight of 

the treated lignin.

 

 Nitration is another fairly simple reaction that is typically run 

in nonaqueous solvents to nitrate lignin in wood meal and run 
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in suspension or solution for isolated lignins.[75,76] Typical 

nitrating agents are nitric acid in concentrated ethanoic acid 

and nitric acid with sulfuric acid or fuming sulfuric acid. 

2.2.2.3. Carboxylation and Acylation 

Carboxyl and acyl groups are common components of lignin. 

The frequency of both groups is increased by oxidation of 

lignin and stronger hydrophilic and polyelectrolyte behavior 

can be produced in lignin by these reactions. Typical 

oxidations that produce sharp increases in the divalent 

oxygen bond content of lignin are treatments with chlorine, 

nitric acid,  and peroxides. These treatments are usually 

associated with extensive dealkylation. Shorygina treated 

hydrolysis and hydrochloric acid lignin with gaseous chlorine 

in 10%, aqueous hydrochloric acid to introduce approximately 

two chlorines per C9 repeat unit in the lignin.

However, the carboxyl content of the lignin increased by a 

factor of between 10 and 20 and 66 percent of all methoxyl 

groups[73] were removed from the lignin. Similarly, after 

treating fir hydrochloric acid lignin with nitric acid in 

tetrachloromethane, Shorygina found a 10 to 20 fold increase 

in the carbonyl content of the lignin[77] and numerous 

authors have documented a drop in methoxyl content of nitric 

acid treated lignin.[78]  As of 1997, only carboxyl and acyl 

group formation on lignin by chlorine or alkaline peroxide has 

become a commercial process and that only as a side effect 

of chlorine and peroxide bleaching of pulp for paper and 
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packaging applications. The use of chlorine in this process is 

declining because it also produces chlorinated, organic 

byproducts.

2.2.2.4. Sulfomethylation and Sulfonation

Sulfomethylation and sulfonation are reactions to add the 

methylene sulfonate, –CH2SO3, and sulfonate, –SO3, group, 

respectively, to lignin. The reaction is run with equal moles 

of methanal, alkali metal sulfite salt, and reactable phenolic 

repeat units in water under neutral to basic pH and 100oC 

temperature. Repeat units of lignin which can react must have 

either a hydroxyl group on the aromatic ring or a carbonyl 

group alpha to a double bond or the aromatic ring.

Sulfomethylation, as opposed to sulfonation, is only used when 

an increased content of sulfonate groups is needed in the 

lignin product. It is applied to kraft lignins by the Mead 

Westvaco Corporation to form dye dispersants that are 

marketed under the Reaxtrade name. The presence of base in 

the reaction will lower the yield of sulfonate groups and 

increase the number of hydroxymethyl groups added to the 

lignin product. Lignin sulfonation is the most studied reaction 

in lignin chemistry since it was the earliest and cheapest way 

to make commodity, acidic cellulose for paper. The sulfite 

process was patented[79] in 1866. Research on the reaction 

began in the late 1880’s and produced the conclusion, by 

1892, that the process incorporated sulfur into the lignin and 

that sulfur was present as sulfonic acid groups.[80] The 
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lignosulfonates are the most extensively used lignin product 

with a million tons of this material sold in the USA every 

year. Industries which use lignosulfonates are oil well drilling, 

cement manufacture, formulation, and pouring, ceramics 

manufacturing, and construction materials. lignosulfonates 

control the majority of the market.

2.2.2.5. Grafting by radical polymerization 

Once lignin is separated from other plant products, it can be 

grafted. Extensive studies on the modification of lignin by 

graft copolymerization[81]have been made because of the 

enormous mass of kraft lignin produced each year by the pulp 

and paper industry. Graft copolymerization sharply changes 

the properties of lignin and allows useful products to be made 

from this underutilized portion of biomass.

Lignin has been grafted with ethenylbenzene, 4-methyl-2-oxy 

-3-oxopent-4-ene, 2-propenamide, 2-propene  nitrile, 

cationic monomers, anionic monomers, and propenoic acid 

ethoxylates. [82-85] Two types of methods, radiation or 

chemical, have been used to attach side chains of these 

repeat units to lignin. The radiation methods have used both 

electromagnetic and particle radiation to produce grafting. 

Lignin can be grafted with alkane epoxides to form polyether 

adducts and this reaction has been extensively studied by the 

research group of Dr. Wolfgang Glasser et al. The reaction is 

initiated by base attack on the phenolic hydroxyl groups to 

form phenoxide groups. The phenoxide groups then attack the 
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polar epoxide ring. A significant side reaction in this ring 

opening polymerization is a nucleophilic attack on the ring by 

hydroxyl anion.

Hydroxy-alkylation is critically important as a precursor 

reaction which changes both the physical properties of the 

lignin and its chemistry. The most important physical property 

changed is the glass transition temperature of the lignin. As 

the weight fraction of ethylene or propylene oxide in the 

product increases, the glass transition temperature of the 

product falls. Since a reduction in Tg is synonymous with a 

lowering of viscosity at any temperature and a lowering of 

the temperature at which flow starts, this change makes lignin 

a flowable liquid at temperatures 100oC to 200oC below the 

usual temperatures for viscous lignin flow. Simultaneously, A 

particularly important example of one such chemistry is the 

reaction of the alkoxylated lignin with an organic isocyanate 

or diisocyanate. The reaction of the alkoxylated lignin with an 

isocyanate-terminated polymer allows Glasser et al. to add 

polymeric sidechains of cellulose[86] or polycaprolactam[87] 

to the lignin graft copolymer. 
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2.3. Properties of general purpose synthetic polymers, 

unmodified lignin and their blends  

2.3.1. Properties of general purpose synthetic polymer

In this study, a general purpose synthetic polymer PP , PET 

and well known biodegradable polymer PLA were used. As 

shown in Figure 6, other properties are similar among these 3 

polymers, except density and Tg.[88-96] And have a proper 

compatibility between lignin because of proper hydrophilicity, 

not too high, not too low. Furthermore, these polymers are 

the most wide use in a industrial scale, except PE and PS 

that expected low compatibility show.
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Figure 6. General properties of synthetic polymer 

candidates for blending with lignin [88-96]
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2.3.2. Mechanical and thermal properties of linin/synthetic 

polymer blends

A significant decrease in PE strength and/or strain–can be 

seen in most hydrophobic plastics in general purpose 

synthetic plastics due to brittleness from the lignin hydroxyl 

group. Similar to PE, PS also show a significant decrease of 

more than 20% for lignin charge ratio. PP is less hydrophobic 

than PE or PS and show a 1/3 decrease in 25% of lignin 

proportion. However, in that case the strain decrease is 

significantly more than 2/3.[12, 97-99]  PLA has many ester 

groups to use hydrogen bonds with the lignin hydroxyl group, 

and it is considered compatible with lignin according to visual 

inspection. However, the strength and strain decreased more 

than 40% ~ 50% as the lignin proportion is only 20%, 

according to reference.(Fig. 7)[97-100]

On the other hand, a hydrophilic polymer like PEO or PVA 

did not show significant differences in mechanical properties 

when lignin proportion reached 50%.[101-104] Both the 

tensile strength and elongation at break of alkali lignin/PVA 

films first increased and then decreased in agreement with 

the findings of other researcher. PVA is immiscible with lignin 

due to the high hydrophilicity and lignin has no effect at 50% 

lignin proportion. However, from the middle lignin content, 

there is significant change in thermal properties.[104] Tg and 

delta H show significant changes when compared to neat 

PVA. The delta H going to zero is an exothermic reaction 

that occurs in the blend and is connected with the 'sintering' 
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lignin property. Moreover, there was no melting point when 

there is more than 50% lignin content. John F. Kadla and 

Satoshi Kubo show the compatibility between lignin and 

polymer. [105]

The miscibility of several synthetic polymers with lignin has 

been analyzed using thermal analysis and FT-IR spectroscopy. 

Miscible blends were observed in lignin/PEO and lignin/PET 

blends, while immiscible blend behavior in the blends of 

lignin/PP and lignin/PVA. The basis for the miscibility in the 

lignin/PEO blends is most likely hydrogen-bonding interactions 

between the hydroxyl hydrogen of lignin and the hydrogen 

accepting sites of PEO. 

From these results, the hydrophobic polymer is found to be 

hard to use with the lignin blend due to the plentiful lignin 

hydroxyl group. It has a higher hydrophilic polymer than 

lignin and is gathered by the hydrophobic interaction before 

being sintered in the polymer matrix. Before start this study, 

a low lignin content blending and visual inspection are 

performed and show very brittle behavior, although PP and 

PET can blend with lignin. 
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Figure 7. Tensile properties of lignin-various polymer blends. 

(a) Tensile Strength and (b) Breaking Strain
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2.3.3. Soluble property of Indulin AT, SP value of polymers 

and visual inspection of their blends. 

Soluble properties of soft wood kraft lignin(SKL)-Indulin AT  

used in this study are shown in the Figure 8.[106.107] And it 

has SP value and compatibility with polymers according to the 

reference and/or visual inspection in a preparatory experiment 

before this study. Generally, blends of polymers that have 

similar molecular structures or SP values have a single Tg 

and Tm. However, blends of polymers that have significantly 

different SP values are not blended well. Table 2 show the 

SP values of lignin and conventional polymers.[108-111]. 

In this study, the substituted chain that replaces the hydroxyl 

group of the lignin reduced the brittle nature of the lignin. 

Because of the molecular structure of lignin, the hydroxyl 

group of the lignin did not show typical behavior. 

Hydroxyl groups in the middle of a chain or at the chain end 

improve the physical properties of the polymer chain like 

cellulose by generally inducing intermolecular interactions. 

However, the hydroxyl group of lignin typically induce 

brittleness.

Lignin has a hydrophobic region in the middle and a hydroxyl 

group at the end of the molecular structure and looks like a 

hedgehog. Therefore, brittleness is induced by hydroxyl group 

of lignin to interrupt the hydrophobic interaction between the 

matrix-matrix or matrix-hydrophobic region of the lignin. 
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Figure. 8 Soluble property of Indulin AT in a various solvents 

[106,107]
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Table 2. SP values of lignin and polymers and visual inspection of 

their blends. [108-111] 
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Ⅲ. Materials and Methods

3.1. Materials

Figure 9 show the basic properties and molecular structure of 

the tetrahydrofuran, γ-butyrolactone and lactic acid used in 

this study. These reagents and sulfuric acid that used as 

catalyst were purchased from Junsei Co., Japan, GR grade. 

The Indulin AT® softwood kraft lignin (SKL) used in this 

study was purchased from MeadWestvaco Co., North 

Charleston, South Carolina, USA. Ingeo™ 

Biopolymer 2002D Poly Lactic Acid (PLA) used in this study 

was purchased from NatureWorks LCC, USA. low melting 

temperature polyethylene terephthalate (PET) (Mw=44,650, 

Mn=23,410, PDI=1.91) - in order to blend with γ

-butyrolactone modified lignin (BLL), Polypropylene (PP) 

(Mw=210,000, Mn=49,400, PDI=4.25) - in order to blend with 

tetrahydrofuran modified lignin (THFL),  were of industrial 

grade and used as received. 

Sabouraud dextrose agar (model No: 210950) purchased from 

Becton & Dickinson Difco Co., Ltd. (BD Difco)were used as a 

medium and Aspergillus Awamori fungi (ATCC 6970) from 

Korean Collection for Type Cultures (KCTC) were used for 

the degradation test.
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 Figure 9. General properties and molecular structure of reagents.
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3.2. Preparation and characterization of modified lignin

3.2.1. Preparation of modified lignin

A modification procedure was started using fixed 5ml reagent 

and 0.5g ~ 2.5g of lignin, according to the 0.5g variation, 

with charge ratio at 10:1 ~ 10:5. The increased lignin 

proportion higher than 10:5 is impossible due to differences 

of volume. As shown in Figure 10, 5g of lignin and reagent 

are different volumes where lignin is 12.5ml, BL is 4.5ml, and 

THF is 5.5ml in the same container. There must be the same 

volume of ligin and reagent in the initial reaction process 

since the reagent plays the role as lignin solvent. Therefore, 

a lignin/reagent charge ratio smaller than 10:6 with the same 

volume is desired. A non-immersed lignin did not react with 

reagent and was sintered before generating a by-product. The 

modification reaction did not occur and burned itself out. 

The reaction is started with sulfuric acid as a catalyst and is 

put into a 1wt% lignin/reagent mixture. Butyrolactone modified 

lignin(BLL) was reacted at 200oC in the first half reaction 

time. After that, the temperature was increased to 250oC and 

reacted for another half reaction time at 900rpm. The 

tetrahydrofuran modified lignin(THFL) was reacted first at 

100oC and then reacted at 150oC like BLL. The time variation 

was 10min, 20min, 30min, 1hour, 1h 30min, and 2hours  

under evaporation to remove the byproduct and volatilized 

reagent. 
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Figure 10. Comparison of volume between lignin and reagents
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It is impossible that the 10min and 20min reaction time can 

make the 10:1 ~ 10:4 charge ratio sample.  Because too 

much unreacted material was present, modified lignin was not 

separated from the unreacted material. Figure 11 shows the 

modified lignin according to time and charge ratio. I.M. means 

'impossible mission,' as mentioned above. 

Red marked samples are used for 31P-NMR analysis to 

investigate the functional group change in the lignin according 

to the charge ratio and time(30min and 1hour). Violet marked 

samples were made to find the optimum reaction time and 

charge ratio for different molecular weights. All samples had 

infrared spectroscopy analysis conducted for modified lignin to 

show the molecular structure change and functional group 

fluctuation. For a two hour reaction, the viscosity of the 

mixture increased rapidly in the last stage. Therefore, a 

2hour reacted sample had viscometry, GPC, and elemental 

analysis performed to get the molecular structure change as 

well as increase and decrease of element proportion by 

modification.
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Figure 11. Preparation scheme of modified lignin according to the 

reaction charge ratio and reaction time
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After following the determined time procedure, the reacted 

sample was washed with excess DI water. A modified lignin 

sinking occurred since it is insoluble in the DI water and had 

higher density than water. A small amount of unreacted 

reagent, unreacted lignin, and catalyst were present as a 

suspended solid in the supernatant. After sinking, the 

supernatant was removed and unreacted material suspended 

to separate from modified lignin. In order to obtain pure 

modified lignin, the sample was washed and sunk three times.  

First - 30min stirring      Second- 30min stirring       Third - 1hour stirring

      - 1hour sinking             - 2hour sinking             - enough sinking

      - remove supernatant       - remove supernatant       - remove supernatant 

Figure 12 shows the washed and reacted sample after the 

first wash. It needs to filter the supernatant during the first 

wash-sink because  of too much unreacted reagent to 

withdraw & reuse in an industrial scale. After 3 wash-sinks, 

the reacted sample is shown in Figure.  In this stage, after 

supernatant is removed, the sample is ready for the vacuum 

dry stage.

The washed sample needs to be vacuum dried for use. In 

order to prevent a side reaction or post reaction due to the 

minimum quantity of remaining catalyst or reagent, if the dry 

condition is more than 100oC, 12hours of vacuum drying must 

proceed at 80oC and pressure at 30 in. hg, or 762 torr. To 

dry the sample completely, it is jumbled up in 3hour intervals.  
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Figure 12. (a) 1st washed sample, (b) Filtered unreacted material  

and (c) 3rd washed sample 
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Figure 13 shows the prepared modified lignin and lignin. The 

color and particle size are shown according to the 

modification reagent in lignin and modified lignin. The 

proportion of lignin was decreased in a whole molecular 

structure, which was changed by the linkage in aliphatic chain 

between lignins. 

The homopolymer of polymerized reagent is butyrolactone – 

P4HB(poly-4-hydroxybutyrate) - white solid polymer,[112] 

tetrahydrofuran – PTMEG (Poly tetramethylene glycol) - light 

brown liquid or white waxy solid in room temperature.  

Furthermore, BLL shows some kind of granule and THFL 

shows a bulky powder while lignin looks like flour. Modified 

lignin has increased molecular weight and combined with the 

secondary force. 
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Figure 13. Pictures of (a) Lignin, (b) THFL and (c) BLL
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3.2.2 Characterization of modified lignin according to the 

reaction time and reaction charge ratio

3.2.2.1. 31P-Nuclear Magenetic Resonance(NMR) analysis of 

modified lignin according to the reaction charge ratio 

Modified lignins were monitored and analyzed by quantitative 
31P-NMR using published procedures. An accurately known 

amount of 40−45 mg of a dried modified lignin was dissolved 

in 500 μL of pyridine/CDCl3 mixture (1.6:1, v/v). A total of 

200μL of an Alfar, endo-N-Hydroxy-5-norbornene- 

2,3-dicarboximide, 97% as a internal standard (9.23 mg/mL) 

and 50 μL of a Sigma-aldrich, Chromium(III) acetylacetonate, 

99,99% as a relaxtion agent (5.6 mg/mL) in the above 

pyridine/CDCl3 solution were added. inally, 100 μL of 

Sigma-aldrich, -chloro-4,4,5,5–tetramethyl- 1,2,3- 

ioxaphospholane, 95% as a phosphitylating reagent was added. 

NMR spectra were acquired using a AVANCE 600(Bruker, 

Germany), 600 MHz spectrometer equipped with a Quad probe 

dedicated to 1H, 15N, 19F, and 31P-NMR acquisition.[113] 

3.2.2.2. Fourier Transform Infrared(FT-IR) spectroscopy of 

modified lignin according to the reaction charge ratio and 

reaction time

To investigate the functional group change of modified lignin 

that have different reaction charge ratio and time, solid-state 

FTIR spectra for the samples were obtained with an FT-IR 

spectrophotometer (Nicolet is5, Thermo Scientific Inc., USA) 
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using ATR (attenuated total reflectance). The FTIR spectra of 

samples were recorded between 4000-650 cm-1 at a 

resolution of 4 cm-1.

3.2.2.3. Gel permeation chromatography(GPC) analysis of 

modified lignin according to the reaction time and reaction 

charge ratio

6mg of lignin and modified lignin were solved in 3ml HPLC 

Grade N,N-Dimethylformamide(DMF), 0.2%(w/v) solution were 

measured at 25oC using Thermo Scientific Inc., USA, Ultimate 

3000. Standard material of molecular weight was 2,890 ~ 

955k PMMA. 

3.2.2.4. Quantification of insoluble fraction

In order to investigate the solubility change of modified lignin 

that have different reaction charge ratio and time, lignin and 

modified lignin were solved in THF that lignin did not solved. 

Each sample were solved in THF at 2%, (w/v, 100mg/5ml) 

5min, after that, centrifuged at 1000 rpm, 5min. After remove 

the supernatant, surplus THF were volatilized in the vacumm 

chamber. Residue had weighed to quantify the insoluble 

fraction of modified lignin.

3.2.2.5. Elemental Analysis

The elemental contents of lignin and 2hour modified lignin 

were analyzed using Thermo Electron co. USA, Flash EA 
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1112-Elemental (C,N,S) Analyzer. Synthetic polymers and 

minerals like sand or mineral salts can be measured without 

error, although only for a few mg samples. However, natural 

materials like lignin or animal protein are hard to measure 

without error, because they do not have regular empirical 

formula. Therefore, lignin and modified lignin were weighed to 

more than 10mg and measured in order to reduce the error. 

The elemental analysis was conducted to compare the nitrile 

content, because the portion of nitrogen originating from 

lignin, and reacted reagent are only have carbon, oxygen, and 

hydrogen.  Therefore, modified lignin expected to show  a 

little decrease in nitrogen compared to lignin only.

3.2.2.6. Viscometry analysis

In the case of 10:1 and 10:6 modified lignin, it is hard to 

measure the molecular weight since the modified lignin 

remained in the filtering procedure before GPC analysis. 

Therefore, Junsei co. ltd. GR grade DMF was used as 

solvents. Then 50mg of BLL and THFL were solved in 5ml of 

DMF.  Prepared solution were heated at 100oC and stirred for 

2hour and cooled down to 25oC to make a complete solution 

without suspension. Using DV-2+ Pro viscometry, 

BROOKFIELD co. USA, the solution viscosities were measured 

at 25oC and 1 rpm.
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3.3. Preparation and characterization of modified lignin and its 

blends

3.3.1. Preparation of modified lignin and polymer blends 

The modified lignin and polymer is blended for 5min using 

Marufuji Kogyo Co., Ltd., PBV 0.3 Table Type Kneader at 

145oC and 60 rpm. The blended and grinded sample were 

completely blended for 5min using Bautech Co. Ltd., BA-19 

Twin Screw Extruder at 180oC and 1500rpm.(Fig. 14) The 

modified lignin had a high molecular weight and dense chain 

structure, so needed twice blending to make the modified 

lignin chain and matrix aggregate well with each other. To 

show the compatibility between PLA and modified lignin, for 

direct comparison with reference of non-modified lignin/PLA 

blend, it blended that modified lignin : PLA charge ratio were 

– 0:100, 20:80, 40:60 and 60:40. 

PET was blended with BLL and PP was blended with THFL 

at a charge ratio of 100:0, 25:75, and 50:50. The blended 

sample was analyzed for general tensile, thermal, and XRD 

properties to show the degree of crystallinity and 

crystallization behavior according to modified lignin proportion. 

Further PET/BLL and PP/THFL blended samples were used 

for degradation behavior analysis according to modified lignin 

addition that modified the aliphatic chain to be biodegradable. 

The PLA matrix sample was an exception, because the 

degradation behavior in the degradation procedure is hard to 

separate from modified lignin or PLA, which is a well-known 

biodegradable polymer.
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(a)

(b)

Figure 14. Pictures of  (a) Table Type Kneader  and 

(b)Twin Screw Extruder used for blend
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3.3.2. Characterization of modified lignin and its blends 

3.3.2.1. FT-IR analysis of modified lignin

To investigate the chemical properties of liginn, 10:6, 2hour 

modified lignin,  solid-state FTIR spectra for the samples 

were obtained with an FT-IR spectrophotometer (Nicolet 

6700, Thermo Scientific Inc., USA) using ATR (attenuated 

total reflectance). The FTIR spectra of samples were 

recorded between 4000-650 cm-1 at a resolution of 4 cm-1.

3.3.2.2. 1H-NMR analysis of modified lignin

To investigate the chemical properties of the liginn, 10:6, 

2hour modified lignin, 1H-NMR spectra of the samples were 

obtained using a 400 MHz NMR spectrometer (JeolJNMLA400 

with LFG, JEOL, Japan). OH block yield was defined by 

substitution of lignin OH according to the decreases of ArOH 

and AlOH. OH of lignin blocked by alkyl chain substitution is 

same as modification yield.

3.3.2.3. Thermal properties of modified lignin and blends using 

Differential Scanning Calorimetry(DSC)

A differential scanning calorimeter (DSC-Q1000, TA 

Instrument Inc. , UK) was used to investigate the thermal 

transition behavior of liginn, 10:6, 2hour modified lignin and 

modified lignin/synthetic polymer blends. A total of 4-12 mg 

of sample was scanned from -80oC to 200oC at a heating rate 
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of 10oC/min during the first heating run and were then cooled 

to –80oC at a cooling rate of 20oC/min. The second heating 

run was scanned under the same conditions as the first 

heating run.

3.3.2.4. Viscometry analysis of PLAL

Junsei co. ltd. GR grade THF were used as solvents, 500mg 

of PLAL was solved in 50ml of THF. In order to make 

1%(w/v), BLL and THFL can be weighed directly. However, 

PLAL can't be weighed in small amounts without error due to 

its sticky nature. Therefore, PLAL was frozen for 24hour in a 

-75oC deep freezer and grinded, measured with 500mg of 

PLAL. It was solved in 50ml of THF to make 1% solution 

before the solution was measured for 5ml and analyzed, using 

DV-2+ Pro viscometry, BROOKFIELD co. USA, the solution 

viscosities were measured at 25oC and 1 rpm.

3.3.2.5. X-ray Diffraction Analysis (XRD) of blends

X-ray diffraction analysis was used to investigate the change 

of crystalline area by the modified lignin/matrix ratio 

(D8-discover with GADDS, Bruker, Germany). Basically, the 

determination is based on the relative intensity of specific 

peaks. The XRD method has been previously used to study 

polymer structures and directly determine the crystallinity of 

polymers [114]. The determination of the degree of 

crystallinity thus involves the separation of the peaks 

scattered by the amorphous phase and the peak reflected by 
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the crystalline phase. The degree of crystallinity can be 

calculated using the equation.[115] The degree of crystallinity 

was calculated by computerized integration value except base 

line using integration software (Proteum 2, Bruker, Germany).

3.3.2.6. Tensile test of blends

A universal testing machine (LRXPlus, LLOYD Instruments 

Inc., UK) was used to investigate the tensile properties of the 

modified lignin/synthetic polymer blend. The tensile test was 

performed according to ASTM D 638 guidelines. Sample 

diameter was 1.2-1.8 mm and the strain rate was 10 mm/min. 

The data were calculated from the average of a minimum of 

10 specimens.

3.3.2.7. Degradation test of blends

The medium was prepared on the basis of the BD Difco's 

manual [116] and was sterilized in autoclave. Subsequently, 

both sides of a petri dish (90 mm×15 mm) were coated with 

15 ml of medium, and the fungi were seeded. At 25oC and 

80%RH (relative humidity), the fungi were grown for 96 

hours. Afterwards, the blend of 75% polymer and 25% 

modified lignin was placed on the middle of the medium 

coated surfaces (number of samples=5). Fungi were allowed 

to degrade the sample for 4 weeks, 8 weeks, and 12 weeks 

(Fig. 15), and the samples were washed in soapy water for 

30 minutes and then washed in distilled water for 30 minutes. 

The washed sample was stored in a desiccator for 24 hours 
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to remove the residual water. Finally, the decreases in sample 

weight and changes in mechanical properties were measured.

3.3.2.8. Scanning Electron Microscope (SEM) image analysis 

of degraded blends

The surface of bio-degraded, modified lignin/synthetic blend 

was scanned by SUPRA 55VP, Field-Emission Scanning 

Electron Microscope, Carl Zeiss co., Germany. The degree of 

biodegradation was analyzed using 300X and 1000X images to 

show how modified lignin has an indirect effect on 

well-known, non-biodegradable polymers like PET and PP.
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Figure 15. (a) Picture of fungi grown for 96hours at 25oC 

and 80% RH and (b) Scheme of fungal degradation test
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Ⅳ. Results and Discussion

4.1. Analysis of modified lignin 

4.1.1. 31P-NMR analysis of modified lignin according to the 

reaction charge ratio 

In this section, the lignin functional group and generated 

hydroxyl group at the end of the new aliphatic chain are 

quantified using 31P-NMR. Although 1H-NMR is widely used 

as a general molecular structure analysis method, it is limited 

in the resolution and cannot be used for lignin quantification 

due to the complexity and similarity of lignin functional 

groups. 31P-NMR is possible for detailed analysis. The 

quantification of wood based material using 31P-NMR was first 

proposed by Dimitris S. Argyropoulos(1994).[117] It can 

analyze any kind of functional group in lignin, as shown in 

Figure 16. The principle of this method is a phosphorus 

derivative substitution at the lignin functional group using a 

highly reactive phosphorus-halogen reagent: R-P-Cl + 

H-O-lignin => lignin-O-P-R + HCl. The quantification of this 

phosphorus derivative is a basic principle of this method. 

The quantification of methylated and hydroxy-alkylated lignin 

were made possible by applying this method. The reagent is 

different, as mentioned above, but the principle is the same. 

It is possible that variations in the functional group are 

analyzed thoroughly. [113]  Before quantification, determining 

a SKL functional group used in this study is needed for this 
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method since the lignin functional group is different according 

to the species of trees and/or extraction method. The position 

and amount of aliphatic OH (Al OH) and non-condensed 

aromatic OH(NC Ar OH) were determined to be 2.4mmol/g 

and 2.2mmol/g, respectively, from Hassan et al.[113]. 

Furthermore, the main reaction sites of THFL, β-O-4 alpha 

hydroxyl group(β-O-4 OH) and COOH, were determined to be 

2mmol/g and 0.22mmol/g, respectively, by several 

studies.[118-120] (Fig. 17) 



- 59 -

Figure 16.  Reaction mechanism of phosphorylation [117]
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Figure 17. 31P-NMR spectra showing reaction site of Indulin AT
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BLL was mainly reacted with Al OH and NC Ar OH. A small 

amount of β-O-4 OH were reacted, although COOH did not 

react in BLL modification. Furthermore, NC Ar OH was 

reacted at the initial modification stage, and a decrease in Al 

OH was from chasing a NC Ar OH. The new aliphatic Al OH, 

in other words, increased the hydroxyl group at the end of 

the P4HB gradually. For BLL, the carboxyl group at the end 

of the P4HB chain that oligomerized the ring opening 

polymerization were reacted to the lignin hydroxyl group by 

trans-esterification, which is where another lignin hydroxyl 

group reacted to another P4HB oligomer. As a result, the 

lignin hydroxyl group reacted first to P4HB at the initial 

modification stage and β-O-4 OH reacted gradually to P4HB 

afterwards. (Fig. 18 ~ Fig. 20) 
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Figure 18. 31P-NMR spectra of 30min-reacted BLL
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Figure 19. 31P-NMR spectra of 1hour-reacted BLL
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Figure 20. Change of BLL functional group according to the reaction 

charge ratio and reaction time
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By contrast, in the case of THFL, almost all COOH and β

-O-4 OH were decreased. THFL did not react to Al OH and 

NC Ar OH except when the reagent charge ratio was high. In 

Figure 21-22, new Al OH of THFL and OH at the end of the 

PTMEG were rarely present in THFL for 30min. It  is 

increased when the THFL sample reacted for 1 hour. This is 

because the hydroxyl group of oligomerized PTMEG was 

reacted with COOH and β-O-4 OH rapidly at the initial 

modification stage until gradually lignin-PTMEG 

copolymerization maximized. The specific reaction between 

THFL and β-O-4 OH is explained in the reference. Lin et al  

have studied a series of processes of Guaiacylg1ycerol-ß- 

guaiacyl ether (GG) liquefaction that model molecule mimic 

the lignin, in order to clarify the mechanism of lignin 

liquefaction and polycondensation. [121-125]

They found that the α-hydroxyl group of GG is atacked first 

by the hydrogen ion from an acid catalyst and gives a benzyl 

action, and then the benzyl action reacts with phenol through 

a nucleophilic substitution reaction at the para-position of 

phenol to generate phenolated products. As a result, lignin is 

degraded into guaiacol and phenolated derivatives, resulting 

from the cleavage of ß-O-4 linkages in the presence of 

phenols with or without acid catalysts.

Yong S. Choi et al. studied the lignin model compounds that 

have a simple structure, typically a phenolic dimer linked by 

either a β-O-4 or α-O-4 ether bond due to their abundance 

in lignin.[126] From their research, they concluded that the 
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predominant reaction during pyrolysis of the β-O-4 compound 

was not a free-radical reaction but a concerted retro-ene 

fragmentation. Additionally, a computational study of the  

retro-ene fragmentation for fully substituted β-O-4 

compounds was performed and the results revealed that the 

reaction pathway had a lower activation energy barrier than 

the bond dissociation energies associated with homolytic 

cleavage.

The COOH of lignin are reacted with OH of PTMEG by 

trans-esterification like in BLL. COOH is a well-known, highly 

reactive functional group with electron delocalization, so OH 

of PTMEG is reacted first to COOH. Then, as with BLL, the 

copolymer of lignin-PTMEG was gradually developed. (Fig. 

23) 
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Figure 21. 31P-NMR spectra of 30min-reacted THFL
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Figure 22. 31P-NMR spectra of 1hour-reacted THFL
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Figure 23. Change of THFL functional group 

according to the reaction charge ratio and reaction time 
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4.1.2. FT-IR analysis of modified lignin according to the 

reaction charge ratio and time

The intramolecular OH bond peak is the distinguishing feature 

of modified lignin observed near 3650cm-1. This is rarely 

observed in lignin, unlike in materials like vanillin and/or 

cyclohexane.[127-130] In lignin, it is the evidence of 

degraded lignin-aliphatic chain copolymerization. In addition, 

asymmetric stretch increases near 3000cm-1 ~ 2900cm-1 and 

features low molecular aromatic materials that look like lignin, 

according to the copolymerization of lignin-aliphatic chain in 

progress.(Fig. 24) This peak is as shown as hydroxyalkylated 

lignin. [131]

Carolina et al. studied the oxypropylation of lignin to use for 

polyols. Evidence of oxypropylation was checked by FTIR 

analysis. several features indicated the occurrence of 

propylene oxide grafting on lignin: an increase in the bands at 

2971cm-1 ~ 2870 cm-1 attributed to the asymmetric stretching 

of CH3, CH2, and CH in a aromatic groups. [131] 

Making a connection between these two peaks, delocalized 

electron induced by carbonyl group in the lignin-aliphatic 

chain increases the intramolecular hydrogen bond stretch, as 

opposed to asymmetric stretch increasing the electron cloud 

in the copolymer aromatic ring captivated by electron 

delocalization. 
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Changing the THFL peak is insignificant according to the time 

or charge ratio, because there is no additional carbonyl group 

that originates from the aliphatic chain. In the case of BLL, 

the aliphatic chain of P4HB increases a carbonyl in the 

copolymer. Significant peak change are shown according to 

the time and charge ratio. (FIg. 25)
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                   (a)                            (b)

  (c)

Figure 24. FT-IR spectra of BLL according to the charge ratio and 

reaction time. (a) 30min-reacted, (b) 1hour-reacted,  

(c)  10:5 charge ratio at different reaction time variation
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                     (a)                            (b)

 (c)

Figure 25. FT-IR spectra of THFL according to the charge ratio 

and reaction time. (a) 30min reacted, (b) 1h reacted,  

(c) 10:5 charge ratio at different reaction time variation  
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4.1.3. Effect of the reaction time on the molecular weight 

change of modified lignin

BLL shows a gradually increased molecular weight and THFL 

did not show polymerized residue until 1h 30min, at the end 

of the reaction time.(Table 3) The reason of this phenomenon 

is due to the degradation of β-O-4 linkage in the lignin as 

discussed in the 31P-NMR analysis, specific reason in the 

case of THFL could explain by the other study. 

Half-life periods of lignin  mimic compound in the tBuOH, 

DMSO, Dioxane and THF systems are about 6h, 3h, 0.7h and 

12 min. It seems that lignin mimic compound disappears more 

rapidly when the polarity of the solvent with low polarity. 

[132] It can be concluded that the β-O-4 linkage of lignin 

seemed to be cleaved more rapidly with the decrease of the 

solvent polarity. The cleavage of the β-O-4 OH of lignin was 

rapid in the THF, lignin was degraded and had became a low 

molecular weight lignin-PTMEG. However, by the time 

progress, degraded lignin-PTMEG oligomer had polycondensed 

[133]in a acdic condition, as shown as in the several wood 

liquefaction.
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Reaction 

time
10min 20min 20min 1hour 1h 30min

BLL 66K 149K 141K 158K N.A

THFL N.A N.A N.A N.A 89K

Table 3. Molecular weight of modified lignin according to the 

reaction time.
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4.1.4. Quantification of insoluble fraction in THF

In order to quantify the modification of lignin, insoluble 

fraction of modified lignin was quantified using the lignin 

insoluble solvent. The soluble property of lignin is insoluble in 

THF, the functonal group of lignin had substituted with 

polymer chain that used in the modification as shown in the 

various analyses, it makes modified lignin soluble in the THF. 

The molecular structure of lignin was changed by 

modification, making modified lignin more hydrophobic. The 

reason of lignin did not solute in THF that hydrophobic 

organic solvent is due to the miscibility gap between lignin 

and THF by the excessive amount hydroxyl group of lignin. 

However, it can be possible that DMF had made a solution 

lignin or modified lignin used in a GPC analysis is because of 

the SP value of DMF is 24.8 - close to the lignin SP value, 

and DMF had have a high polarity more than THF. 

Table 4 shows the differences of insoluble fraction according 

to the reaction charge ratio and time. Same amount of 

unmodified lignin(2%(v/w)) has a 97% ~ 98% insoluble 

fraction in the THF, it can be shown complete insoluble that 

consider the measuring error. However, BLL rarely show 

insoluble fraction except for 10:1 charge ratio. This 

phenomenon is due to the substituted chain using in BLL 

modification is PHB that have a 19.9 SP value, nearly closed 

SP value of THF (19.4). [134]
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Sample 

Label (wt%)
10:1 10:2 10:3 10:4 10:5

BLL 30min 23.2 3.4 3.2 4 3.1

BLL 1hour 34.1 3.3 6.4 4.6 3.5

THFL 30min 49.7 30.9 19.7 16.6 15.2

THFL 1hour 63.8 31.7 27.7 28.1 19.6

Time 

variation 10min 20min 30min 1hour
1hour 

30min
BLL 10:5 0.3 0.2 3.1 3.5 5

THFL 10:5 14.2 12 15.2 19.6 20.9

Table 4. Insoluble fraction of modified lignin in THF according to 

the reaction charge ratio and reaction time variation.
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In the case of THFL, time variation is affected rarely 

differences of insoluble fraction while charge ratio is affected 

thoroughly. Furthermore, insoluble fraction was increased in 

all charge ratio according to the time progress (30min -> 

1hour), it is because of the PTMEG chain that used in the 

THFL modified lignnin(THFL) had have more hydrophobic SP 

value than THF. Mn 1000 PTMEG has a high hydrophobic SP 

value 17 [135] that nearly close to the SP value of PE as 

shown in the Table 2.

As shown in the NMR analysis and GPC analysis, degradation 

of β-O-4 linkage is occured in the initial stage of the THFL 

modificaton process, substitution of PTMEG is occured at the 

same time. It is inferred that degraded lignin is alongside of 

the substituted PTMEG chain. After that, the proportion of 

PTMEG chain increased according to the time progress, 

insoluble fraction of THFL had increased linearly.

Furthermore, lignin molucular structure was changed 

thoroughly in the structural point of view, functional group of 

THFL is rarely different from lignin because of THFL did not 

decreased hydroxyl group of lignin compare with BLL backed 

up by the FT-IR results. From these results, lignin was 

modified well using modification method that proposed in this 

study, it can be inferred that BLL and THFL were modified 

similar structure while modification site were different.
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Until now, the modification reaction was discussed using NMR 

, FT-IR and molecular weight data of modified lignin, 

according to the charge ratio and time. However, too much 

unreacted reagent or degraded lignin-aliphatic-chain-oligomer 

remaining made this economically and industrially unfeasible. 

In the next section, a 2hour reacted sample was analyzed that 

has significant viscosity increasing in a reaction with low 

unreacted reagent. 
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4.2. Analysis of 2hour-reacted lignin according to the reaction 

charge ratio 

4.2.1. Viscometry analysis of 2hour-reacted lignin

As shown in the Figure 26, a variation of modified lignin 

viscosity shows insignificant differences except 10:1 charge 

ratio in the viscometry analysis. In a polymer science, 

increased viscosity means increased molecular weight. In this 

point of view, 10:1 sample had have a highest molecular 

weight among others, molecular weight decreased until 10:4 

charge ratio, after that it had rebound.

These results is analogous to insoluble fracton according to 

the charge ratio that 10:1 charge ratio shows specifically high 

viscosity and insoluble fraction. The reason of this 

phenomenon is as follows:

 As shown as Figure 27, reaction mechanism in this study 

can be inferred sulfuric acid catalyzed ring opening 

polymerization with polycondensation. If other acid using in 

this reaction, ring opening polymerization can occurred while 

polycondensation did not occurred, substitution of lignin 

functional group did not performed. [136-144]

Final product can be inferred lignin-reagent polymerized 

oligomer condensed gradually, it became a high molecular 

weight and have R-lignin-aliphatic chain-lignin-R molecular 

structure. In the case of 10:1 charge ratio, lignin is not 
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enough ratio although aliphatic chain is too much, almost of 

lignin consumed in early stage, molecular structure of 

modified lignin looks like entangled branch of ivy with a little 

opening reagent as role as chain extender.
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Figure 26. Viscosity change of modified lignin according to the 

reaction charge ratio in a 1% DMF solution



- 83 -

Figure 27. Reaction mechanism of modified lignin [136-140] 
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4.2.2. Elemental analysis of 2hour-reacted lignin

In this section, the proportion of lignin was analyzed in a 

modified lignin by proportion of lignin originated nitrogen - 

ex) BLL 10:6 – 0.8537/1.2634 = 67.5%, THFL 10:6  - 

1.0393/1.2634 = 82.2%.(Table 5) The reason for the low 

carbon content in the 10:6 sample is due to oxygen in the 

modification reagent. Considering the empirical formula of raw 

materials, the empirical formula of lignin is 

C9H6.95O1.05N0.1S0.06(OCH)0.83 However, the repeat unit of 

modification reagent is a BLL-C4H6O2 , THFL–C4H8O. It can 

be easy to think that a low proportion of lignin means high 

aliphatic chain content, but it has low carbon and high 

oxygen.

Furthermore, elemental analysis explains the insignificant 

difference in viscosity and molecular weight, except for 10:1 

and 10:6. For 10:2 ~ 10:5 modified lignin, the aliphatic chain 

plays the role as the chain extender between lignins, as 

inferred from elemental analysis data. However, as shown in 

Figure 28, the proportion of aliphatic chain did not show 

linear changes and is gradually decreased as the charge ratio 

of lignin increased. The reason for this behavior can be 

explained by a study on wood liquefaction. 
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Sample label Nitrogen(wt%) Carbon(wt%) Hydrogen(wt%)
Lignin 1.2634 64.6935 5.7267
BLL 10:1 1.1764 66.1604 5.4937
BLL 10:2 1.1571 64.5365 5.6071
BLL 10:3 1.2328 64.2741 5.5424
BLL 10:4 1.2463 65.1661 5.5536
BLL 10:5 0.8191 64.1723 5.5482
BLL 10:6 0.8537 56.4812 5.4443

Lignin 1.2634 64.6935 5.7267
THFL 10:1 1.2526 64.3016 5.6712
THFL 10:2 1.1125 63.2702 5.7323
THFL 10:3 1.1637 65.0455 5.7866
THFL 10:4 1.0977 63.8647 5.6459
THFL 10:5 1.0365 64.7914 5.8118
THFL 10:6 1.0393 59.2422 5.6223

Table 5. Elemental components of lignin and modified lignin 

according to the reaction charge ratio.
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Figure 28. Decrease of nitrogen contents of modified lignin 

according to the reaction charge ratio 
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Figure 29 shows a condensed residue increasing according to 

the time progress in the study of wood liquefaction,[145] 

condensed residue means not only DMF insoluble fraction but 

also became a high molecular weight polycondensed structure 

that not compatible with DMF. Further research shown by 

El-barbary et al.,[146] concluded that increasing the acid 

concentration till 5% improved liquefaction yield and the 

liquefaction temperature of 150oC was the minium temperature 

necessary to provide very low residue contents.

Apart from liquefaction time and liquefying reagents, the types 

of liquefied material also affect polycondensation in the later 

stage of lignocellulosic liquefaction with a sulfuric acid 

catalyst at 150oC under normal atmospheric conditions[147]. 

In the study by Kobayashi et al., polycondensation did not 

occur in the process of cellulose and lignin liquefaction. 

Perhaps longer reaction time is needed to achieve 

polycondensation of cellulosic liquefaction under previous 

conditions due to the special molecular arrangement of 

cellulose which is different from that of lignin and 

hemicellulose; lower reaction conditions may induce 

polycondensation of degraded lignin components. Two types 

of lignin (alkali lignin and steamed lignin) were completely 

converted to DMF soluble components in the initial stage of 

liquefaction. Zhang et al., investigated the relationship 

between the residue of cel1ulosic liquefaction and liquefaction 

time with phenol and sulfuric acid as catalysts at 150oC.[148] 

The results showed that polycondensation took place when 

the charge ratios were 2 and 4, while polycondensation was 
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not observed under the larger charge ratios such as 6 and 

10. The residue of liquefied wood  is insoluble in DMF that 

had occurred polycondensation.

From these results, degradation of lignin mainly occurred in 

the initial stage of modification, polycondensation occurred 

according to the time progress, molecular weight increased 

rapidly at the end of the modification process. Furthermore, 

polycondensation occurrence need a proper reaction condition 

such as charge ratio, reaction time , catalyst ratio and type 

of raw material. In this point of view, the drastic viscosity 

increase and low aliphatic chain content can be explained. 

It can be inferred from result of elemental analysis that why 

10:1 charge ratio shows specifically high insoluble fraction as 

shown in the Table 4. Result of elemental analysis show a 

almost linear decrease that 10:1 modified lignin is most high 

and 10:6 modified lignin is most low in a lignin quantity. It 

means that excessive reagent input is not a became high 

modification yield that expected to high substituted chain 

proportion. In fact, modification yield is the complete opposite.

The lignin-catalyst ratio is too high, because the catalyst is 

charged by 1wt% of the entire raw material, in the case of 

the 10:1 sample. Therefore, a dimer or trimer of the aliphatic 

chain is combined with degraded lignin intermediate before an 

aliphatic chain became a enough long chain while the 10:6 

sample has had enough time to aliphatic polymerize, a 

polycondensation occurred between the aliphatic chain and 
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lignin. A color change and increased molecular weight can 

possibly explain this mechanism. From these results, 10:1 

charge ratio sample had have a high molecular weight 

because of too much lignin proportion and this lignin is 

aggregated. However, 10:6 charge ratio sample is expected to 

had have a high molecular weight due to the opposite reason 

that long aliphatic chain is connected with lignin. 
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Figure 29. A simulated profile of the relationship between 

liquefaction and unliquefied wood residual yield in the PEG4 : 

wood1 ratio, sulfuric acid 0.3wt% as catalyst. [145]
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4.2.3. Effect of the charge ratio on the molecular weight 

change of 2hour-reacted lignin

Table 6 shows the molecular weight of modified lignin at 

different charge ratios. As expected, 10:1 and 10:6 samples 

are hard to measure, because they have many crosslinks or 

have a high molecular weight, as shown through viscometry 

analysis. 10:2 ~ 10:5 samples show low viscosity. There is 

some kind of suspension in a 10:1, 1wt% solution for 

viscometry analysis. For a 10:6 sample in 1wt% solution, 

there is a precipitate that makes it impossible to measure the 

viscosity. Due to the insoluble fraction shown in a 10:6 

solution, measuring the solution viscosity was impossible since 

the error occurred and equipment was stopped. Making a 

connection between GPC data and viscosity, modified lignin is 

not considered a star shape, which is different from 

hydroxyl-alkylated lignin as shown in other study.[131] 
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Charge ratio BLL THFL

Mw       Mn Mw        Mn

10:1 N.A N.A

10:2 205K      174K 154K       154K

10:3 152K      145K 200K       172K

10:4 177K      162K 161K       151K

10:5 190K      169K 180K       160K

10:6 N.A N.A

Table 6. Molecular weight of 2hour-modified lignin according to the 

reaction charge ratio.
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A star shaped oligo-lignin-aliphatic chain copolymer is 

connected to another aliphatic chain.(Fig. 30) As shown in 

Figure 31, it is the proposed condensed structure of modified 

lignin in this study with a branched molecular structure looks 

like starch or cellulose. 

It is a cross-linked residue that a small amount of insoluble 

fraction shown in the BLL had made in this 

polycondension.(Table 4) Furthermore, it can be inferred that 

linear incease of insoluble fracion according to the reaction 

time increase in the 10:5 charge ratio THFL is due to the 

polycondension of THFL oligomer shown in the Figure 30,31. 

As shown in the Figure 31, polycondension progress had 

made outer space of THFL covered with PTMEG chain, a part 

from lignin hard to interact with solvent while PTMEG chain 

mainly interact with solvent. 

From these results, 10:6, a 2hour reacted sample is 

appropriate for the basic purposes of this study, because a 

low unreacted reagent and has high lignin modification yield. 

A fixed condition reacted sample was used in the next part 

that makes the blend and measure the properties. 
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Figure 30. Proposed BLL and THFL oligomer structure of modified 

lignin according to the reactivity of chain molecules
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Figure 31. Proposed condensed structure of modified lignin
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4.3. Analysis of modified lignin at fixed charge ratio and 

reaction time 

10:6 charge ratio modified lignin was produced enormously 

using 500ml reagent, 300g of lignin and 8ml sulfuric acid for 

blend as shown Figure 32, temperature was same as 

mentioned above. Furthermore, in order to compatibility of 

modified lignin with PLA, PLA modified lignin(PLAL) was 

produced at 180oC that self catalyzed condensation 

temperature of lactic acid.[149] All modified lignin and 

unmodified lignin were analyzed by FT-IR, 1H-NMR and DSC 

before blend. Additionally, viscometry analysis was performed 

for compare PLAL viscosity variation with other modified 

lignin. 
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Figure 32. (a) Modification procedure of lignin at fixed condition of 

10:6 charge ratio and 2hour-reaction time. 

(b) Schematic structure of modified lignin(PLAL)
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4.3.1. FT-IR analysis of modified lignin

As shown in Figure 33, the FT-IR spectra of PLAL, BLL and 

THFL are different from the spectrum of the unmodified 

lignin. The BLL spectrum shows remarkable changes in the 

peaks corresponding to ether functional groups at 3250 cm-1 

for OH and 1033 cm-1 for C-O. Furthermore, the peaks 

corresponding to ester functional groups at 1041cm-1~1184 

cm-1 for C-O and 1753 cm-1 for C=O show much higher 

intensities than those observed in the spectrum of the pure 

lignin sample [149]. These results indicate an increase in the 

hydrophilicity of lignin following modification. Furthermore, as 

shown in Figure 33, the FT-IR spectrum of PLAL shows a 

very strong peak at 1041-1184 cm-1 (C-O) and at 1747 cm-1 

(C=O), whereas spectrum of pure lignin shows a weak signal 

at those wavelengths. This means PLAL has increased ester 

groups compared with pure lignin. 

However, both PLAL and THFL shows a reduced peak at 

3100~3450 cm-1 compared with that of pure lignin. This 

indicates that the hydroxyl groups of lignin are replaced with 

aliphatic chains by the modification. THF and PLA made the 

lignin more hydrophobic because the number of intramolecular 

hydrogen bonds in the lignin was reduced. This result 

indicates that the number of OH groups originally present in 

the lignin was reduced, and because the benzene rings of 

lignin are hydrophobic, the overall SP value of the 

THF-modified lignin approached values indicative of 

hydrophobicity.
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Figure 33. FT-IR spectra of lignin and modified lignin
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4.3.2. 1H-NMR analysis of modified lignin

As shown in Table 7, the aromatic OH (ArOH) and aliphatic 

OH (AlOH) of lignin are reduced significantly in both PLAL 

and BLL. This indicates that as the result of the FT-IR, lignin 

is substituted with an aliphatic chain by modification agents. 

The number of OH groups in lignin was significantly reduced 

in both the BLL and PLAL. The supporting FT-IR results 

indicate that the original lignin was substituted with the 

aliphatic chains of the polymerized modification agents. In the 

case of the BLL, 1H-NMR analysis indicates that the OH peak 

of lignin nearly halved due to an esterification reaction 

involving most of the aromatic OH and aliphatic OH groups of 

lignin. The NMR spectra also shows an increase in the free 

OH peak in the BLL sample just as in the FT-IR spectrum of 

the BLL. 

This increase is indicating that the OH groups of lignin are 

substituted by the P4HB. BLL shows a decrease in peak 

intensity at 9.86 ppm, which is the ArOH peak of lignin.[149] 

Furthermore, the occurrence of P4HB peak at 4.3 ppm 

indicates that the chains of P4HB are attached to the lignin 

molecules [111]. The fact that the AlOH peak at 3.88 ppm 

decreased by almost half confirms the modification of 

lignin.[149]

 Moreover, the NMR spectra of THFL shows that the free OH 

peak intensity is lower than that observed in spectra of the 

original lignin or BLL. Therefore, the results indicate that the 
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THFL is more hydrophobic than the original lignin or BLL. In 

the case of THFL, the mechanism of substitution is 

etherification, and for PLAL the mechanism is esterification. 

The ether bond is stable compared with the ester bond. In 

other words, the stable bond means low reactivity. Therefore, 

as shown in Table 6, THFL shows low block yield (37.2 %) 

and has more remaining ArOH and AlOH compared with that 

of PLAL. PLAL is modified by the aliphatic chain and show 

high yield of block OH (91 %). Furthermore, modification is 

confirmed by the presence of the specific PLA signal near 5.0 

ppm [151]. 

Generally, quantitative analysis of hydroxyl substitution is 

performed by chemical reaction. However, chemical reaction 

analysis is impossible in this case because there is a 

hydroxyl group at the end of the alkyl chain used in this 

study. Therefore, FT-IR and NMR analysis are used as 

alternative methods of chemical reaction analysis. By these 

methods, it can be confirmed that the hydroxyl group of lignin 

is replaced by aliphatic chain modification.
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Table 7. 1H-NMR peak change of lignin and modified lignin 

according to the type of aliphatic chain.

Sample ArOH AlOH
Block Yield
(% of peak 

area decrease)

Lignin 0.026 0.36 0%

THFL 0.02 0.175 37.2%

BLL 0.014 0.15 47.75%

PLAL 0.002 0.04 91%
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4.3.3. DSC analysis of modified lignin

The DSC curves of lignin and modified lignin are shown in 

Figure 34. Lignin is regarded as a thermosetting polymer 

because of its unique molecular structure. Lignin has a 

characteristic nature called sintering and became a 

thermosetting polymer at approximately 160oC-200oC through 

irregular bonding between its own functional groups. 

Therefore, lignin shows no specific Tg or Tm. 

However, the thermal properties of lignin were changed by 

the chain substitution of the hydroxyl group of lignin. It can 

be shown that PLAL has a Tg, and THFL has a Tm. These 

peaks are due to the peaks of the substituted chain. In the 

case of PLAL, the Tg is at 6.22oC. It is caused by the low 

molecular weight PLA used in the modification. In the case of 

the THFL, the observed Tm value, 156oC, was not that same 

as that of the original lignin. This Tm occurred because of 

the decrease in the number of hydrogen bonds in the THFL.

The DSC profile of the BLL did not shows a characteristic 

phase change but instead a wider range phase change 

behavior. The DSC profile of the BLL shows a broad peak 

that a similar the lignin profiles, yielding different Tg and Tm 

values due to hydrogen bonding with OH groups that are 

present in excess. 
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Figure 34. DSC results of lignin and modified lignin. 

(a) lignin, (b) PLAL, (c) BLL, (d) THFL
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4.3.4. Viscosity of PLAL

Figure 35 shows a viscosity of PLAL according to the charge 

ratio, it can be inferred that PLAL have a similar molecular 

structure by the viscosity variation is similar to other 

modified lignin. As like as behavior of BLL and THFL, 

insignificant differences in a 10:2 to 10:5 charge ratio, 10:1 

and 10:6 shows a high viscosity. 10:6 charge ratio and 2hour 

reacted PLAL were used for blend as same reason mentioned 

above.
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Figure 35. Viscosity of PLAL according to the charge ratio
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4.4. Physical properties of modified lignin/polymer blends

4.4.1. Thermal properties of modified lignin/polymer blends

Figure　 36 and Table 8 show the thermal properties of the 

PLAL/PLA blend. They shows the single Tg and Tm, as 

expected, and the good compatibility between PLAL and PLA. 

It shows a little decreased compatibility that in the case of 

BLL/PLA.Table 8 shows that the PLAL/PLA blend has a good 

compatibility. Furthermore, in the case of PLAL 60 %, the 

significant peak shift is caused by the changes of the 

matrix-filler ratio. Therefore, PLAL worked as the matrix 

cause of the sticky nature of PLAL. lignin/PLA and THFL/PLA 

blends shows a small melting peak near the Tm of PLA. It is 

regarded as a melting of THFL as described above, and it is 

evidence of the phase separation between THFL/PLA caused 

by the low compatibility between THFL and PLA. It indicates 

that the PLA chain and THFL and lignin rarely interact and 

did not form a lamella structure in a microscopic view, which 

can be shown in the XRD analysis. Table 8 shows a little 

peak shift of the Tg and Tc, and it did not change according 

to the THFL or lignin proportion,  indicating that THFL works 

as a general filler or disperse dye. 
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Figure 36. DSC results of modified lignin/PLA blends.

(a)lignin/PLA, (b)PLAL/PLA, (c) THFL/PLA, (d) BLL/PLA
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Table 8. Thermal transition temperature of modified lignin/PLA 

blends.

Label / °C PLA 100% PLA 80% PLA 60% PLA 40%

Lignin/PLA Tg 64.3 56.3 55.7 56.5

Lignin/PLA Tc 104.3 113.3

Lignin/PLA Tm 155.4 156.2 150.7(140) 153.2(144.7)

THFL/PLA Tg 64.3 55.9 56.5 56.5

THFL/PLA Tc 108.5 110.1 113.3

THFL/PLA Tm 155.4 155.5 153.4(144.8) 152.2(144.7)

BLL/PLA Tg 64.3 42.3 42.7 26.5
BLL/PLA Tc 91.5 91.4 69.1
BLL/PLA Tm 155.4 151.1 151.5 147.9

PLAL/PLA Tg 64.3 63 65 56.2

PLAL/PLA Tc 98.3 97.8 66.5

PLAL/PLA Tm 155.4 159.2 163.3 133.5
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The results of the DSC analysis indicate that the phase 

change behavior of the lignin/synthetic polymer blends vary 

with the blend ratios. The results shows that lignin does not 

significantly affect the phase change behavior of the synthetic 

polymers.(Fig. 37) However, when the blend ratio of the 

synthetic polymer/modified lignin blends exceeds a certain 

value, the addition of more modified lignin alters the thermal 

properties of PP or PET.(Fig. 38) The PET/BLL blends shows 

a decrease in Tm (162.68oC→158.95oC), Tg (45.56oC →

21.06oC) and Tc (115.24oC→94.22oC) depending on the BLL 

content. Furthermore, a single peak is observed that does not 

appear to be independent of Tg or Tm, demonstrating that 

the compatibility between PET and BLL is sufficiently good to 

produce a single phase [100]. The PET/lignin blend (Fig. 

37(a)) shows nearly the same Tg and Tm, regardless of the 

lignin content. On the other hand, the PET/BLL blend as 

shown in Figure 38 (a) shows changes in Tg and Tm with 

increasing modified lignin content. Furthermore, the amount of 

absorbed heat is constant at the Tm of the PET/BLL blend. 

Similarly to the PP/lignin blend, the PP 75 %/THFL 25 % 

blend shows no significant change in thermal properties. 

However, when the THFL content is 50 %, the Tc (108.56oC) 

and Tg (59.57oC) peaks seem that absent in the PP/lignin 

blends. A small melting peak (148.73 oC) occurred near the 

Tm (158.52oC) of PP50 %/THFL50 %. This is evidence of 

phase separation between THFL and PP compared with the 

lignin/PP blend. Lignin and PP had no specific Tg or Tc, as 

shown in the DSC analysis. 
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Figure 37. DSC results of (a)lignin/PET and (b)lignin/PP 
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Figure 38. DSC results of (a)BLL/PET and (b)THFL/PP
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4.4.2. XRD analysis of modified lignin/polymer blends

The degree of crystallinity of blends can be determined by 

XRD analysis.(Table 9) The lignin/PLA and THFL/PLA blends 

shows that the degree of crystallinity decreased gradually. 

The lignin/PLA blend shows a significant decrease after 

20/80, whereas the THFL/PLA blend decreased gradually 

because THFL and lignin act as filler. 

Therefore, the portion of PLA crystal was decreased by the 

increasing of the THFL and lignin. However, in the case of 

PLAL 60-PLA 40 , the degree of crystallinity increased by 

the changes of the composition ratio because PLAL acts as a 

matrix cause of the sticky nature of PLAL.

On the other hand, blend of BLL/PET shows increased 

crystallinity more than PET only, reduction of crystallinity in 

the THFL/PP blend is less decreased than THFL/PLA blend. 

The THFL/PP blend shows a gradually decrease in 

crystallinity, whereas the crystallinity of the BLL/PET blend 

increased gradually because THFL acts as a filler. However, 

addition of BLL increases the crystallinity of PET is strong 

evidence for the good compatibility between BLL and PET.

Furthermore, crystal structure change of PET by the addition 

of BLL as shown in Figure 39, it means that molecular chain 

of BLL and PET are enough to compatible entalged with each 

other. It can be considered also that high compatibility of 

BLL/PET blend, along with increasing of degree of 
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crystallinity and peak shift of Tg in the DSC analysis. 

However, THFL/PP blend did not shows a dramatic change 

like BLL/PET blend. 
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Table 9. Degree of crystallinity of blends using modified lignin / 

polymer. 

Type of 
Blend

PLA 
100% PLA 80% PLA 60% PLA 40% Sample 

only

PLA/Lignin 30.6 % 28.3 % 23.3 % 21.3 % 1.4 %

PLA/THFL 30.6 % 27.6 % 25 % 20.6 % 3.3 %

PLA/BLL 30.6 % 27.7 % 29.8 % 26.8 % 10.9 %

PLA/PLAL 30.6 % 28.6 % 23.3 % 27.8 % 16.6 %

PP 100% 
PET 100%

modified lignin 25/ 
polymer 75

modified lignin 50/ 
polymer 50

PP/THFL 51.7 % 49.5 % 40 %

PET/BLL 30.1 % 35.4 % 33.4 %
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Figure 39. Changes of the crystal structure 

according to the (a)BLL and (b)THFL contents
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4.4.3. Tensile properties of modified lignin/polymer blends

4.4.3.1. Tensile properties of modified lignin/PLA blends

To investigate the mechanical properties of the blends, the 

tensile properties were measured. As shown in Table 10, all 

mechanical properties of the PLAL/PLA blend decreased after 

modification. The THFL/PLA blend shows better mechanical 

properties than PLAL/PLA, even though good compatibility is 

expected in the case of PLAL/PLA. The mechanical properties 

of PLAL/PLA-40/60 decreased significantly, whereas those of 

the 20/80 decreased only a little. PLAL/PLA-20/80 showed 

analogous mechanical properties to lignin/PLA-20/80. 

However, PLAL/PLA-40/60 showed a significant decrease in 

all mechanical properties compared with that of the lignin/PLA 

blend. The THFL/PLA blend shows good mechanical 

properties compared with the others.

These phenomenon are the cause of the PLAL/PLA blend 

showing low mechanical properties. As described above, the 

low molecular PLA alkyl chain has a low Tg. These low Tg 

chains work as defects in the matrix - PLA has a 65oC Tg. 

This can be confirmed by Nijenhuis et al. in the study of a 

high Mw PLA/low Mw poly(ethylene oxide) blend [152]. The 

analogous mechanical properties of the PLAL/PLA blend cause 

the Tg of the low Mw poly(ethylene oxide). However, the 

long chain of THFL is packed densely; it is rarely affected by 

the secondary force interactions between the PLA matrix. 

Therefore, THFL works as a general filler that does rarely 



- 118 -

affect the mechanical or thermal properties of the matrix. It 

can also be confirmed by the DSC analysis of the modified 

lignin/PLA blend. Furthermore, the fact that the alkyl chain of 

THFL is rarely affected by the secondary forces of the PLA 

matrix is explained well by Todo et al. [153]. In the case of 

the lignin/PLA blend, lignin works as filler, but as described 

above, the hydroxyl group of the lignin interrupts the 

secondary forces of the PLA matrix. Therefore, the 

lignin/PLA blend shows worse mechanical properties compared 

with the THFL/PLA blend.

4.4.3.2. Tensile properties of THFL/PP and BLL/PET

All of the mechanical properties of the PP/THFL blend were 

enhanced compared to lignin or the acetylated lignin/ polymer 

blend, which was confirmed by comparing their mechanical 

properties in this study as well as other studies [12,98,154]. 

However, in the case of the PP/THFL blend, the mechanical 

properties of the 25:75 synthetic plastic: modified lignin 

matrix were remarkably reduced, whereas those of the 50:50 

synthetic plastic matrix: modified lignin were only slightly 

reduced. 

When modified lignin is incorporated into a PP matrix, the 

overall physical properties of the resulting composite are 

improved, such as when clay or talc is integrated into a 

general PP composite. However, unlike unmodified lignin, the 

composite will not be sintered because it is a 

lowmolecular-weight substance and features blocked reaction 
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sites. Thus, modified lignin is burned off and does not affect 

the matrix.

In the case of PET/BLL, elongation increased significantly 

with the concentration of BLL, but the strength decreased 

with the concentration of PET. This result was attributed to 

the fact that P4HB exhibits 1,000 % elongation [95]. Because 

the mechanical properties of the polymer mixture follow the 

“rule of mixture”, the mechanical properties of the BLL-PET 

blend seemed to exhibit a mechanical performance 

proportional to the BLL content. 

Table 10 shows that the tensile properties of the PP/THFL 

blended matrix decreased slightly with the THFL content 

compared to the PP/lignin [97-99]. There was no significant 

change in the tensile strength, although the tensile strength of 

the matrix containing 50 % THFL was slightly lower than that 

of the matrix containing 25 % THFL. Regarding the 

stress-strain behavior, in general, strain was observed to 

decrease as the stress increased. In the case of the 

THFL-PP blend, the opposite behavior was observed. 

Analogous to the tensile strength, the Young’s modulus values 

increased with the THFL content from 710 MPa to 960 MPa. 

On the other hand, the tensile strength of the PET/BLL blend 

decreased as the BLL content increased because P4HB is 

highly elastic and thus had a low modulus, 70MPa [94]. 

In the case of the BLL-PET blend, the stress-strain seemed 

to follow the rule of mixture. Young’s modulus values 
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decreased with the BLL content from 1150 MPa to 130 MPa. 

 This result indicates that the material used to modify lignin 

retains its material properties and affects the mechanical 

properties of the final blend due to the decrease in the 

number of OH bonds in lignin. Furthermore, the aliphatic 

chains that replaced the OH groups of lignin were confirmed 

to reduce the brittleness of lignin.
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Table 10. Tensile properties of polymer/modified lignin blends 

according to the charge ratio.

sample/matrix  

blend ratio

Ultimate 

Tensile 

Strength (MPa)

Young’s 

Modulus (MPa)

Strain at   

Break (%)

Neat PLA 62 1820 5.19
Lignin2/PLA8 39.2 1850 2.24
Lignin4/PLA6 22.5 1190 2.07
THFL2/PLA8 54.1 1880 7.25
THFL4/PLA6 40.9 1610 5.86
BLL2/PLA8 25.5 1240 6.04
BLL4/PLA6 15.3 660 6.75
PLAL2/PLA8 40.9 1750 3.27
PLAL4/PLA6 2.1 120 N.A
Neat PP 32.4 710 4.39
THFL2/PP8 26.4 710 8.57
THFL4/PP6 24.7 960 9.56
Neat PET 45.5 1150 5.33
BLL2/PET8 23.2 600 447
BLL4/PET6 7.3 130 503
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4.4.4. Degradation behavior of THFL/PP and BLL/PET

Table 11 shows the results of mechanical test and weight 

loss after degradation. There was no significant weight loss in 

the 12-week experiment [155]. However, there was an 

obvious decrease of strain in all of the samples. In the case 

of the THFL/PP blends, a small change in tensile strength, 

decreased in strain and increase in modulus was observed. It 

seems that a little change occurred in the THFL/PP blend 

material during the degradation test because the THFL and 

PP separated in the blend, an observation that was confirmed 

by DSC and XRD analysis. 

However, in the case of the BLL/PET blend, the tensile 

strength and strain decreased dramatically and the modulus 

increased more than double before degradation. This is 

because chain degradation makes materials ‘brittle’, as shown 

in the bulk erosion process or photo-degradation of polymers 

[156,157]. The BLL/PET blend had a similar weight loss as 

THFL/PP. However, the BLL/PET blend showed good 

compatibility, which was confirmed by DSC and XRD analysis, 

which means that a chain of P4HB and PET is in a single 

phase lamella structure. After active biodegradation occurred, 

the lamella structure of the blend was weakened [158]. 



- 123 -

Table 11. Tensile properties and weight change of polymer blends 

degraded by fungus.

Degradation  

 Time 

Ultimate 

Tensile 

Strength 

(MPa)

Young’s 

Modulus 

(MPa)

Strain at   

Break (%)

Weight 

Loss (%) 

PP / THFL

4week
19.7 634.8 8.8 2

PP / THFL

8week
22.8 1031 5.6 2

PP / THFL

12week
24.8 1264 5.5 +1.3

PET / BLL

4week
12.1 1524 6.3 1

PET / BLL

8week
9.8 1347 2 0.5

PET / BLL

12week
9 1408 1.8 +1.5
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Furthermore, Figure 40, Figure 41 shows 300X degraded SEM 

image of modified lignin/PET and PP that well known 

non-degradable plastic. It can shown that degradation 

occurred and increased according to the time progress while 

0 week sample had shown smooth surfaces. If antioxidant did 

not added, lignin and substituted aliphatic chain degradation 

occurred with oxidative degradation not only itself but also 

matrix polymer as shown as the study that degradation 

behavior investigation of lignin blended PE and PP in a fungal 

degradation environment.[159]

More detailed image can be shown by 1000X SEM image.(Fig. 

42, 43)  In the case of BLL/PET blend 12 weeks sample, it 

had shown that after-degraded product observed on the 

surface of sample while THFL/PP blend degraded sample only 

shown  burrowed defect into the surface. It means more 

active degradation occurred in the BLL/PET blend, it can also 

confirmed by more decreased mechanical properties of 

BLL/PET blend because of P4HB is well known degradable 

polymer ,it can use as scaffold.[94] 

In the case of without lignin or did not performed degradation 

test, it can not be shown any decrease of mechanical by 

study of Maria et al..[159] Other research shows a similar 

degradation behavior that addition of lignin in the 

non-degradable plastic .[160,161] It was reported that lignin 

is possible to degrade in a composting environment by the 

several white rot fungi, Brown-rot fungi and bacteria.[162] 
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Furthermore, degradation of lignin is not only affected by the 

lignin contents but also combination morphology. Wheat straw 

contain 20.5% lignin and canola residue contain 11.5% lignin, 

wheat straw loose 5% lignin in 47 days composting while 

lignin contents of canola residue decreased only 2% in 154 

days composting.[163] In this point of view, rapid and more 

degradation occurred in BLL/PET can be explain. 
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Figure 40. SEM pictures at the magnification of 300X of 

PP/THFL 75/25 blend after degradation, 

(a) 0week, (b) 4weeks, (c) 8weeks, (d) 12weeks



- 127 -

Figure 41. SEM pictures at the magnification of 300X of 

PET/BLL 75/25 blend after degradation, 

(a) 0week, (b) 4weeks,  (c) 8weeks, (d) 12weeks
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Figure 42. SEM pictures at the magnification of 1000X of 

PP/THFL 75/25 blend after degradation, 

(a) 0week, (b) 4weeks, (c) 8weeks, (d) 12weeks
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Figure 43. SEM pictures at the magnification of 1000X of 

PET/BLL 75/25 blend after degradation, 

(a) 0week, (b) 4weeks, (c) 8weeks, (d) 12weeks
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Ⅴ. Conclusion

Lignin is not fully utilized due to its unique molecular 

structure, so it needs to be modified to improve poor 

mechanical properties and processing difficulty. The purpose 

of this study is to propose an easy and inexpensive method 

of modification of lignin. Various analyses were performed 

using different types of reagents to modify lignin. The 

reagents were used  to mimic the 

lignin-carbohydrate-complex(LCC) structure.

The reaction site of modification is different according to the 

reagent according to the results of 31P-NMR analysis. BLL 

was mainly reacted with Al OH and NC Ar OH. A small 

amount of β-O-4 OH were reacted. THFL did not react to Al 

OH and NC Ar OH, but reacted with COOH and β-O-4 OH 

rapidly at the initial modification stage. It is because of the 

low polarity of THF. β-O-4 linkage of lignin was degraded 

rapidly at the initial stage of modification, PTMEG substitution 

occurred at the same time.

  

It was confirmed that modified lignin is not a star shape, 

which is different from hydroxyl-alkylated lignin. A 

star-shaped oligomer (lignin-aliphatic chain copolymer) is 

connected to another aliphatic chain. FT-IR results show the 

increased intramolecular OH stretch causing condensed 

structure of modified lignin. GPC analysis according to the 

reaction time and charge ratio shows that they became a 
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branched molecular structure which looks like starch or 

cellulose.

The optimum reaction time and reaction charge ratio was 

confirmed by GPC, quantification of insoluble fraction and 

elemental analysis. Polycondensation occurred in the last 

stage of modification. The yield of modification was higher if 

the charge ratio of lignin and reaction time were higher. 

Therefore, blending of modified lignin with matrix polymer 

were performed at a fixed condition of 10:6 charge ratio and 

2hour-reaction time.

From the analysis of the lignin made at the fixed condition by 

the 1H-NMR, FT-IR and DSC, it was found that the 

characters of the modified lignin were quite different, lignin 

was modified as expected and modification yield was different 

according to the substituted aliphatic chain, From the result 

that modified lignin have different character by the substituted 

chain, lignin and all modified lignin were blended with PLA in 

order to see the effect of substitution.

DSC and XRD results show the degree of crystallinity of 

blend and interaction were different due to the types of the 

modified lignins and polymers. The reason is because BLL is 

ester and THFL is ether although they have same amount of 

carbon in the repeating unit. Tensile properties were 

measured to see the compatibility between modified lignin and 

PLA. The brittleness decreased in the order of 

THFL>BLL>Lignin>PLAL Although PLAL was expected to 
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have a good compatibility with PLA, PLAL/PLA blend shows 

poor mechanical property due to the low Tg of the PLAL.

Then, BLL was blended with PET and THFL  was blended 

with PP that have a little polarity. Same analyses were 

performed as blended PLA/modified lignin blend, BLL/PET and 

THFL/PP blends were better than the case of PLA blends. An 

interesting result was seen in these blends. THFL/PP blend 

shows insignificant decrease in the mechanical properties up 

to 50/50, BLL/PET blend shows good compatibility and 

increased degree of crystallinity if compare with pure PET. 

BLL/PET blend shows typical “rule of mixture” behavior 

because property of P4HB chain was well reflected. 

BLL/PET-50/50 blend shows more than 500% breaking strain. 

P4HB homopolymer shows 1000% elongation. This result 

indicates that the material used to modify lignin retains its 

material properties and affects the mechanical properties of 

the final blends probably due to the decrease in the number 

of OH bonds in lignin.

In order to show the degradation behavior by addition of BLL 

and THFL, degradation test was performed for 12 weeks with 

4week- intervals. It was found that blends using BLL and 

THFL were degraded. BLL shows more active degradation 

because of BLL was substituted with P4HB which is well 

known as biodegradable plastic.

From this study, a new method of lignin modification is 

proposed, and it is found that modified lignin will retain the 
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property of substituted aliphatic chain. This method could be 

a proper lignin modification method. Because the decrease of 

mechanical properties of modified lignin/PP blends was not so 

large, the blends could be used as a replacement materials 

for the homopolymer PP at the cheap price. Because 

BLL/PET blends has a high elongation properties as well as 

biodegradable properties, they could be used as highly 

stretchable films and/or some disposable plastics.
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초 록

본 연구의 목적은 기존의 분자구조 확인 수준에서 머물던 리그닌 

개질방법에서 탈피하여, 새로운 리그닌의 개질방법을 제시하고 이를 

저렴한 상용고분자와 블렌드하여 경제성있는 리그닌/고분자 블렌드

를 제조하는데 있다. 개질전의 리그닌은 그 분자구조 특성으로 인해 

상용고분자와 블렌드 할 경우 현저한 물성의 하락을 가져옴으로 산

업적 규모의 사용이 불가하였다. 이를 위해 SKL(softwood kraft 

lignin), tetrahydrofuran, butyrolactone을 개질시약으로, 황산을 촉

매로 사용하여 개질하였다. 개질된 리그닌의 구조적인 변화와 반응

기의 변화, 분자량의 변화를 31P-NMR 분석, FT-IR 분석, GPC 분

석,  불용분 정량, 원소함량 분석 등을 통해 확인하였다. 분석 결과 

리그닌의 개질이 잘 수행되었고, 반응시간 별로 본 결과 2시간 반응

시 수율이 가장 높게 나타났고, 이 샘플의 경우 질량평균 분자량 

200kDa 전후의 분자량을 가지는 것을 알 수 있었다. 반응시간별, 

비율별로 개질한 리그닌의 분석결과 10:6(시약:리그닌) 비율, 2시간 

반응 시에 가장 수율이 높게 나타난 것이 확인되어 이후 이 조건으

로 제조된 리그닌의 1H-NMR, FT-IR, DSC 분석을 이용한 개질의 

확인과, 개질에 사용된 지방족 사슬의 종류에 따라 달라진 열적 특

성의 차이를 분석하였다. 기초분석이 완료된 개질리그닌과 PLA, 

PP, PET를 블렌드한 후 인장 특성, 열적성질 과 결정구조의 변화

를 분석하였다. 개질리그닌의 첨가로 비분해성 고분자인 PP 와 

PET에 생분해특성이 부여되었는지를 확인하기 위하여 곰팡이를 이

용하여 분해를 시킨 후 물성 및 중량 변화와 SEM 이미지를 관찰하

였다. 

색인어 : 리그닌, 지방족 사슬 개질, 고분자 블렌드, 생분해성

학번 : 2009-23270


	Ⅰ. Introduction
	Ⅱ. Literature Survey
	2.1. Chemistry of Lignin and LCC
	2.1.1. Molecular structure of lignin
	2.1.2. A study of LCC
	2.1.3. Usage of lignin

	2.2 Technology of Lignin Modification
	2.2.1. Outline of lignin modification
	2.2.2. Methods of lignin modification

	2.3. Properties of general purpose synthetic polymers, unmodified lignin and their  blends
	2.3.1. Properties of general puprpose synthetic polymer
	2.3.2. Mechanical and thermal properties of lignin / synthetic polymer blends
	2.3.3. Soluble property of Indulin AT, SP value of  polymers and visual inspection of their blends


	Ⅲ. Materials and Method
	3.1. Materials
	3.2. Preparation and characterization of modified lignin
	3.2.1. Preparation of modified lignin
	3.2.2. Characterization of modified lignin according to the reaction time and reaction charge ratio

	3.3. Preparation and characterization of modified lignin and its blends
	3.3.1 Preparation of modified lignin and polymer blends
	3.3.2 Characterization of modified lignin and its blends


	Ⅳ. Results and Discussion
	4.1. Analysis of modified lignin
	4.1.1. 31P-NMR analysis of modified lignin according to the reaction charge ratio
	4.1.2. FT-IR analysis of modified Lignin according to the reaction charge ratio and time
	4.1.3. Effect of the reaction time on the molecular weight  change  of modified lignin
	4.1.4. Quantification of insoluble fraction in THF

	4.2. Analysis of 2hour-reacted lignin according to the reaction charge ratio
	4.2.1. Viscometry analysis of 2hour-reacted lignin
	4.2.2. Elemental analysis of 2hour-reacted lignin
	4.2.3. Effect of the charge ratio on the molecular weight  change of 2hour-reacted lignin

	4.3. Analysis of modified lignin at fixed charge ratio and reaction time
	4.3.1. FT-IR analysis of modified lignin
	4.3.2. 1H-NMR analysis of modified lignin 
	4.3.3. DSC analysis of modified lignin
	4.3.4. Viscosity of PLAL

	4.4. Physical properties of modified lignin/polymer blends
	4.4.1. Thermal properties of modified lignin/polymer blends
	4.4.2. XRD analysis of modified lignin/polymer blends
	4.4.3. Tensile properties of modified lignin/polymer blends
	4.4.4. Degradation behavior of THFL/PP and  BLL/PET


	Ⅴ. Conclusion
	Ⅵ. References
	초 록


<startpage>17
グ. Introduction 1
ケ. Literature Survey 7
 2.1. Chemistry of Lignin and LCC 7
  2.1.1. Molecular structure of lignin 7
  2.1.2. A study of LCC 10
  2.1.3. Usage of lignin 19
 2.2 Technology of Lignin Modification 22
  2.2.1. Outline of lignin modification 22
  2.2.2. Methods of lignin modification 23
 2.3. Properties of general purpose synthetic polymers, unmodified lignin and their  blends 29
  2.3.1. Properties of general puprpose synthetic polymer 29
  2.3.2. Mechanical and thermal properties of lignin / synthetic polymer blends 31
  2.3.3. Soluble property of Indulin AT, SP value of  polymers and visual inspection of their blends 34
ゲ. Materials and Method 37
 3.1. Materials 37
 3.2. Preparation and characterization of modified lignin 39
  3.2.1. Preparation of modified lignin 39
  3.2.2. Characterization of modified lignin according to the reaction time and reaction charge ratio 47
 3.3. Preparation and characterization of modified lignin and its blends 50
  3.3.1 Preparation of modified lignin and polymer blends 50
  3.3.2 Characterization of modified lignin and its blends 52
コ. Results and Discussion 57
 4.1. Analysis of modified lignin 57
  4.1.1. 31P-NMR analysis of modified lignin according to the reaction charge ratio 57
  4.1.2. FT-IR analysis of modified Lignin according to the reaction charge ratio and time 70
  4.1.3. Effect of the reaction time on the molecular weight  change  of modified lignin 74
  4.1.4. Quantification of insoluble fraction in THF 76
 4.2. Analysis of 2hour-reacted lignin according to the reaction charge ratio 80
  4.2.1. Viscometry analysis of 2hour-reacted lignin 80
  4.2.2. Elemental analysis of 2hour-reacted lignin 84
  4.2.3. Effect of the charge ratio on the molecular weight  change of 2hour-reacted lignin 91
 4.3. Analysis of modified lignin at fixed charge ratio and reaction time 96
  4.3.1. FT-IR analysis of modified lignin 98
  4.3.2. 1H-NMR analysis of modified lignin  100
  4.3.3. DSC analysis of modified lignin 103
  4.3.4. Viscosity of PLAL 105
 4.4. Physical properties of modified lignin/polymer blends 107
  4.4.1. Thermal properties of modified lignin/polymer blends 107
  4.4.2. XRD analysis of modified lignin/polymer blends 113
  4.4.3. Tensile properties of modified lignin/polymer blends 117
  4.4.4. Degradation behavior of THFL/PP and  BLL/PET 122
ゴ. Conclusion 130
サ. References 134
段 系 160
</body>

