
 

ABSTRACT 

LI, SHUAI. Valorization of Lignins for Use in Multi-phase Systems. (Under the direction of 

Drs Orlando Rojas and Carlos Salas). 

 

Technical lignins, are mainly used as low-value solid fuels due to their complex structures 

and diversity of sources. However, lignin presents multifunctionality, surface activity, non-

toxicity, high heating values, etc., all of which can be considered for utilization in diverse areas. 

Industrial Kraft lignins were modified by carboxymethylation, enabling their solubilization 

at neutral pH. The carboxymethylated lignins (CML) were characterized by elemental analysis, 

molecular weight (GPC), and degree of substitution (31P NMR). Surface tension analysis 

confirmed the suitability of the CML to reduce surface tension, given their surface activity. 

They presented a critical aggregation concentration in water with a minimum surface tension 

of 34 mN/m. The salinity and pH of the aqueous phase were adjusted as formulation variables 

in different (water-oil systems) Winsor-type of systems and were then emulsified following 

standard emulsification protocols. An ultra-high viscosity bitumen oil and other lighter fuels 

were used as oil phases. The drop size distribution of emulsions prepared with aqueous phases 

of varying pH, CML degree of substitution, and composition (water-to-oil ratio, WOR) were 

determined and discussed in terms of composition and formulation variables. Oil-in-water 

(O/W) emulsions stabilized by CMLs showed a strong shear thinning behavior (rheological 

behavior) with a characteristic drop size less than 2 μm. They were stable for at least 1 month. 

CML/kerosene/water fuel emulsions were evaluated in a lab-scale fuel engine which indicated 

the emulsions burned effectively and displayed a relative high HHV. Compared with the pure 



 

base fuel, and under certain conditions, the O/W fuel emulsion presented lower NOx and CO 

emissions and maintained a relatively high combustion efficiency.  

Carboxymethylated lignins were used to form liquid foams, which were produced via 

agitation and compressed air bubbling. The foamability and foam stability of 

carboxymethylated lignins in water were measured as a function of concentration, temperature, 

pH, mixing rate and air content. Fibers were mixed with CML solution (0.6 % solids in aqueous 

dispersion) under agitation to stabilize liquid foams. The foamability and stability were 

analyzed at varying CML and fiber concentration, pH and co-surfactant/CML ratio. After 

dewatering, the materials were assembled by foam-laying techniques that were further 

characterized for residual lignin (retention), morphology, and physical-mechanical properties 

(formation, density, air permeability, surface roughness, tensile and internal bond strength). 

The results were compared with those of similar structures obtained from foams stabilized with 

an anionic surfactant (SDS) as well as those from foam-free (water) systems.  

A highly efficient disilazane reaction was used to substitute hydroxyls in Kraft lignin with 

silicone-containing vinyl groups. The SiC and SiOC bonds can improve lignin macromolecular 

mobility. Moreover, the modified lignin was copolymerized with acrylonitrile, and the 

products were used to produce composite films. The products of lignin modification and PAN-

lignin copolymerization were characterized by FT-IR, and 1H, 13C, 31P NMR, which indicated 

the success of the respective procedures. Glass coating via solution casting followed by oven 

drying yielded films that were tested via SEM, contact angle, TGA and DSC. A good 



 

compatibility between silicone functional lignin and PAN was determined. Finally, tensile 

strength of the composite films were obtained via DMA.  

The silicone-functionalized lignins can partially of phenol to produce lignin-based phenolic 

foams displaying closed-cell morphologies. Vinyl functional groups enhanced the crosslinking 

process during the curing step and endowed stronger bonding networks. The thermal behavior 

of the lignin-based resol and phenolic foams were analyzed by DSC. The morphology of the 

phenolic foams was observed under SEM. The mechanical properties of compression and 

flexural strength were tested by DMA, which indicated that the phenolic foam based on 

silicone-functionalized lignin is flexible and strong, properties that are otherwise difficult to 

attain at the same time.   
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1 Introduction 

1.1 Background  

1.1.1 Lignin Structures 

 

Figure 1.1. Lignin structural model 

 

Lignin is a three dimensional amorphous macromolecule consisting of methoxylated 

phenylpropane structures [1]. In plant cell walls, lignin fills the spaces between cellulose and 

hemicellulose, and it acts like a resin that holds the lignocellulose matrix together [2]. Cross-

linking with the carbohydrate polymers then confers strength and rigidity to the system. In the 

woody biomass, the lignin contributes around 30 % of the total mass in softwood 20-25 % in 
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hardwood [3]. Lignin has a very complex structure depending on the species. Figure 1.1, 

displays a proposed lignin structural model reported in 1977 [4]. 

Although the exact structure of native lignin in unknown, the biosynthesis of lignin is 

thought to involve the polymerization of three primary so-called monolignols: ρ-coumaryl, 

coniferyl, and sinapyl alcohols which produce ρ-hydroxyphenyl (H), guaiacyl (G), and 

syringyl (S) residues, depicted in Figure 1.2 [5].  

 

Figure 1.2. Monolignol carbon nomenclature and residues 
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Based on above monolignols, lignin is biosynthesized to form a heterogeneous structure 

with different C-C and C-O linkages.[6, 7] The major linkage types are listed as following [8] 

(Figure 1.3): 

 

 

Figure 1.3. Linkages between monolignols in lignin biomacromolecules 

 

Besides the above different types of linkages, the lignin monomers can also bond with other 

polysaccharides, proteins, etc., which make the lignin a highly branched, complex three-

dimensional network.  

1.1.2 Isolated Lignins 

Lignin can be isolated from the cellulose and hemicellulose based on the different 

procedures, for this reason one can refer to lignins instead of singular lignin. After the isolation, 



4 

the lignins present various properties. It is important to stress that the structure of the isolated 

lignin stream depends on the pretreatment method employed. These methods result in different 

types of lignin with a consistent, relatively high quality. They are divided into four categories: 

physical pretreatment (i.e., ball milling), solvent fractionation (including the organosolv 

process along with phosphoric acid fractionation and the use of ionic liquids), chemical 

pretreatment (acidic, alkaline, and oxidative), and biological treatment (using enzyme) [9]. 

Several different lignin sources, derived from a specific form of biomass pretreatment, could 

be potentially used as feedstocks for lignin valorization in a biorefinery. These sources could 

originate either from pretreatments in the pulp and paper industries (i.e., kraft or 

lignosulfonate) or new feedstocks specific to the biorefinery figure (i.e., organosolv). 

1.1.2.1 Kraft Lignins   

Worldwide, the Kraft process is the most commonly used method to produce fibers for 

papermaking.[10] During the process, wood chips are treated with Na2S/NaOH solution in 

order to remove the lignin from the cellulose. The resulting aqueous dispersion, which is called 

black liquor, contains lignin fractions, hemicellulose, extractives, and other chemicals. From 

the black liquor, a delignification process can be employed to precipitate Kraft lignin. 

Generally, a strong acid solution is used to neutralize the black liquor and the product is 

obtained after drying. Due to the delignification, the resulting lignin has a lower molecular 

weight compared with the precursor or natural lignin. Moreover, Kraft lignins are highly 

modified and show hydrophilicity. Only alkaline solutions can dissolve it, which limits its 

utilization. A large amount of commercial Kraft lignins are sulfomethylated, which are 
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obtained by reaction between alkaline lignin, sodium sulfite and formaldehyde [11].  

Worldwide, commercial Kraft lignin is produced at levels around 100, 000 tons every year. 

[12, 13] 

1.1.2.2  Lignosulfonates 

Lignosulfonates are the most available forms of commercial lignin, about 1 million ton per 

year.[12] It is obtained by extracting the lignin from wood by sulfite-pulping process. It can be 

produced with several well-known processes.[13, 14] The reaction is usually within sulfite 

solution. Lignosulfonate are water-soluble and display amphiphilic properties owing to a 

relative gentle reaction compared with that in the Kraft process. Lignosulfonate maintain a 

high molecular weight, rendering a structure that to some degree is more similar to the natural 

lignin. 

1.1.2.3  Organosolv Lignins 

Different organic solvents have been used for lignin extraction, such as ethanol/water[15], 

acetic acid/water[16], phenol/acid/water, methanol based pulping[17], etc. The organosolv 

method uses a high temperature and pressure to extract the so-called organosolv lignin from 

wood or other forest species.[17, 18] The final products can be extracted by acid precipitation. 

Despite the fact that different organic solvents can be used for lignin extraction, only alcohol 

based methods produce commercially available products, such as Alcell [18] and Organocell 

[17]. Compared with the Kraft process, the organoslov lignins are generally sulfur-free and 

contain less modified structures. However, the production of organosolv lignins is very limited. 
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1.1.2.4  Hydrolysis Lignins 

The hydrolysis lignin is usually obtained with steam treated under high temperature and 

pressure.[19] Generally, a sudden decompression is applied, which makes the lignin to 

hydrolyze. Therefore, a water-soluble lignin is produced with low remaining carbohydrates 

and impurities. The separation process can be produced by dilute acid hydrolysis [20] or 

combined with a enzymatic hydrolysis, which produce carbohydrates for fermentation.[21] [22]  

1.1.2.5 Ionic Liquid Lignins 

The ionic liquid lignins are extracted by ionic liquid at relatively low temperatures. With 

this procedure, the lignocellulosic biomass is firstly dissolve in the “green” liquid. Then the 

lignin can be fractioned and precipitated by water or acetonitrile.[23] This type of lignin 

presents similar properties as those of organosolv lignins. The ionic liquid medium provides a 

good environment to expose lignin for various chemical reactions. However, the ionic liquid 

lignins are not yet available in the industry.   

1.2 Applications of Lignins 

One particular opportunity for lignin utilization arises from the development of lignin 

processing. Every year, there are nearly 50 million tons of lignins being available in the forestry 

industry. However, only about 2 % of them, including 1 million tons of lignosulfonates and 

0.1 million tons of Kraft lignin, are commercially used, with the remainder burned as a low 

value fuel.[24] So far, lignin has been reported to have potential as a raw material for 

production of chemicals and materials.[25] It is necessary to develop highly value-added, 
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functional materials from technical lignins. Biomass refinery process enables sustainable use 

of woody biomass. Some applications of the lignin are highlighted as following. 

1.2.1 Lignin as Emulsifier in Emulsions 

Lignin and its derivatives can be good stabilizers due to some advantages like natural and 

renewable resources, environmentally-friendly, surface-active, high calorific value, not posing 

toxicity issues in contrast to conventional polymeric emulsifier, and so on [26]. However, there 

is a serious need for a systematic study of the structure-property relations that define lignin as 

emulsion stabilizers. 

Despite of lacking the similar chemical structure of conventional amphiphilic molecules, 

lignins from biorefineries show good surface activity. It is hypothesized that lignin adsorbs at 

the air/water and oil/water interfaces forming a condensed, viscoelastic surface or interfacial 

film. The surface activity has been proved when the lignins are obtained directly from black 

liquors, with no modification [27], after chemical derivatization [1, 28] and in combination 

with other species [29]. Biorefinery technology integrates biomass conversion processes and 

equipment to produce value-added products. Due to a high purity with minimal chemical 

adulteration, lignin polyelectrolytes derived from biorefineries can be classified as a natural, 

renewable, and high performance emulsifier. 

1.2.1.1 Emulsions 

Emulsions can be described as dispersions of drops of some liquid in another immiscible 

one, which exhibit more or less stability depending on the application [30]. The stability 
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against drop coalescence is provided by the presence of a small amount of a third component, 

so-called emulsifier, which is in general a surface active-agent or surfactant, that adsorbs at the 

drop interface and produces some inter-drop repulsion according to a variety of static and 

dynamic phenomena [31].  

1.2.1.2 Winsor System 

In a broad sense, the making of an emulsified system involves several choices and activities, 

that may be classified in three categories: "formulation variables" that depend on the nature of 

the components; "composition variables" that quantitatively describe the composition of the 

system; "emulsification protocol" describes the specific method the emulsion is prepared. 

Here, Winsor’s approach can be used to describe related effects [32, 33]. The parameter, R, is 

the ratio of the interaction energy of the surfactant with the oil phase, to the interaction energy 

of the surfactant with the aqueous phase. As shown in Figure 1.4, 

 

Figure 1.4. Molecular interactions in the interfacial region according to Winsor notation 
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R = (Aco-0.5Aoo)/(Acw-0.5Aww), where Aco is the interaction energy between the surfactant 

(c) and the oil phase (o) molecules; Acw is the interaction energy between the surfactant and 

water; Aoo is the interaction energy between two oil molecules. The constant 0.5 is due to 

cross interactions (Aco and Acw) involve one surfactant molecule and both an oil molecule 

and a water molecule, while the self-interactions (Aoo and Aww) involve two molecules of 

oil, and two of water. Winsor type I phase behavior, for R<1, is exhibited in which a surfactant-

rich aqueous phase is in equilibrium with an essentially surfactant-free oil phase. In this case, 

the interaction of the surfactant for the aqueous phase exceeds the interaction of the surfactant 

for the oil phase. The opposite occurs in Winsor type II phase behavior with R>1. When R=1, 

the surfactant interactions for those two phases are equal and the system is separated into three 

phases: a microemulsion that contains most of the surfactants and co-solubilizes large amounts 

of oil and water, and two excess phases that contain pure oil and pure water, which is a complex 

but not uncommon phase behavior situation. 

Those factors that affect the interaction energy such as salinity, pH, temperature, etc., are 

able to change R and result in different phase behaviors. A more quantitative description of the 

physical-chemical formulation is available through the so-called surfactant affinity difference 

(SAD) and the Hydrophilic-Lipophilic Deviation (HLD) [34] which translate the Winsor’s 

conceptual approach into numerical values. 

1.2.1.3 Emulsion Applications 

Emulsions have many applications. For example, emulsions are commonly used in many 

major chemical industries. In the pharmaceutical industry, they are used to make medicines 



10 

more palatable, to improve effectiveness by controlling dosage of active ingredients, and to 

provide improved aesthetics for topical drugs such as ointments [35]. In the agricultural 

industry, emulsions are used as delivery vehicles for insecticides, fungicides and pesticides. 

These water insoluble biocides must be applied to crops at very low levels, usually by spraying 

through mechanical equipment. Emulsion technology allows these chemicals to be effectively 

diluted and provides improved spray ability.  

1.2.1.4 Lignin as a Surface Active Macromolecule 

Lignin contains many functional groups: phenolic hydroxyl groups, carboxylic groups, and 

sulphur containing groups [36], [37]. These multifunctional groups provide unique colloidal 

properties which enable the lignin to stabilize the O/W emulsions Due to the amphiphilicity of 

the lignosulfonate, it has been used to stabilize the emulsions like asphalt emulsions, pesticide 

formulations, wax emulsions, pigments, and dyes.[8] Some work has reported to modify Kraft 

lignin to be a emulsifier.[38]. A type of organosolv lignin extracted by acetic acid is reported 

to be a polymeric surfactant.[25, 37] 

1.2.1.5 Fuel Emulsions 

In consideration of the properties of high heating values, lignins have some potential 

utilization involving liquid fuels for power generation. The use of oil-in-water emulsions in 

power generation benefits from the following items: (1) lower combustion temperatures 

associated with water can reduce emissions of NOx; (2) enhances production of hydroxyl 

radicals resulting in more rapid completion of combustion; (3) emulsified fuels burns faster. 

An example of a commercial product is Aquazole (TOTAL, Paris, France) emulsified with a 
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proprietary mixture of three non-ionic surfactants [39] and is currently utilized in Europe as 

transportation fuel.[40] 

Moreover, in case of heavy oil, a polyethoxylated nonylphenol surfactant  has been used to 

stabilize a bitumen based emulsion which is called Orimulsion from the Orinoco Petroleum 

Belt, Venezuela [41].  It has been used as a commercial boiler fuel in power plants worldwide. 

However, the conventional surfactant or synthetic surfactants used for making fuel emulsion 

will result in unburnt residues inside the diesel engine to cause severe corrosions. The low 

heating values of the surfactant lower the combustion effectiveness and increase the total cost.  

According to the properties of lignin like surface activity and high heating value, it will be 

a big potential to use lignin for stabilizing emulsion system [42]. So far, only few studies have 

reported on emulsion technology using lignins [27, 33]. The preparation of emulsions allows 

many degrees of freedom with respect to the formulation and the emulsification protocol.  

1.2.2 Lignin as Liquid Foaming Agent 

Foam is a multiphase system which is formed by dispersing gas bubbles in a liquid or solid 

materials. It is usually produced with a surface active component like a surfactant accompany 

with input of the mechanical work. In the liquid foam, a liquid-air interface formed at the 

surface of the film to prevent the bubble breakage. Liquid foams are usually generated by soaps, 

detergents, and cleaning agents. The use of the liquid foams can involve in the area of fire-

fighting[43], oil drilling[44], flotation[45], etc.  In the paper industry, the paper is usually 

prepared by mix fibers with additives in aqueous dispersion. Recently, foam-laid technology 
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for paper making has been re-introduce by VTT Technical Research Centre of Finland. The 

sodium dodecyl sulphate (SDS) based liquid foam is used to produce high bulky and water 

saving papers. [46, 47] 

 The surfactant is a key point in the foam forming and can lead to product applications 

depending on its properties. As discussed above, with the amphiphilic properties, the 

lignosulfonates has been reported to be a foaming agent mixed with cationic surfactants.[48]. 

The lignin based liquid foam can also be used in the area of oil recovery. [49] 

 

1.2.3 Lignin as Precursor for Carbonized Materials 

Isolated lignins are rich in aromatic rings which bring a high carbon contents over 60 % [50] 

Lignin can be used as a low-cost raw precursor for carbonized materials.  

1.2.3.1 Carbon Fiber 

Carbon fiber is generally contain at least 92 wt% carbon. It has a quite high strength but low 

density. Usually, the carbon fibers are resistant to most of the chemical species but may lack 

resistance to oxidizing agents or hot flames.[51] Due to the high cost of the carbon fibers, the 

carbon industry are more focus on the aerospace, military, medical and sporting materials.[52] 

Carbon fibers are generally made of polyacrylonitrile (PAN) and anisotropic pitches. As a 

precursor of carbon fibers, PAN represents over 90 % of the supply while the rest is mainly 

pitch [53, 54].   
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Generally, the carbon fibers are made of polymer precursor fibers which are prepared by 

solvent-spinning or melt-spinning technique. The spun fibers are then thermal stabilized and 

following with carbonization under high temperature. The process makes the fiber a tightly 

inter-connected chains of carbon atoms. After that some surface treating and sizing may apply 

on it depending on the applications. 

1.2.3.2 PAN-based Carbon Fibers 

Polyacrylonitrile (PAN) is typically synthesized by free radical polymerization of 

acrylonitrile to form a (C3H3N)n linear structure. Due to the strong chemical bonding between 

nitrile groups (CN), most organic solvents can’t dissolve PAN. Not like a typical polymer, 

PAN don’t melt before degradation.[55, 56] So in the fiber processing industry, it is difficult 

to direct extrude PAN precursor fiber by cost-effective melt-spinning. Thus, the major 

processes are using wet spinning or plasticizer assisted melt spinning technique.[51] The PAN 

based carbon fiber provide high strength and stiffness, lightweight, thermal stability and 

electrical conductivity. However, as reported in 2013 from ICIS Chemical Business, the price 

of the PAN can reach as high as $15/lb. [57]  The high cost of the PAN precursor restricted its 

utilization to high end applications. [58] 

1.2.3.3 Other Polymer Based Carbon Fibers 

People are keep seeking the alternative materials to produce low-cost and value added 

carbon fiber from other sources. A bunch of synthetic synthetic polymers have been 

investigated. The polyvinyl chloride (PVC) is used to produce activated carbon fibers.[59] The 

spinnable carbon fibers is made from polyacetylenen.[60] Also polyethylene (PE) can be used 
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to produce linear low density carbon fibers.[61] Moreover, numerous PAN-based copolymers 

or blends are being used for carbon fiber production. [62] 

1.2.3.4 Other Carbonized Materials   

PAN has also been produced into a large variety of products, including acrylic[63], carbon 

films[64], and carbon foams[65]. Other polymers like polyacetylene (PAc), for example, can 

be used to prepare carbon nanofibril thin films.[66] Moreover, as a low cost materials, 

polyethylene (PE) has been used in the manufacture of high density composite films reinforced 

with carbon nanotubes.[67] However, most of the polymers contain less carbon, resulting in 

relative low carbon yields. The cost the further thermal stabilization and carbonization will 

increase.[51] In addition, the properties of the resulting product can compete with PAN based 

fiber. 

1.2.3.5 Lignin-Based Carbon Fiber 

Compared with the PAN with carbon content of 68 %, the lignin can have a carbon content 

over 60 % which is so close to the PAN. Thus, it has a good reason to believe the isolated 

lignin can be a cost-effective carbon fiber precursor. Besides the price consideration, the 

partially oxidized lignin can be thermostabilized oxidatively to reach a higher stabilization 

rates than PAN. [68] 

In 1960s, Otani first developed lignin-based carbon fiber.[69] After that, various lignins 

have been used to produce lignin-based carbon fiber. In 1990s, a steam-exploded lignin was 

used to produce carbon fibers.[70, 71] Later, Kadla et al. reported using Kraft lignin from both 
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softwood and hardwood for using in carbon fibers.[72] Organosolv lignin from acetic acid 

pulping process for producing carbon fiber was reported by Uraki et al. [75] Qin described a 

carbon fiber based on pyrolytic lignin.[73] Recently, the Oak Ridge National Laboratory has 

been working on carbon fiber from an organic purified hardwood lignin [74]. But the lignin-

based carbon fibers represented quite low tensile strength and brittleness.  

Thus, lignin-based blends or copolymers have been studied to balance the cost and strength. 

In this context, the polyethylene oxide (PEO) is used as a plasticizer to mix with lignin so as 

to reach a better spinning properties.[72] Likewise, polypropylene (PP) [75] and polyethylene 

terephthalate (PET) [76] were used to produce carbon fibers by blending with lignin in order 

to reach a higher thermostabilization rate. In case of PAN, many reports have demonstrated 

PAN/lignin blends for producing carbon fiber precursor.[77, 78] Moreover, a lignin-

acrylonitrile copolymer was effective in producing carbon fibers.[79] Except for high value 

used the carbon fiber, other carbonized materials like carbon film can be produced from lignin 

precursors.[80] 

1.2.4 Lignin as Adhesive Resin 

Phenol-formaldehyde resins can be utilized as an adhesives for polywood, chipboard, 

oriented strand board and so on.[8]The so-called resol is synthesized in acidic or basic media 

based on phenol formaldehyde condensation.[81]  

Due to similar aromatic structures between lignin and phenol moledules. Lignin has been 

used to take place of phenol to produce resins with organosolv and hydrolyzed lignins. These 
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products present good curing properties.[12] Additionally, Kraft lignin or lignosulfonates can 

take place half of the phenol to produce lignin resins using as binders.[82, 83] Since phenol is 

toxic, using alternative lignin is quite environmentally friendly and cost-effective applied in 

the binders.  

With appropriate modification, lignin can partially replace of phenol to increase more 

reaction sites for following reaction with formaldehyde. Phenolization reaction can add more 

phenol units in the lignin and reduce its toxicity. [84]. Another method to increase the reactivity 

of lignin is demethylation. Within the process, the methoxy groups are substituted by free 

hydroxyl groups.[85] The modified lignin can be more widely used as the wood adhesives. 

These two reaction schemes are showed as follows: 

 

 

Figure 1.5.  Phenolization and demethylation on lignin (* refer to reaction sites to 

formaldehyde) 

1.2.5 Lignin in Solid Foams 

A solid foam can be cataloged to an open-cell structured foam with the pores connected to 

each other which can be used as an absorbent [4]; and a closed-cell foam with the pores not 

interconnected. The closed-cell foam generally have better strength, less moisture absorption, 
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and provide good insulation. Thus, it can be utilized as a thermal insulation [5], flotation or 

packing materials.[6] From the early 20th century, various types of solid foams came into use 

as the polymeric foams, including phenolic, polyurethane, polyvinyl chloride, polystyrene, and 

polyimide foams, etc., that are very attractive using in many areas.  

Due to the price advantages and multi-functions, lignin has been widely studied with above 

polymers in the form of blends, copolymers, additives etc., to produce solid foam to obtain 

different unique properties. The lignin extracted from pulping black liquor has been 

incorporated with polyethylene to produce solid foam.[86] A Kraft lignin/polystyrene blend is 

reported to produce solid foam for absorption pollutes.[87] A starch-lignin based foam is 

reported as an alternatives to polystyrene foam.[88] However, the most used lignin-based solid 

foam are in the polyurethane foam and phenolic foam.  

A bunch of works related to lignin based polyurethane foam have been reported. The Kraft 

lignin is used to produce rigid polyurethane foam.[89] The polyurethane can also prepared 

from modified lignin by oxypropylation. Organosolv lignin is also reported in the polyurethane 

production. A carboxylated lignin is used to form polyurethane foam.[90] Another few 

application is lignin-based phenolic foam. Lignin can take place partial of phenol for forming 

resins due to the similarity chemical structure between phenol and lignin. The lignin based 

phenolic foam can be produced from lignin-phenol-formaldehyde resins with different lignin 

sources.[91, 92]      
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1.2.6 Other Applications of Lignin 

A great number of other lignin based applications are reported in various areas including 

lignin nanoparticles [93], Lignin supra-colloids for stabilization Pickering systems [94], Lignin 

based adsorption gel [95], etc. 
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2 Research Objectives 

This research is aimed at developing a platform for the utilization of lignins in different 

areas, including use as a stabilizer of oil-in-water emulsions, as a foaming agent for foam-

forming in papermaking, for copolymerization with PAN for the synthesis of composite films, 

and as a phenol alternative in phenol-formaldehyde solid foams.   

Chapter 1 summarizes lignin background and discusses the utilization of lignins. The thesis 

comprises research chapters (from chapter 3 to chapter 7). The main objectives in each chapter 

include: 

In chapter 3, lignin is modified via carboxymethylation in order to improve its water 

solubility at neutral pH, which enable successfully the stabilization of kerosene/water 

emulsions.  A systematic study on the correlation between formulation (salinity, temperature, 

pH, lignin type) and composition (WOR and lignin concentration) was undertaken to achieve 

generalized formulation relationships. 

Chapter 4 focuses on bitumen/water fuel emulsions, which are stabilized by 

caboxymethylated lignins. The successfully stabilized light oil based fuel emulsions are 

expected to reach a high HHV because of lignin. Combustion analysis is used to determine the 

nature of the gas emissions and combustion efficiency.   
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In chapter 5, carboxymethylated lignin is used as a foam agent with fibers and to obtain a 

good foamability and stability. Based on the foam laying technique, the goal is to have the 

lignin-based foam that is sued as a precursor of paper with good formation and high strength.  

In chapter 6, a disilazane reaction is applied on lignin to add vinyl groups and SiC, SiOC 

bonds and to increase the lignin solubility in organic solvent; it also introduces flexibility 

properties. The modified lignin is copolymerized with acrylonitrile to cast composite films. 

The work aims to reduce the cost of PAN to reach a relative high compatible, high strength 

and flexible material. 

In chapter 7, silicone and vinyl containing lignins are used to partially replace phenol to 

produce lignin-phenol-formaldehyde phenolic foams. The objective is to use non-toxic lignin 

to replace the toxic phenol and reduce the cost the materials. The high vinyl content in the 

lignin provides high reactivity for curing process, which imparts compression strength and 

flexural properties to the phenolic foams.  

Overall, the main achievements and conclusions in this thesis are summarized in chapter 8, 

along with some suggestions for future work. 
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3 Oil-in-water Emulsions Stabilized by Carboxymethylated 

Lignins: Properties and Energy Prospects 

3.1 Abstract 

We take advantage of the amphiphilic properties of technical lignin macromolecules and 

their inherent high calorific value for the formulation of oil-in-water (O/W) fuel emulsions 

with high-internal phase ratio. For the oil phase we used a combustible hydrocarbon (kerosene) 

with a measured equivalent alkane carbon number of 12. In order to adjust the balance of 

affinity with the oil and water phases and also their surface activity, pine Kraft lignins were 

carboxymethylated to different degree, as quantified by 13C NMR and potentiometric titration. 

Carboxymethylated lignins (CML) with 30 % degree of substitution resulted in a critical 

aggregation concentration of 3 %. The salinity and pH of the aqueous phase were chosen as 

formulation variables and were adjusted following Winsor framework. O/W emulsions were 

produced by following standard protocols. The drop size distribution of emulsions with varying 

pH, degree of substitution, and composition (water-to-oil ratio, WOR) were determined and 

followed by analysis of long term stability and rheological behavior. The obtained O/W fuel 

emulsions showed shear thinning behavior with a drop size around 2.5 µm, which was stable 

over 30 days. The combustion of lignins and respective emulsions was carried out and their 

higher heating values (HHV) quantified. The HHV of CML and high internal phase 

(WOR=30:70) O/W emulsion were 20 and 30 MJ/Kg, respectively. Overall, we propose lignin 

for the stabilization of O/W fuel emulsions as an important venue in the utilization of this 

abundant biomacromolecule.  
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3.2 Introduction 

Boilers and fuel engines are efficient combustion systems used in power generation, 

transportation, mechanical driving, etc.[1, 2] However, they are also responsible for harmful 

gases, solid and liquid pollutants including carbon monoxide (CO), hydrocarbon (HC), sulfur 

oxides (SOx), particulate matter (PM), nitrogen oxides (NOx) and nauseous smoke.[3, 4] In 

order to reduce the generation of such combustion products and to protect ecological 

environments and human health, emulsion fuels containing water, surfactant, and base fuel 

have been proposed. This is mainly because emulsified systems effectively and significantly 

improve the combustion efficiency.[3, 5] As an example, commercial products have been 

emulsified with mixtures of non-ionic surfactants [6] and used in Europe as transportation 

fuel.[5] 

Compared with typical surfactants, technical lignins can be a good substitute for 

emulsification or stabilization of fuel emulsions. This stems from favorable environmental, 

efficiency and economy aspects. Lignin is an abundant renewable resource, environmentally 

friendly, and non-toxic.  It is one of the major components of lignocellulosic biomass (ca. 30 

% of the total mass in softwoods and 20-25% in hardwoods) along with cellulose and 

hemicellulose. It is produced industrially as a byproduct of wood pulping processes and most 

often used in energy co-generation.[7]  
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Lignin is a complex macromolecule consisting of a network of coupled ρ-hydroxyphenyl, 

guaiacyl, and/or syringyl units that are derived from hydroxyl cinnamyl alcohols (ρ-coumaryl, 

coniferyl, and sinapyl alcohols), as shown in Figure 3.1. These monolignols can also be linked 

with other cell-wall polymers to yield complex three-dimensional structures. 

.  

 

Figure 3.1. Monolignols precursors of lignin and lignin residues. 

Because of its multiple functional groups, lignin derivatives exhibit amphiphilic properties 

and surface activity.[8] Therefore, technical lignins have the potential to act as alternative 

emulsifiers for energy generation.  From the industrial perspective, lignin is a low value 

product[9] with a major potential residing in its a high combustion value. It is not surprising 
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that the higher heating value (HHV) of lignocellulosic species correlates strongly with lignin 

content (L)[10]: 

HHV (MJ/Kg) = 0.0893 L (%) + 16.97                                                                              (1) 

Annually, large amount of lignins are produced in the pulp and paper industry, with only a 

small fraction being isolated directly from plants.[7] As a byproduct, lignin is joined by 

dissolved heteropolysaccharides and wood hydrolyzates in the so-called residual black liquors, 

whose HHV is in the range of 14-16 MJ/Kg on a dry basis.[11] The HHV of isolated lignins 

can be as high as 26 MJ/Kg.[12] Thus, every year about 98 % of industrial lignin is directly 

burned for energy recovery in pulp mills[13] while only 2 % is used as a commercial product, 

including 1 million tons of lignin sulfonates (from sulfite pulping) and less than one hundred 

thousand tons of Kraft lignin.[7, 14] The value of lignin used for burning is estimated at 

approximately 18 cents per kilogram. It has been estimated that the price would rise at least 

ten times if it was exploited as a value-added product.[9, 15]  Although wide use of technical 

lignin is still limited, some outstanding applications can be highlighted. Technical Lignin has 

been used as a natural antioxidant,[16] binder,[17] precursor of carbon fibers,[18] 

dispersant,[19] battery electrodes,[20] copolymer component[21] and surfactant or 

emulsifier.[22] Overall, lignin use in fuel emulsions for power generation is promising 

considering the combination of energy potential, surface activity and cost compared to 

synthetic surfactants.   
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In the field of lignin-based emulsion, lignosulphonates have been a first choice as a 

polymeric surfactant or stabilizer, due to its inherent water solubility.[23-27] However, owing 

to their high sulfur content, the use of lignosulphonates is not a good choice for fuel emulsions. 

This is because excessive sulfur oxide can be produced during combustion. For this reason, we 

selected low sulfur, Kraft lignins for carboxymethylation [28] and use as a water-soluble 

emulsion stabilizer at pH values as low as 4. Lignins with various degrees of 

carboxymethylation were synthesized and investigated as far as their ability to stabilize oil-in-

water (O/W) emulsions. The carboxymethylated lignins, thereafter referred to as “CML”, were 

water soluble and appropriate for studies on phase behavior, rheology, drop size and higher 

heating value in the form of O/W emulsions, as discussed in this contribution. 

3.3 Experimental Section 

3.3.1 Materials 

A low sulphur, pine Kraft lignin (Indulin AT, MeadWestvaco, Richmond, VA) was used in 

all experiments. The lignin was carboxymethylated with chloroacetic acid, acetic acid and 

sodium hydroxide that were purchased from Sigma Aldrich (St. Louis, MO). Dimethyl 

sulfoxide-d6, 1,3, 5-trioxane, chromium(III) acetylacetonate and poly (diallyl 

dimethylammonium chloride) solution (Poly-DADMAC, Mw = 100-200 kDa, 20 % in H2O, 

charge density = 1.237 mol/L) used in 13C NMR and titration analyses were also from Sigma 

Aldrich (St. Louis, MO). Kerosene and 1-pentanol (Sigma Aldrich, St. Louis, MO) were used 

in the emulsion formulations.  Sodium dodecyl sulfate (SDS) and n-heptane were purchased 

from Sigma Aldrich (St. Louis, MO) and Fischer Scientific (Pittsburg, PA), respectively, for 
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determining the Equivalent Alkane Carbon Number, EACN of the kerosene. Sodium chloride 

(≥99%, Sigma Aldrich, St. Louis, MO) was used in the salinity scans. 

3.3.2  Carboxymethylated lignin (CML) 

 

Figure 3.2. Lignin alkalization and carboxymethylation reactions. 

As shown in Figure 3.2, the Kraft lignin was modified by carboxymethylation[28]. The 

lignin, with a large amount of guaiacyl (G) units was initially alkalinized with sodium 

hydroxide, forming ionized nucleophiles. The phenol ions reacted with monochloroacetic acid 

to form the carboxymethylated lignin. Specifically, 10 g of lignin were dispersed in 300 ml of 

70 % ethanol under magnetic stirring. 27 ml of 30 % NaOH solution was gradually added 

during 30 min. After at least 1h stirring at room temperature, the chloracetic acid was added, 

in amounts ranging from 6 to 14 g, to produce CML of different degrees of substitution. Then, 

the respective mixture was heated to 55 oC and kept under constant stirring for 3.5 h. The 

filtered solution was poured into 700 ml of 95 % ethanol for neutralization with acetic acid. 
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The obtained dispersion was filtrated again along with several washings with 95 % ethanol. 

Finally, the residue was collected and dried in a freeze dryer (Freezone 6, Labconco, Kansas 

City, MO.  

3.3.3 CML degree of substitution 

The degree of substitution of CML was determined using a Bruker Advance III 700 MHz 

13C NMR spectrometer operating with Topspin 2.1 software version (Bruker, Karlsruhe, 

Germany). Samples were prepared by dissolving 150 mg of lignin in 0.8 ml DMSO-d6 with 1 

M 1, 3, 5-trioxane as a reference[29] in a 5 mm NMR tube. 2 mg chromium (III) 

acetylacetonate was added for complete relaxation of all nuclei.[30] All spectra were collected 

with 90o 13C standard pulses width, relaxation delay of 1.7 s, and 10 K scans. The NMR signal 

was Fourier transformed without apodization using phase and baseline corrections. 

In addition, the CML samples were titrated using a particle charge detector (PCD 03, Mütek 

Analytic GmbH, Herrsching, Germany) and the results were used to calculate the nominal 

degree of substitution (DS). In this method, 10 mg of CML were dissolved in 10 ml deionized 

water at 25 °C and the pH was adjusted to 7. An aqueous 0.001 M PolyDADMAC solution 

was used as a cationic titrant and added at a rate of 0.2 ml/min. The end point, which 

corresponds to the neutralization of the anionic carboxymethyl groups with cationic poly 

(DADMAC) was determined when the signal shifted to 0 mV potential. The concentration of 

carboxylic acid was calculated based on the volume of the titrant used and the DS calculated 

and reported based on C9 units, corresponding to guaiacyl lignin units. 
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3.3.4 Equivalent alkane carbon number (EACN) of kerosene  

The equivalent alkane carbon number (EACN) was used to the reflect hydrophobicity of oil 

phase. The EACN was determined by the method of double salinity surfactant-oil-water (SOW) 

scans. The value was calculated by using the hydrophilic-lipophilic difference (HLD) equation 

[31, 32]. The EACN of kerosene was determined as 12.1. The details about the procedure and 

calculation can be found in the supporting document.  

3.3.5 Solubility 

Water solubility of CML samples with given degree of substitution (DS) was determined 

with an UV-Vis spectrophotometer (Lambda XLS, PerkinElmer, Inc, Waltham, MA) using a 

full wave scan whereby λmax = 279 nm corresponded to the maximum absorbance wavelength. 

A standard curve of absorbance versus CML (DS of 30%) concentration, ranging from 0 to 5 

mg/L at pH of 4, was determined and fitted to a linear equation: 

y = 0.1736x, r² = 0.9992                                                                                                     (2) 

The CML of varying DS were dissolved in the deionized water for a solid concentration of 

4 % at room temperature. CML solutions were then adjusted to pH of 4 by addition of acetic 

acid and centrifuged at 2,500 rpm for 10 minutes (MSE benchtop centrifuge, VWR 

International, Radnor, PA). The supernatant was diluted 200-fold and analyzed (UV-Vis). 

Water solubility was calculated using equation 2. 
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3.3.6 Surface tension 

The surface tension of aqueous CML solutions was measured in deionized water using a 

dynamic contact angle analyzer (DCA-312, Thermal Cahn, Madison, WI) equipped with a 

Wilhelmy platinum plate (19×10×0.1 mm). The plate was washed with deionized water and 

ethanol, and burnt with natural gas before each measurement. Indulin AT lignin and CML were 

dissolved in deionized water for final given concentrations. 15 ml of the respective solution 

were placed in a thermostat flask at room temperature [33]. The surface tension was calculated 

based on the force difference when the immersed plate was removed out of the solution. 0.01 

N acetic acid and sodium hydroxide aqueous solutions were used for adjusting the pH of the 

CML solutions for a pH ranging from 5 to 9. 

3.3.7 Phase behavior 

The effect of pH and aqueous phase salinity on the amphiphilicity of CML were studied at 

varying pH values (pH scan) and salt concentrations (salinity scan). The CML (DS of 30 %) 

was used in all the tests as a 4 % concentration aqueous phase. Kerosene was used as oil phase 

in systems with a water-to-oil ratio (WOR) of one and 5 % 1-pentanol based on total volume. 

The concentration of the sodium chloride was varied from 0 to 9 % based on the aqueous phase 

volume.  The pH of the CML solutions, varied from 5 to 9, was obtained with addition of 0.01 

N of acetic acid or sodium hydroxide. The SOW system was equilibrated over 24 h at room 

temperature in order to identify the Winsor system type.[34] 
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3.3.8  Emulsification 

A given amount of CML was dissolved in deionized water (4 % concentration) and placed 

in a 100-ml beaker and stirred (Ultra Turrax-T18, IKA, Wilmington, NC) at low shear rates 

(600 rpm). 5 % v/v of 1-pentanol and given amounts of kerosene were added slowly during 1 

minute. Shearing was increased (10,000 rpm) with a holding time of 1 minute. Afterwards, 

Winsor I kerosene-in-water emulsions were obtained and stored in test tubes over 24 h for 

further measurements. 

3.3.9 Emulsion characterization 

An Olympus optical microscope (BH2-UMA, Olympus America Inc., Center Valley, PA) 

with a 50X objective lens was used for capturing micro-images of the emulsions. The drop size 

distribution of the emulsions was measured with a Horiba laser scattering analyzer (LA 910, 

Kyoto, Japan). 0.25 ml of emulsion was added to the sample chamber containing 250 ml 

deionized water under stirring and circulation. The deionized water was used as a blank for all 

the tests. The dynamic viscosity of oil-in-water emulsions stabilized with CML was measured 

as function of shear rate by using a rheometer (AR-2000, TA Instruments, New Castle, DE) 

with a parallel plate system (40 mm steel plate with 350 µm gap). The emulsions, with varying 

pH and DS, were measured at 25 °C in the shear rate range between 1 to 5,000 s-1. 

3.3.10 Combustion Analysis 

The higher heating values of the Indulin AT, CML and respective O/W emulsion were 

obtained by using an oxygen bomb calorimeter (Parr Instrument Company, Moline, IL). The 

HHV calculation was based on a temperature rise curve according to equation 3: 
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𝑡 =  𝑡𝑐 − 𝑡𝑎 − 𝑟1(𝑏 − 𝑎) − 𝑟2(𝑐 − 𝑏);              𝐻𝐻𝑉 =  
𝑡𝑊−𝑒1−𝑒2−𝑒3

𝑚
                                       (3) 

where a is the time of firing (min); b is the time elapsed for the temperature to reach 60 per 

cent of the total rise (min); c is the time at the beginning of the period in which the rate of 

temperature change becomes constant (min); ta and  tc are the temperature (oC) at time a and c, 

respectively; r1 and r2 are the rate (oC/min) at which the temperature is increased during the 5 

minutes period before and after firing, respectively; c1 is the volume (ml) of standard Na2CO3 

solution (0.0709N) for acid titration; c2 is the sulfur concentration in the sample; c3 is the fuse 

wire consumed in firing; W is the energy equivalent of the calorimeter, determined under 

standardization (2426 cal/ oC); m is the mass of sample in grams; t is the net corrected 

temperature rise (oC); e1 (= c1 if using 0.0709N alkaline) is the correction in calories for heat 

of formation of HNO3; e2 (= 13.7× c2×m) is the correction in calories for heat of formation of 

sulfuric acid (H2SO4); and e3 (=2.3× c3) is the correction in calories for heat of combustion of 

fuse wire using Parr 45C10 nickel chromium fuse wire.  

3.4 Results and Discussion 

3.4.1 Lignin Characterization 

3.4.1.1 Degree of Substitution 

CML with various degrees of substitution (DS) were prepared by varying the ratio of 

chloroacetic acid to Indulin AT in the reaction shown in Figure 3.3. According to Figure 3.2 

of the experimental section, the reaction proceeded to form carboxymethyl groups, as 

measured by the nominal DS that was recorded for chloroacetic acid/lignin ratios from 0.6 to 

1.2. According to the carboxymethylation reaction, it can be calculated that the NaOH and the 
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ClCH2COOH reached equal mole ratio at the limiting chloroacetic acid/lignin ratio of 1.2. In 

fact, the nominal DS of CML reached a maximum value of 30 % in this condition. Beyond this 

point, for chloroacetic acid/lignin ratios >1.2, it was observed that the DS decreased sharply 

(Figure 3.3). In this condition the pH is reduced below 7, weakening the alkalization and thus 

the extent of carboxymethylation. 

 

Figure 3.3. Nominal degree of substitution (DS) of carboxymethylated lignin obtained by 

titration of the treated lignin at different reactant ratios.  

Lignin units can be coupled by β-O-4, β-5, β-β linkages to form complex structures with a 

wide range of molecular mass; therefore, this is a reason for referring to a “nominal” DS, easily 

accessible by the titration method (based on C9 units). Further elucidation was obtained by 

NMR analyses and Figure 3.4 includes NMR spectra for Indulin AT with peaks at chemical 

shifts in the range of 185-45 ppm. The carbons in carboxylic or ester groups are responsible 

for the characteristic peaks in the area 182-168 ppm [35]. There is evidence that the hydrogens 

of the phenolic hydroxide were successfully substituted with caboxymethyl groups.  
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Furthermore, quantitative 13C NMR spectra were used to calculate the DS and the results 

compared to the nominal values obtained by the titration method. The integral of NMR peaks 

in the 162-102 ppm region was set as an internal reference. Six aromatic and 0.12 vinyl carbons 

were assigned in this area. Hence, the integral value divided by 6.12 was used as an equivalent 

number to one aromatic ring (Ar) [30, 36]. Then the integral values from the spectra directly 

reflected the numbers of carbons in related groups. Detailed signal analysis and NMR-based 

DS values are reported in Table 3.1. Because the coniferyl alcohol was the dominant lignin 

monomer in Indulin AT, the number of Ar-OCH3 groups per Ar should be equivalent to 1, 

which is equal to amount of phenolic OH. As evidence, the 58-54 ppm region was integrated 

and assigned to the carbon in Ar-OCH3 [35]. The resulting values were in agreement with the 

above assumption.  

 

Figure 3.4.  Quantitative 13C NMR spectra of Indulin AT and carboxymethylated lignin 

(CML) with varying nominal DS (%) as measured by the titration method.  
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The NMR data were in reasonable agreement with the trend observed from values obtained 

by the titration method.  According to the integral values, the degree of substitution of CML, 

based on C9 unit, was calculated on the basis of the numbers of aromatic rings (or phenolic OH 

including condensed and non-condensed). The NMR DS values listed in Table 3.1 are all 

higher than the nominal (titration) DS values. This observation is explained by the fact that the 

carboxylic ester is located in the same chemical shift region in NMR spectra. Moreover, the 

CML was in the sodium form during measurement by the titration method but was ignored in 

the calculation by the NMR method. In NMR the C4 linked to phenolic OH cannot be 

distinguished from other C4-O groups because of signal overlap. However, overall, the NMR 

DS values are comparable to the nominal DS values. For convenience, the nominal (titration) 

DS values will be used in the reminder of our discussion. 

Table 3.1. 13C NMR signal assignment for CML samples including carboxylic ester or acid, 

aromatic carbons, and phenol carboxymethyl groups 

  
Number of groups per Ar unit in CML samples 

of given nominal % DS 

Chemical Shift, ppm Assignment 0 24 26 28 30 

180-164  COOR, H 0.01 0.35 0.38 0.42 0.58 

162-102 CAr/Ar 6/1 6/1 6/1 6/1 6/1 

58-54 Ar-OCH3 1.08 0.98 0.97 0.96 1.17 

Calculated DS (NMR), % (based on CAr) 0 34 37 41 57 
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3.4.1.2 CML Solubility and Surface Activity 

The solubility in water of CML for a given DS was measured at pH 4 at room temperature 

(Figure 3.5, left). CML can be dissolved in water at pH 7 up to a concentration of 20 g/100g 

H2O. The solubility in acidic pH (pH 4) was reduced, as expected. Also, as expected, the 

solubility increased with DS: at pH 4 the solubility increased from 1.3 g/100g H2O at DS=24 

% to 1.9 g/100g H2O at DS=30 %. This is explained by the higher hydrophilicity produced by 

additional carboxylic acid groups as the DS increased for CML.  

  

Figure 3.5. Left: CML solubility in water as a function of CML’s carboxymethylation DS 

(pH 4, 25 °C). Right: Surface Tension of CML water solution at pH 7 and pH 13 compared 

with Indulin AT (KL) water solution at pH 13 (25 ºC).  

The surface activity plays a significant role in determining the ability of a molecule to 

stabilize the interface. Lignin spontaneously adsorbs at the air-water interface due to its 

amphiphilic nature. As shown in Figure 3.5 (right), the surface tension of the CML solutions 

is reduced slightly with increasing CML concentration. The minimum surface tension is 

however, still large, which indicates relatively low CML surface activity. Interestingly, a 
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breaking point in the surface tension profile occurs at around 3% CML concentration with a 

minimum surface tension of ~63 mN/m. This phenomenon is similar to that observed for 

conventional surfactants at the critical micelle concentration (CMC). In contrast with typical 

surfactants, it is not expected that lignin forms association structures such as micelles but rather 

complex aggregates; therefore, the term critical aggregation concentration (cac) is used to 

indicate the concentration at which the surface tension levels off.  

The relative high surface tension of CML, however, does not limit its ability to act as an 

emulsifier, as will be discussed in later sections. CML of DS = 30 % was dissolved in alkaline 

solution and its surface activity compared with that of untreated Indulin AT. As shown in 

Figure 3.5 (right), Indulin AT has a lower cac (~1%) and minimum surface tension of 45 mN/m 

at pH 13. Indulin AT is not water soluble at pH 7 which is not showing here. Compared with 

Indulin AT, the surface tension of the CML solution remained high, with a minimum surface 

tension value above 60 mN/mm. This is in part because of the presence of salt generated during 

carboxymethylation, which was not removed by precipitation with ethanol. In fact, it is known 

that the surface tension of NaCl solution increases linearly with the mole fraction, from 72 

mN/m (pure water) to over 82 mN/m (0.1).[37] As a result, the apparent minimum surface 

tension of the CML solution was higher than that in pure water. 
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Figure 3.6. Surface tension isotherms as a function of CML (DS = 30 %) in aqueous 

solutions at varying pH (a), and at pH 7 for different DS of CML (b) 

The pH of the CML solutions was close to 7 after reaction and washing. These solutions 

were adjusted with acetic acid or NaOH to determine the effect of pH and DS on the surface 

tension of CML solutions (Figure 3.6a). The hydrophilic groups of CML are mainly carboxylic 

hydroxyls, non-reacted phenolic hydroxyls and other aliphatic hydroxyl groups. Considering 

that CML was in the sodium salt form, an increase in pH facilitates ionization of the hydroxyl 

groups, making CML more hydrophilic and soluble. Thus charged CML is more readily 

absorbed and partitioned at the air-water interface, resulting in a lower surface tension. 

Likewise, at a given pH, as the degree of substitution (or amount of carboxymethyl groups) 

increases, CML hydrophilicity increases, as well as its solubility (Figures 3.6 (left) and 4b). 

Although the phenolic hydroxyl groups in the precursor lignin are hydrophilic, the carboxylic 

acid is much more polarized and reactive. So, upon substitution (as the DS of CML increases), 

the surface tension decreases.   

(b) (a) 



49 

3.4.2 Emulsion Characterization 

3.4.2.1 Phase behavior 

In order to determine the affinity of the modified lignin molecules with either water and oil 

phases in a surfactant-oil-water (SOW) system, CML was dissolved in water, at a given pH 

and salt concentration,  and mixed manually with same volume of kerosene (water-to-oil ratio, 

WOR of 1). Figure 3.7a illustrates the phase separation behavior as the pH was raised from 3.5 

to 7 at constant salinity. Likewise, Figure 1.12b depicts the change in phase behavior at 

increased salt concentration, from 0 to 9 % at constant pH.  

 

(a)                                                                         (b) 

Figure 3.7. (a) pH scan in kerosene/water systems (WOR=1, 25°C) using CML (4 % in the 

aqueous phase) with DS = 30% (no salt added). From left to right, the pH of the aqueous 

phases is 3.5, 4, 4.5, 5, 6, and 7.  (b) Salinity scan using CML (4 % in the aqueous phase, 

DS = 30% and pH of 7) in kerosene/water systems (WOR=1, 25°C). From left to right, the 

NaCl concentration of the aqueous phases is 0, 3, 5, 6, 7, 8, and 9, as indicated. 

It is observed that CML has a better affinity with the aqueous phase at relatively high pH. 

At pH <7, CML is in the carboxylic form resulting in a low affinity with the water phase. At 

pH 7, most of CML remains as a dark (aqueous) phase with small amounts of lignin in the oil 

(top) phase. At further lower pH CML is displaced to the top, oil phase, while the apparent 
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volume of the aqueous phase is reduced (water solubilization in the oil phase). When the pH 

is reduced to < 4, CML displays very limited affinity with the water phase and the interface 

between the water and oil phase becomes swollen. Below pH 3.5, the SOW system forms a 

gel. In sum, CML has a better ability to reduce the surface tension at high pH and the same 

applies to the water/oil interface. 

The salinity scan (Figure 3.7b) shows that by increasing the salt concentration, CML affinity 

with water is reduced (salting out). When NaCl is dissolved in water, the free ions form weak 

hydrogen bonds with water. Thus, free water molecules are reduced so that the interactions 

between water and CML is reduced. Therefore, the solubility and hydrophilicity of CML 

decreases with increasing salt concentration, resulting in increased affinity to the oil phase.  

.        

Figure 3.8. O/W emulsion stabilized with CML (DS = 30%, left) and optical microscope 

image (right, 50X objective lens). The concentration of CML was 4 % in the aqueous phase. 

Some larger features observed in the optical image correspond to air bubbles. The emulsion 

was stable for over 30 days and no coalescence was observed. 
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Based on the properties of CML and its phase behavior in oil/water systems, a DS=30 % 

was employed to stabilize kerosene-in-water emulsions, which were very homogeneous and 

stable (Figure 3.8). The emulsion droplets could be observed clearly with an apparent oil drop 

size < 5 µm.   

3.4.2.2 Drop Size Distribution and Stability 

After emulsion preparation, the influence of pH, DS and WOR on the average drop size and 

size distribution was investigated by using light scattering. Different drop sizes were derived 

from the diffraction angles.  In this work, the volume median (D [0, 5]) and mean (D [4, 3]) 

sizes were determined. The median size was defined as the half point of drop size with one 

half of particles in volume containing larger diameters than this value. While the mean size[38] 

describes the average diameter based on the droplets with same volume.  

Generally, the drop size distribution of a macroemulsion with drop size ranging from 1-100 

µm follows a log-normal distribution. Emulsions produced with different pH and DS presented 

unimodal distributions as shown in Figure 3.9a, a’, respectively (1-10 µm normal curve). The 

appearance of extremely large or small droplets was limited, i.e., the emulsion was well 

dispersed and homogeneous. This was also confirmed by optical microscope imaging.   

With increased pH, the distribution curve slightly moved to the direction of larger drop sizes 

(Figure 3.9b). The median size of the oil droplets increased from 1.6 µm at pH 5 to 2.0 µm at 

pH 9. The volume mean size was slightly larger than the median size. At low pH of the water 

phase, lignin has a limited capability to lower the interfacial tension between the internal and 
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the continuous phase. In more alkaline conditions, the hydrophilicity and water solubility of 

CML is strengthened. Therefore, free CML is dispersed in the continuous phase. Thus, the oil 

droplets coalesce to minimize the interfacial areas, reaching a dynamic equilibrium. 

 

Figure 3.9. Drop frequency distribution (a) and size (b) of CML (DS of 

30 %)/kerosene/water emulsions as a function of pH of aqueous phase at 25 ºC. The drop 

distribution (a’) and average size (b’) of CML/kerosene/water emulsions are shown with 

increasing DS of CML (25 ºC). In all cases, the CML concentration was 4 % of the aqueous 

phase 

(a) (a’) 

(b) (b’) 
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The results shown in Figure 3.9b’ indicate a reduction in drop size with increasing DS. The 

median and mean sizes were around 1.9 µm and 2.0 µm, respectively. In contrast to the profile 

of diameter versus pH, the reason why the drop size decreased with DS is explained by the 

increased carboxylic group content and therefore higher surface activity. As the oil phase is 

broken down into small droplets, CML with high DS prevents their coalescence and imparts 

droplet stabilization. 

The effect of water-to-oil ratio (WOR) on the drop size distribution was also investigated. 

Figure 3.10a indicates smaller oil droplets with increased oil content (lower WOR): the values 

for median sizes were changed from 1.7 to 2.5 µm as the WOR changed from 3:7 to 8:2. During 

the stirring process the viscosity of the emulsion increases as the oil (kerosene) concentration 

is increased. Under this condition the oil molecules have a higher frequency to collide with 

each other. Thus, the internal phase is easily broken down into small droplets. During the 

energy transfer process, from kinetic to interfacial energy, the droplet surface area increases 

and also their availability to adsorb lignin or water molecules. Thus, a great number of small 

droplets are produced and stabilized. In contrast, stirring emulsions of high WOR (low oil 

content) limits the droplet energy transfer, resulting in large drop sizes.  

Figure 3.10b shows the phase change over time of emulsions with varying WOR. Just after 

preparation, the kerosene-in-water emulsions were homogeneous. After >7 days elapsed times, 

the emulsion separated into two phases with an emulsion phase on top and an aqueous water 

phase in the bottom, typical of creaming, a reversible physical change. This is produced by the 
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difference in density of the excess water phase. The volume of internal phase can be increased 

in order to maximize the volume of the emulsion phase (or cream layer) (see Figure 3.10b). 

 

Figure 3.10. (a) Drop size of CML (DS of 30%)/kerosene/water emulsion with varying 

water-to-oil ratio (WOR) at 25 oC. The CML concentration was 2 % based on total volume. 

(b) Emulsions varying in WOR (from left to right: 30:70, 40:60, 50:50, 60:40, 70:30, 80:20) 

just after preparation (top image) and after 7 days (bottom image). 

Macroemulsions are thermodynamically unstable systems [39], but can be stabilized for a 

period of time. Physical phenomena such as Ostwald ripening, flocculation, coalescence, and 

phase inversion are typical in emulsion systems. Figure 3.11 shows that the drop size increases 

from 1.9 to 2.5 µm level off value 5 days after emulsion preparation.  The increased drop size 

is due to the combined effects of Ostwald ripening, creaming, and coalescence, which 

facilitates coalescence of small droplets.  Remarkably, the emulsion drop size remains constant 

(a) 
(b) 
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for one month after the plateau value observed. Thus, the CML-stabilized emulsion can be 

considered highly stable.    

 

Figure 3.11. Stability of CML (DS of 30 %)/kerosene/water emulsion at room temperature.  

The CML concentration was 4 % of the aqueous phase 

3.4.2.3 Emulsion Rheology 

Flow curves of O/W emulsions prepared at given pH and CML of given DS were obtained. 

The apparent viscosity and shear stress were determined at applied shear rates in the 1-5000 s-

1 range. According to Figure 3.12(a) and (a’), the CML-stabilized O/W emulsions displayed 

shear thinning behavior up to 1500 s-1. Above this shear rate the apparent viscosity leveled off.  

For a given shear rate, the apparent viscosity was reduced as the pH of the aqueous phase 

increased. Apparent viscosities of 9 to 15 mPa·s were measured at 1500 s-1, depending on the 

pH.  



56 

 

Figure 3.12. Rheological behavior of CML/kerosene/water emulsions measured at 25 °C. 

Flow curves (shear stress versus shear rate) with varying aqueous phase pH (a, WOR=1, 

DS= 30%); carboxymethylation DS (b, WOR=50:50, pH=7); and WOR (c, pH=7, DS= 

30%).  Dynamic viscosity as a function of the shear rate with varying aqueous phase pH (a’, 

WOR=1, DS= 30%); carboxymethylation DS (b’, WOR=1, pH=7); and WOR (c’, pH=7, 

DS= 30%). 

(a) 

(b’) (b) 

(a’) 

(c) (c’) 
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CML is more hydrophilic at high pH and the O/W emulsions have relatively large 

characteristic drop size. For given WOR, large drop size yields lower inter-drop interactions. 

Therefore, emulsions at high pH under shear stress present less resistance to flow (low 

viscosity). In contrast, CML has a lower solubility in acidic conditions and tends to phase 

separate as a gel, increasing the viscosity of the system.  

The flow curves of O/W emulsion were also investigated at varying DS (Figure 3.12(b), 

(b’)). In general, the apparent viscosity increased with the CML DS. This observation can be 

explained based on the emulsion drop size and the fact that as the DS of CML increases, a 

larger carboxylic group density induces higher surface activity. This leads to a smaller drop 

size and large interfacial area, which produce higher inter-drop interactions and viscosity. 

The rheological properties of CML O/W emulsion with varying WOR is depicted in Figure 

3.12(c) and (c’). The water and kerosene are non-Newtonian fluids, with a viscosity of ca. 0.94 

and 0.79 mPa·s, respectively. With an increase in WOR, the O/W emulsion gradually showed 

shear thinning behavior and the apparent viscosity increased at any given shear rate. At a WOR 

of 70:30, the emulsions are still non-Newtonian. At a WOR of 60:40, the emulsion starts to 

display a shear-thinning behavior. At water fractions higher than 70% the oil droplets are 

relatively free in the aqueous phase, and the ability to flow is not affected. With the increase 

in the internal phase volume, the oil droplets decrease in size and are more likely to collide. 

Thus, the viscosity of the emulsions increases with the increase in the oil fraction (or reduction 

of water fraction). Especially, at water fractions between 60% and 70%, the viscosity of the 
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emulsion increased remarkably. If the water content is further reduced, the emulsion will 

change to a gel and display a high resistance to flow. 

3.4.3 Heating Value 

When utilized in fuel emulsions, and compared to conventional surfactants, the high heating 

value of lignin is a major advantage. The higher heating value (HHV), including the latent heat 

of water vapor products being condensed to liquid, was measured for CML and the respective 

emulsions. 

 

Figure 3.13. Temperature rise profiles during HHV measurement for Indulin AT and CML 

(DS of 30 %, (a)) as well as corresponding O/W emulsions with varying WOR (b). 

Figure 3.13 includes the temperature rise profile of Indulin AT and CML (DS = 30 %). The 

HHV of Indulin AT, 25 MJ/Kg, compares well with previously reported data (23.3~26.0 

MJ/Kg) [10, 12]. Upon carboxymethylation, the HHV decreased to ca. 20 MJ/Kg. The C/O 

ratio of Kraft lignin is close to 3:1 while the carboxymethyl group has a C/O ratio of 1:1. Thus 

(a) (b) 
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it is expected that carboxymethylation lowers the C/O ratio. We note, however, that the 20 

MJ/Kg HHV value of CML is still relatively high for use as a solid fuel.  

The HHV of kerosene was in close agreement with reference data, ca. 46 MJ/Kg [31]. 

Emulsions with WOR higher than 50:50 (high water content) were not considered because they 

were less attractive as a fuel.  Results for O/W emulsions with WOR of 30:70, 40:60, and 50:50 

are reported in 3.13. As expected, emulsions with higher oil content (lower WOR) yielded 

higher HHV values (Table 3.2).  This is simply explained by the fact that kerosene has a high 

HHV. The estimated and measured HHV values are presented in Table 3.2 where a simple 

linear rule based on composition was assumed for the calculation of HHV. It is observed that 

the measured values were very close to the predicted values calculated based on the flammable 

composition including kerosene, alcohol, and CML. 

Table 3.2.  Higher heating values (HHV, MJ/kg) of Kraft lignin, CML and 

CML/kerosene/water emulsions of varying WOR 

 Measured HHV, MJ/Kg Estimated HHV, MJ/Kg 

Kraft lignin (Indulin AT) 25.0 23.0~26.0 

CML (DS of 30 %) 20.1 - 

Kerosene 44.8 46.1 

O/W emulsion (WOR= 3:7) 29.9 29.4 

O/W emulsion (WOR= 4:6) 24.2 24.9 

O/W emulsion (WOR= 5:5) 20.7 20.5 
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It is expected that gaseous emissions, including carbon monoxide (CO), hydrocarbon (HC), 

sulfur oxides (SOx), particulate matter (PM), nitrogen oxides (NOx) and nauseous smokes, will 

be reduced for the lignin-stabilized fuel emulsions.  This is because stable 

CML/kerosene/water emulsion expose a large oil interfacial area to oxygen and significantly 

improve the combustion efficiency. So far, in preliminary tests, the CML O/W emulsion 

(WOR=30:70) has been burnt successfully in an indirect injection diesel engine with 

success.[40] Combustion efficiency and gaseous emissions are subjects of ongoing work. 

3.5 Conclusions 

  Kraft lignin was carboxymethylated to facilitate a high solubility in a wide range of 

aqueous phase pH. The degree of substitution (DS) was controlled by the ratio of 

monochloroacetic acid to lignin. CML presented low surface activity, with a pseudo-CMC of 

3 % (25° C, pH 7) and high affinity with the oil phase at low pH or high salinity of the aqueous 

phase. Based on the properties of CML, favorable O/W emulsion drop size, stability, 

rheological behavior, and combustion HHV were determined. Smaller drop sizes were 

obtained with CML of increased DS, reduced pH or WOR. After long-term storage at room 

temperature, the emulsion was stable with a drop size of ~2.5 µm. A shear thinning flow 

behavior was observed for all O/W emulsions. The apparent viscosity was reduced with the 

increase of pH, reduction in DS and increase in WOR, as explained by limited inter-drop 

interactions. Finally the obtained HHV of the CML-stabilized O/W emulsions were relatively 

high. In general, carboxymethlated lignin successfully stabilizes kerosene-in-water emulsion 

and represents a potential alternative for use in fuel emulsions.  
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3.7 Supporting Information 

The equivalent alkane carbon number (EACN) was first introduced in 1977 [41] to the 

reflect hydrophobicity of oil phase. This parameter can be determined by the method of 

double salinity surfactant-oil-water (SOW) scans [32, 42]. In this case, the water-to-oil 

ratio (WOR) was 1 for double scans. A typical surfactant, sodium dodecyl sulfate (SDS), 

was used with a concentration of 1 % based on aqueous phase volume.  5 % 1-pentanol 

based on total volume was added. Also, the salt (NaCl) concentration was varied from 1 to 

6 % based on aqueous phase for both scans. The n-heptane and kerosene were respectively 

used for salinity scans. The EACN was calculated by using the hydrophilic-lipophilic 

difference (HLD) equation 4 [31, 32]:  

HLD = σ + Ln S – k × EACN + t × ΔT + a×A                                                                  (4) 

where σ, k and  t are the coefficients describing the surfactant’s characteristic. ΔT is the 

temperature difference from a reference of 25 °C. a and A describe the alcohol type and 

alcohol concentration, respectively. S is the salinity of the SOW system. 

The EACN for n-heptane is 7 and the parameter k of SDS is 0.1[32, 42]. When HLD is 

equal to 0, S would become the same as the optimum concentration which can be measured 
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by salinity scans. After the measurement, the optimum salt concentrations for n-heptane 

and kerosene systems were 3.3 % and 5.5%, respectively. Based on these known or 

measured data, the EACN of kerosene was determined to be 12.1 with the viscosity of 1.5 

at 25 oC. 
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4 Interfacial Behavior of Modified Lignins in the Formulation of 

Bitumen-in-Water Emulsions  

4.1 Abstract 

 

Kraft and organosolv pine lignins were upgraded via carboxymethylation to formulate 

bitumen-in-water emulsions. The carboxymethylated lignins (CML) were soluble in water and 

reduced the surface tension down to 34 mN/m while presenting a critical aggregation 

concentration. They were characterized for elemental analysis, molecular weight, and degree 

of substitution. An ultra-high viscosity bitumen fraction from the Canadian oil sands, with an 

Equivalent Alkane Carbon Number in the range 9-11, was used in the fuel emulsions using 

water-to-oil ratios (WOR) from 30:70 to 70:30. Light fuels (kerosene, diesel, and jet fuel) were 

used in reference emulsions of high internal phase content (WOR = 30:70). Cryo-replica TEM 

was used to directly assess the morphology of the emulsions.  Stable, shear thinning fuel 

emulsions presented a normal size distribution with drop diameters between 1 and 10 µm (light 

scattering). Prospects of the bitumen emulsions for use in power generation are discussed by 

considering their high heating value while the emulsified reference fuels enabled operation in 

a fuel engine working at high shear rates. Under certain conditions and compared to the 

respective pure fuel, the O/W emulsions stabilized by CML presented lower NOx and CO 

emissions and maintained a relatively high combustion efficiency. 
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4.2 Introduction 

Heavy crude oils (API< 20) are quite dense and highly viscous fractions [1, 2] that can be 

used in many applications, including power generation. According to the U.S Energy 

Information Administration (US EIA), the worldwide largest heavy crude oil deposits, with 

over 500 billion barrels, are located at the Orinoco Petroleum Belt, covering over 20 thousand 

square miles in eastern Venezuela and are joined by the oil sands found in Canada.[3]  The 

heavy oil reserves are more than twice those of conventional light crude oil. However, they 

cannot flow easily for operation under normal conditions with centrifugal pumps or other 

methods.[4] Due to the difficulties and costs in extraction, transport and refining, the price of 

heavy oils is generally discounted in the market. Bitumen, in particular, is a good example of 

extra heavy oils (API gravity > 10 and reservoir viscosity of ~10 000 mPa·s) that fit these 

characteristics.[5] They are complex hydrocarbon mixtures formed from the biological 

degradation of original oil with the light components (commonly C1 to C10) largely removed, 

making them tacky and semi-solid, yet presenting a worldwide consumption of ~ 102 million 

tons per year.[6] Their primary application is in road paving, around 85 % of total use, where 

they act as binder mixed with particle aggregates to produce asphaltic concrete.[6] Other uses 

include bituminous waterproofing products for roofing felt and for sealing flat roofs.[7] Used 

as fuels, bitumen fractions produce combustion products that may include inorganic fine solids, 

heavy metals, and heteroatoms, which represent a contamination challenge.[8] Moreover, even 

after refining, the lighter fraction of bitumen may still display a high viscosity and cannot be 

burned for conventional power generation or transportation. Therefore, a light, often volatile 

diluent is added to facilitate flow. 
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In recent years, fuel emulsions have been explored as an alternative, relatively inexpensive 

fuel with reduced pollution impact. The bitumen-based emulsions OrimulsionR from the 

Orinoco Petroleum Belt, for example, have been stabilized by polyethoxylated nonylphenol 

surfactants[9] and was used as a commercial boiler fuel in power plants worldwide. However, 

the synthetic surfactants used in such fuel emulsions can result in unburnt residues inside the 

boiler and may cause corrosion. Moreover, depending on surfactant molecular composition, 

some exhaust emissions including sulfur oxides or other pollutants can be produced. Besides 

the fact that some synthetic surfactants are being banned, their typical low heating values 

reduce the combustion efficiency and increase the total price of the emulsions.  

Wood-derived lignins can be considered as an alternative to synthetic surfactants in related 

applications; not only they show the required amphiphilic behavior but they are low cost, green 

macromolecules that are easily available.[10] Lignin is the second major component of wood 

consisting of three main coupled units including ρ-coumaryl, coniferyl, and sinapyl alcohols 

that produce ρ-hydroxyphenyl, guaiacyl, and syringyl residues, respectively.[11] The relative 

content of these three monomers vary depending on the plant species.[12] Lignin’s building 

blocks can be linked, for example by β-O-4 and other linkages, in over ten different ways; all 

together and even if one excludes the linkages with carbohydrate fractions, it is apparent the 

extraordinary complex structure of lignin that results in varying detailed molecular 

features.[13] It is only logical that lignin utilization is challenged by its complexity, which 

limits its main use to energy recovery in pulp mills where it is burned as main component of 

the solid fraction of  highly alkaline “black liquors”.[14] Annually, lignin is produced at around 
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50 million tons with only a small fraction (ca. 2% ) used commercially, including 1 million 

tons of lignosulfonate and less than 0.1 million tons of Kraft lignin.[15, 16] Sulfur-free lignins 

from organosolv, acid hydrolysis and steam explosion and, more generally, those from 

biorefinery processes not yet commercial have captured interest as far as their possible 

uses.[17] 

Despite lignin’s complex structure, it can be considered as an inexpensive, multifunctional 

macromolecule that can be upgraded for high-value applications. Lignin contains both 

hydrophobic and hydrophilic groups presenting, depending on the conditions, surface activity 

and multi-polarity. Some treatments can make lignin to act as an emulsifier, such as in the case 

of lignosulfonates [18, 19]. Moreover, the high carbon content of lignin (~66 %)[20] indicates 

a high calorific content and signifies a higher heating values (HHV) of ~ 23-26 MJ/kg,[21] 

making a good case for consideration as far as energy prospects. 

Utilization of lignin in the area of fuel emulsions, as proposed here, can offer several 

benefits. From the viewpoint of energy, lignin provides a heating value that is higher than that 

of synthetic surfactants. From the environmental perspective, lignin is non-toxic and can be 

burned with minimum pollutant exhaust emissions. To this end and to reduce the emission of 

sulfur oxide, carboxymethylated lignin is a good alternative to available lignosulfonates. 

Economically, lignin is less expensive than the synthetic surfactants used in fuel emulsions. 

Overall, it is proposed that lignins can be exploited in complex, upgraded fluids, for example, 

in fuel emulsion for power generation. 
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In this work we used carboxymethylation to modify low sulfur, Kraft lignin in order to 

extend its water solubility at neutral pH. An organosolv lignin was also modified and used as 

a reference. The modified lignins (carboxymethylated lignins, CML) were characterized in 

terms of their degree of substitution (31P NMR), elemental composition, and molecular weight 

(GPC). The CML displayed a relatively low surface tension and was used to emulsify different 

oils with water. Bitumen crude oils as well as light oils (kerosene, diesel, and jet fuel) were 

used to formulate oil-in-water (O/W) emulsions with varying water-to-oil ratio (WOR), from 

3:7 to 7:3. The properties of the fuel emulsions were characterized, including drop size and 

size distribution, stability, and rheological behavior. Moreover, the emulsion fuel was 

evaluated based on the combustion analysis to measure heating value, exhaust gaseous 

emissions, and combustion efficiency. 

4.3 Materials and Methods 

4.3.1 Carboxymethylated Lignin (CML) 

In this work, a pine Kraft lignin (Domtar, Plymouth, NC) and an organosolv lignin (Alcell, 

Lignol, Vancouver, Canada) were used as precursors to obtain carboxymethylated lignin 

(CML).  In general, the procedure includes initially alkalization of phenolic hydroxyl groups 

with sodium hydroxide (Sigma Aldrich, St. Louis, MO) to form ionized nucleophiles. The 

phenol ions then react with monochloroacetic acid (Sigma Aldrich, St. Louis, MO) to form the 

carboxymethylated lignin (Figure 4.1). Although it was found that CML obtained following 

our earlier procedure[22] worked well in kerosene-in-water emulsions, the minimum surface 

tension of the modified lignin solution was far from the required demand of bitumen systems. 
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On the other hand, the use of concentrated ethanol for precipitation was a limiting factor.[23] 

Therefore, we replaced the 95 % ethanol solution normally used for precipitation with 0.1 N 

HCl aqueous solution.  In summary, the detailed procedure used 100 g of lignin dispersed in 

2.7 L of 70 % ethanol that was mixed gradually with 300 ml NaOH solution (30 %), during 30 

min. Within 1 h stirring at room temperature, 120 g chloracetic acid (Sigma Aldrich, St. Louis, 

MO) was gradually added and the mixture was heated to 55 oC. After 3.5 h stirring, the mixture 

was filtered in a Buchner funnel and 0.1 N HCl solution was poured into the filtered solution 

for precipitation. The obtained suspension was centrifuged and washed one or more cycles 

with 0.1 N HCl, depending on the purity requirement.  Finally, the residue was collected and 

dried in a freeze dryer (Freezone 6, Labconco, Kansas City, MO).  

 

Figure 4.1. Reaction of alkalization and carboxymethylation of lignin 

4.3.2 Characterization of CML 

The carboxymethylated Kraft (CMLKraft) and organosolv (CMLOrganosolv) lignins were 

precipitated by diluted acid (0.1N HCl). Precipitation with ethanol (95 %) was also conducted 
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for comparison purposes. Cycles of acid washing (0.1N HCl) were tested by element analysis 

in order to investigate their influence on lignin performance.  

The degree of substitution of CML was determined by 31P NMR analysis with a Bruker 300 

MHz NMR spectrometer following a published procedure.[24] In short, a mixture (1.6:1, v/v) 

anhydrous pyridine/chloroform-d (Sigma Aldrich, St. Louis, MO) was prepared in a 5 mm 

NMR tube to dissolve the given lignin sample at a concentration of 40.0±2.0 mg per 500 μL. 

Based on the above mixture solution, 200 μL of 9.05 mg/mL N-hydroxy-5-norbornene-2,3-

dicarboximide (99 %, VWR, Radnor, PA) as the internal standard and 50 μL of a 

chromium(III) acetylacetonate (Sigma Aldrich, St. Louis, MO) solution (5.6 mg/mL) as the 

relaxation reagent were injected into the tube, respectively. When the lignin was totally 

dissolved, 100 μL of 2-Chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (95 %, Sigma 

Aldrich, St. Louis, MO) was added for phosphorylation of the hydroxyl groups. The prepared 

samples were tested by 31P probe for NMR acquisition. The C, H, N content was measured in 

a CHN Elemental Analyzer (Perkin Elmer 2400, Waltham, MA). One cycle washing with 0.1 

N HCl were carried out before the elemental analysis.  

Known amounts of CML were burned under pure oxygen environment. The resultant gases 

(CO2, H2O, and N2) were cleaned and passed through a separation column. The composition 

results were calculated based on the detection at the outlet of the column. The sodium and 

sulfur content were determined by a wet ash procedure.[25]  With this method, 1 g of sample 

was exposed to concentrated nitric acid and allowed to set overnight. The solution was capped 

and heated on a block digester at 105 oC for 2 h. Thereafter, it was cooled and 2 ml of hydrogen 
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peroxide (30% w/v) was added to ensure complete digestion. It was then heated again to 200 

oC until the volume was reduced to 2 ml. Following, 5 ml of 6 N HCl solution was added and 

put back on the digestion block for 10 min. Finally, the samples were cooled down and filled 

to the given volume with distilled water and filtered. The prepared solutions were read on a 

Perkin Elmer Corporation's DV2000 ICP Spectrometer. The chloride content was determined 

by extracting the sample with a combination of nitric acid and acetic acid and then the solution 

was ran in a Buckner Chloride Titrator. The oxygen content was calculated by the difference.  

The average molecular weight and distribution of the lignins was determined by using gel 

permeation chromatography (GPC). The GPC system (Shimadzu, Kyoto, Japan) consisted of 

a LC-20AD pump, a CTO-20A oven equipped with a HR1 and a HR 5E Styragel columns (0-

4M, Waters, Milford, MA), a SPD-20A UV/Vis detector and a RID-10A reflective index 

detector. The oven was set to 35 oC and dual wavelength of 235 and 254 nm were used in all 

the experiments. The lignins were modified by acetylation before testing in order to ensure 

total solubility in THF solution (of 5 mg/l concentration).  This mobile phase was set with a 

flow rate of 0.7 ml/min. A calibration curve was also created based on twelve polystyrene 

dispersions (PSS ReadyCal-Kit, Amherst, MA) with Mw in the range 266 to 252 KDa. A 

Shimadzu LC solution software was used for data processing.  

A given amount of lignin was dispersed in deionized water over 24 h equilibration time at 

room temperature. Then the surface tension of the lignin solutions were measured using a 

tensiometer (Attension, Biolin Scientific, Stockholm, Sweden) equipped with a Wilhelmy 

platinum plate (19×10×0.1 mm).[22] 
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4.3.3 Emulsification 

A given amount of CML was dissolved in deionized water (2 % concentration) and the pH 

was set to 8 by addition of 1N NaOH solution. A given amount of bitumen (EACN of 9-11, 

Quadrise, Alberta, Canada) was heated to 95 oC; likewise, CML solution was heated to 60 oC. 

The heated bitumen, CML solution and 5 % v/v of 1-pentanol were added in a container and 

stirred (Ultra Turrax-T18, IKA, Wilmington, NC) at 20,000 rpm for 3 min. Bitumen-in-water 

oil emulsions were obtained and stored in test tubes over 24 h for further measurement. In 

addition, low viscosity fuels were tested, including kerosene (Sigma Aldrich, St. Louis, MO), 

diesel (equal ratio blend of No.2 diesel from local Hess, BP and Exxon gas stations, Raleigh, 

NC), and jet fuel (Shell, JNX airport, Smithfield, NC). The respective fuel was mixed with 

CML solution at same concentrations of 1-pentanol and at room temperature in order to 

produce O/W emulsions.    

4.3.4 Emulsion Characterization 

A freeze-fracture replica of CML/fuel/water emulsion was examined by transmission 

electron microscopy.[26] The given emulsion sample was loaded between two gold stubs and 

plunged into liquid nitrogen-cooled by propane for 10 s to prevent ice crystal damage. 

Subsequently, the sample was transferred to a holding Dewar flask containing liquid nitrogen. 

After that, the frozen specimen was positioned into a double replica specimen holder booklet. 

It was then fractured in the freeze-fracture/etch chamber with subsequent activation of a 

platinum/carbon electron gun to evaporate a thin layer over the fractured surface to generate 

the replicas. The produced specimen was transferred to deionized water and floated. The 
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floated specimen was immersed into 50 % sulfuric acid containing 5 % sodium dichromate for 

1.5 h. Finally, it was washed with water and transferred onto a copper electron microscopy 

grid for TEM observation.  

The drop size distribution of the CML stabilized O/W fuel emulsions was measured with a 

laser scattering analyzer (LA 910, Horiba, Kyoto, Japan). The emulsions were diluted 1000 

times in the test chamber with deionized water as the blank medium. The volume median (D 

[V, 0.5]) and volume moment mean (D [V, 4, 3]) diameters were used to determine the oil 

droplet size.  

The rheology behavior of bitumen-in-water emulsions with varying WOR, from 30:70 to 

70:30, were investigated with a rheometer (AR-2000, TA Instruments, New Castle, DE) 

equipped with a parallel plate system (40 mm steel plate with 300 nm gap). The dynamic 

viscosity and shear stress as function of shear rate between 1 to 5000 s-1 were measured.   

The higher heating values (HHV) of the Kraft lignin, CML, all types of fuels and their O/W 

emulsions were tested by using an oxygen bomb calorimeter (Parr Instrument Company, 

Moline, IL). The results were calculated according to the temperature vs time profile as 

discussed in our earlier work.[22]   

4.3.5 Combustion Experiments 

The CML-stabilized oil-in-water fuel emulsions were burned in a 7.46 kW (10 horse power) 

single-cylinder air-cooled compression-ignition engine. The engine was operated under 2000 
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rpm under three different loads with a brake mean effective pressure (BMEP) of 0, 1.26, and 

3.26 bar. The exhaust gaseous emission including carbon monoxide (CO), carbon dioxide 

(CO2), oxygen (O2), oxides of nitrogen (NOx), and hydrocarbon (HC) were detected with an 

exhaust gas analyzer (FGA 4000XDS, Infrared Industries, Hayward, CA).The exhaust gas 

temperature was measured with K-type thermocouples.[27]  

According to the measured HHV, gaseous emissions and exhaust temperatures, the 

combustion efficiency of the fuels and their O/W fuel emulsions were calculated following the 

standard ASME Power Test Code 4.1.[28] The heat loss by fuel moisture was not considered 

since the based fuels were assumed water-free.   

4.4 Results and Discussion 

4.4.1 Lignin Characterization 

4.4.1.1 Lignin Composition and Groups 

The yield in CMLKraft synthesis was as high as >90 % (mass percent based on the precursor 

Kraft lignin) while that for CMLOrganosolv was 73 %. The lower yield in CMLOrganosolv is 

explained by the fact that ethanol-soluble organosolv lignin was precipitated to a lesser extent 

from the reaction bath with ethanol/NaOH solution. The nominal degree of substitution of the 

obtained carboxymethylated lignins (CMLKraft and CMLOrganosolv) was determined by 13C-NMR 

and titration. 31P NMR was used to quantitatively determine the hydroxyl values of CML 

(Figure 4.2). 31P NMR peaks for the internal standard appears at around 152 ppm. The chemical 

shifts in the 155-130 ppm range were analyzed. The aliphatic OH groups were responsible for 

the peaks at chemical shifts from 145-150 ppm and the phenolic OH groups were assigned to 
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144.4-137 ppm, including the condensed aromatic OH (144.4-140.4 ppm) and the non-

condensed phenolic OH (140.4-137) groups. Also, the carboxyl OH groups were assigned to 

the chemical shifts in the 136.5-133 ppm range. 

 Compared to the precursor lignin, it is clear that carboxymethylatation increased the 

carboxylic group content but reduced that of hydroxyl groups. During the carboxymethylation 

with precipitation by ethanol, some fatty alcohols can be formed due to degradation of low 

molecular lignin fractions. Thus, the corresponding peaks appeared in the spectra, between 

145-150 ppm chemical shifts. Moreover, the higher Na+ concentration present in the sample 

obtained after precipitation with ethanol, compared to that from acid (HCl) precipitation, 

favored the formation of alkoxides, which were difficult to remove and thus appeared as 

additional, impurity peaks.   
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Figure 4.2. Quantitative 31P NMR spectra for unmodified and modified (CML) lignins, as 

indicated. 
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According to the integration results in Table 4.1, the hydroxyl values of carboxymethylated 

samples, mainly from phenolic OH, were reduced compared to those of the respective lignin 

precursor. This is because the phenolic OH groups are more easily ionized compared to 

aliphatic OH groups.  

Table 4.1. 31P NMR signal assignments for CML samples including aliphatic hydroxyl, 

phenolic hydroxyl, and carboxylic groups 

 Hydroxyl groups (mmol/g of lignin) 

Chemical 

Shift, ppm 
Assignment 

Kraft 

Lignin 

CMLKraft 

ethanol 

precipitation  

CMLKraft 

HCl 

precipitation  

Organosolv 

Lignin 

CMLOrganosol

v HCl 

precipitation  

145-150 Aliphatic OH 2.17 2.49 1.86 1.23 1.26 

144.4-140.4 
Condensed 

Phenolic OH 
1.77 1.07 1.11 2.75 1.61 

140.4-137 
Non condensed 

Phenolic OH 
2.39 1.21 1.60 1.26 0.78 

144.4-137 Phenolic OH 4.17 2.28 2.71 4.01 2.38 

136.5-133 Carboxyl OH 0.54 1.68 1.98 0.31 1.71 

Degree of Substitution, % - 27.3 34.6 - 35.0 

 

Based on the calculations, the DS of CMLKraft after HCl precipitation reached values as high 

as ca. 35 %, which is higher than that determined for samples after ethanol precipitation. The 

DS of organosolv lignin, CMLOrganosolv, also reached 35 %.  The resultant, high hydrophilicity 

after carboxymethylation favored dissolution in water even at neutral pH conditions. 
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The C, H, N (and C: H: O ratio) as well as chloride, and sulfur content were measured (Table 

4.2).  Carboxymethylation of Kraft lignin removed as much as 30 % of the sulfur initially 

present. This is because the non-bonded sulfur was dissolved in the HCl washing. When used 

as a solid fuel and compared with the sulfur-rich lignosulfonate, CML is expected to reduce 

emission of sulfur dioxides. 

Table 4.2. Elemental analysis (%) of Kraft, organosolv and respective CML lignins 

 

Lignin type C H O N Cl Na S 
C: H: 

O 

Kraft Lignin 62.1 6.2 29.9 0.1 <0.02 0.1 1.5 2.8:3.3:1 

CMLKraft precipitated with ethanol 52.7 5.6 32.5 0.1 0.7 7.1 1.4 2.2:2.8:1 

(…) after acid washing 49.8 4.9 39.4 0.1 2.1 2.5 1.1 1.7:2.0:1 

CMLKraft precipitated with HCl 57.4 5.7 31.4 0.1 1.8 2.5 1.1 2.4:2.9:1 

(…) after acid washing 53.1 6.6 37.9 0.1 1 0.4 0.9 1.9:2.8:1 

Organosolv Lignin 63.2 6.3 30.3 0.8 0.03 0.00 0.02 2.8:3.3:1 

CMLOrganosolv precipitated with ethanol 52.1 5.2 41.4 0.1 1.2 7.7 0.01 2.1:2.5:1 

(…) after acid washing 56.2 5.5 35.3 0.2 3 3.8 0.01 2.4:2.8:1 

CMLOrganosolv precipitated with HCl 57.9 5.6 34.5 0.1 1.9 2.8 0.01 2.4:2.8:1 

(…) after acid washing 60.5 6.2 32.2 0.2 1 0.5 0.01 2.5:3.0:1 

 

Salt accumulation can cause severe corrosion when a fuel emulsion is stored or pumped in 

a tank or pipeline. Since sodium hydroxide and chloroacetic acid were used for the 

modification, Na+ and Cl- ions are present in the obtained CML solution. After precipitation 

by ethanol, a large amount of Na+ (over 7%) remained in the product. Precipitation with dilute 
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HClaq, on the other hand, reduced Na+ content (2.5 %) but introduced Cl- (1.8 %). Upon 0.1 N 

HCl washing the salt concentration was reduced further (0.4 % Na+ and 1 % Cl-). Introduction 

of carboxymethyl groups reduced the C/O and H/O mass ratios. This is due the fact that the 

atom mass of oxygen is larger, while the carboxymethyl groups contain the same molar 

amounts of carbon, hydrogen and oxygen. Moreover, acid washing removed heteroatoms such 

as Na, Cl and S, and therefore the percentage of oxygen was increased. 

For both CMLKraft and CMLOrganosolv the residual NaCl was removed by acid washing (0.5 

% Na+ and 1 % Cl-). Also, compared with ethanol, precipitation with HCl of CMLOrganosolv was 

effective in removing Na+ (from 7.7% to 2.8 %). Moreover, the C/O and H/O ratios were 

reduced after modification, but a difference for CMLKraft was observed in that C/O and H/O 

ratios increased after acid washing (for both precipitation methods). In the case of organosolv 

lignin, a certain degradation occurred during carboxymethylation, as shown by GPC analyses 

(see further below). After acid washing, small molecules (–CH2O, H2O, etc.) were removed 

and increased the relative C and H content of the final product. In contrast with kraft lignin, 

organosolv lignin and CMLOrganosolv only contained a small amount of residual sulfur. 

4.4.1.2 Molecular Mass.  

The molecular weight distribution of acetylated Kraft lignin, organosolv lignin, and CML 

are included in Figure 4.3. For both Kraft and organosolv lignin, the molecular weight of the 

large molecular fraction increased after carboxymethylation. This is explained by the addition 

of carboxymethyl groups. Compared with the molecular weight of Kraft lignin, that of 

CMLKraft did not change significantly (either for ethanol or acid precipitation) (Table 4.3). 
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However, compared with the precursor lignin, the molecular weight of the CMLOrganosolv 

increased by 80 % and 60 % after precipitation with ethanol and acid, respectively. This 

observation is explained by the fact that organosolv lignin was partially dissolved in the 

reaction solution containing ethanol/NaOH. Thus, the small Mw fractions are removed after 

filtration, resulting in an increase of the average molecular weight. Ethanol precipitation could 

also enhance this effect. CMLKraft molecular weight remained similar as that of the precursor 

lignin, which indicates a very limited degradation during the modification. The 

carboxymethylation process occurred only on the available hydroxyl groups of lignin, 

changing its amphiphilicity but with no major effect in its structure.  

 

Figure 4.3.  Molecular weight distribution of Kraft lignin (KL) and CMLKraft (left) as well 

as organosolv lignin (OL) and CMLOrganosolv (right). 
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Table 4.3. Summary of average molecular weight of Kraft, organosolv and CML lignins 

Lignin  Mn Mw Mw/Mn 

Kraft Lignin 1416 6176 4.36 

CMLKraft precipitated with Ethanol 1532 5848 3.81 

CMLKraft precipitated with HCl 1505 6219 4.13 

Organosolv Lignin 1016 2958 2.91 

CMLOrganosolv precipitated with Ethanol 1486 5273 3.55 

CMLOrganosolv precipitated with HCl 1325 4739 3.58 

 

4.4.1.3 Surface Tension 

Our previous report, indicated a minimum surface tension of CML solutions after ethanol 

precipitation of ~ 60 mN/m. This high value was explained by the presence of NaCl, as 

discussed in the elemental analysis section.[22] The decreased water solubility of CML limits 

its dispersion. After removal of salt by using acid precipitation, the CMLKraft and CMLOrganosolv 

aqueous solutions presented a much lower minimum surface tension, ~34 and 39 mN/m with 

critical aggregation concentrations of 1.5 and 3 %, respectively (Figure 4.4). Thus, CML 

lignins have a potential as an alternative polymeric surfactant for stabilizing bitumen-in-water 

or other oil-in-water fuel emulsions. After HCl precipitation and despite water solubility at 

neutral pH, CMLKraft and CMLOrganosolv displayed excellent surface activity. In the following 

work, however, we report only on CMLKraft for the formulation of oil-in-water fuel emulsions; 

for simplicity “CML” will be used to indicate this type of lignin in the remaining of this 

discussions. 
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Figure 4.4.  Surface tension versus concentration isotherms of CMLKraft (left) and 

CMLOrganosolv (rigth) dissolved in deionized water (pH 8, 25 oC )  

 

4.4.2 O/W Emulsions 

4.4.2.1 Emulsion Morphology  

High internal phase, oil-in-water emulsions (WOR = 30:70) comprising different oils 

(bitumen, diesel, kerosene, and jet fuel) were stabilized by CML and stored over one month. 

Freeze-etching specimen replicas were observed under TEM with 2500X objective lens, as 

shown in Figure 4.5. The highly packed round features observed in the images represent the 

oil droplets replicas. In the bitumen-in-water emulsion, the replica was shadowed with dark 

areas. This is because the bitumen was easy to break at low temperature. Thus, when the freeze-

fractured specimen was transferred to room temperature, the high viscosity bitumen was 

difficult to remove by water or chromic-sulfuric acid. Although the quality of the image in this 

case is somewhat limited, the outline of the bitumen droplets can be observed (see added circles 

in the respective image). For the other low viscosity fuels, the droplets were easily 



 

88 

distinguishable. The oil droplets were around 1-2 µm. Compared with other three types of O/W 

emulsions, the drop size of the diesel-in-water emulsion was smaller. 

 

Figure 4.5.  TEM Images (2500X) of freeze-etching specimen replicas of O/W emulsions 

(WOR = 30:70) with oil phase consisting of bitumen (a), diesel (b), jet fuel (c), and 

kerosene (d).   

 

 

 

 

a b 

c d 
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4.4.2.2 Drop Size Distribution and Stability 

The average droplet size and distribution were measured at room temperature in order to 

analyze the effect of composition (WOR) for constant concentration of CML in bitumen-in-

water emulsions. The bitumen droplets showed a normal, narrow distribution, within 1-10 µm 

range (Figure 4.6).  A slight reduction in droplet size was observed as the oil fraction was 

reduced. If the total volume is considered, additional free CML is expected to exist when the 

water fraction is increased, effectively preventing more droplet collapse. As a consequence of 

bitumen’s high viscosity, achieving smaller initial droplet size requires larger energy input for 

emulsification at high internal phase concentrations (low WOR). Thus, for the same energy 

input, the oil phase of the emulsion with low bitumen content (high WOR) was broken down 

into smaller droplet sizes.     

 

Figure 4.6. Droplet size distribution (left) and average size (right) of CML/bitumen/water 

emulsion as a function of WOR. The CML concentration was 2 % based on the volume of 

the aqueous phase. 



 

90 

 

Figure 4.7 shows the stability of the CML/bitumen/water fuel emulsions of WOR = 30:70. 

The stability was followed by measuring the average droplet size from initial preparation up 

to 30 days at rest. During the first 5 days, the oil droplet size gradually increased approximately 

0.2 µm from the initial size. Thereafter, the drop size was maintained around 1.8 µm for over 

one month. The CML, bitumen and water components reached a thermodynamic balance to 

form a highly stable emulsion system. Figure 4.7 also includes a photo of the emulsion, which 

remained fluid during the storage period and stable, as indicated by the limited droplet 

coalescence.    

                        

Figure 4.7. Stability of CML/bitumen/water fuel emulsion at room temperature 

4.4.2.3 Rheological Behavior 

The apparent viscosity of bitumen at 15 oC can reach 180,000 to 1,000,000 mPa·s,[29] 

which is too high for burning in a boiler, for example. However, upon emulsification with 

water, the viscosity of the system is drastically reduced. This is because water in O/W 

emulsions, the continuous phase, plays a dominant role as far as the viscosity of the emulsion. 
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The shear stress and dynamic viscosity as function of shear rates from 1-5000 s-1 were studied 

by varying the WOR and temperature. Figure 4.8a’ shows that the apparent viscosity was 

reduced with the shear rate, indicating a shear thinning behavior in all the conditions tested. 

The high viscosity of the bitumen impacted the viscosity of the respective emulsion system. 

At a given shear rate the viscosity was reduced with an increase of WOR. Compared to the 

neat bitumen, the viscosity of CML/bitumen/water emulsion dropped down to around 250 

mPa·s, a 1000-fold reduction.  

The bitumen changes from the semi-solid, non-flowable state to a flowing liquid with heat 

and therefore the effect of temperature on the CML/bitumen/water emulsions is discussed. In 

Figure 4.8b’, the apparent viscosity of the CML/bitumen/water emulsion (WOR=30:70) was 

reduced by heating. Even for a large amount of internal phase, as high as 70 %, the viscosity 

measured at 80 oC and at a shear rate over 500 s-1 is as low as 40 mPa·s. It is noted that the 

shear stress increased as function of shear rate, from 3000 to 5000 s-1 at 60 and 80 oC (Figure 

4.8 b’). This is explained by water evaporation during testing at high temperature, which 

resulted in a more concentrated bitumen phase that increased the viscosity of the emulsion with 

time. At relative high loading, adding water or increasing working temperatures reduce the 

viscosity of the bitumen (stabilized as an emulsion with CML). Therefore, CML-stabilized 

bitumen/water emulsions can be considered for use as a fuel for power generation, given some 

possible added benefits to be discussed in the next section.   
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Figure 4.8. Flow curves of CML/bitumen/water fuel emulsion system. The shear stress and 

viscosity versus shear rate of emulsions of varying WOR are shown in (a) and (a’), 

respectively. Likewise, for emulsions of WOR=30:70 at varying temperature, which are 

shown in (b) and (b’). The data was acquired at constant temperature of 25 oC 

4.4.3 Emulsion Combustion 

Stable CML/oil/water systems with different fuels were tested as far as their combustion 

properties at WOR of 30:70. The higher heating values of oil-in-water emulsions formulated 

with bitumen, diesel, kerosene, and jet fuel were measured. Considering the high viscosity 

a b 

c d 
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properties of bitumen and possible cleaning issues, only kerosene, jet fuel and diesel were burnt 

in a diesel engine for gaseous emission and combustion efficiency analysis. In these 

experiments, 0.5 % CML aqueous solutions were used for all types of fuel emulsions.  

4.4.3.1 Higher Heating Values (HHV) 

 After carboxymethylation, CML displayed a relatively high HHV of 22 MJ/Kg, which is 

of the same order as that for fuels such as methanol (Table 4.3). Beyond the intrinsic advantage 

it offers as solid fuel, CML was used to stabilize oil-in-water emulsions consisting of light and 

heavy oils. The higher heating values of the bitumen, kerosene, diesel, jet fuel and their O/W 

emulsions were measured with an oxygen bomb calorimeter (Table 4.4). The experimental 

results were in good agreement with reference data. The HHV of fuels emulsions were 

calculated according to their composition. The HHV of the fuel emulsions determined 

experimentally were in good agreement with the estimated values. The effect of CML in the 

HHV of the fuels emulsions was thus elucidated: CML stabilized oil-in-water fuel emulsions 

and maintained their heating properties. From the industrial viewpoint, kerosene is similar to 

jet fuel, due to the similar properties. In the following combustion analysis jet fuel was 

considered.   
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Table 4.4. Higher heating values (HHV MJ/Kg) of Kraft lignin, CML, fuels and respective 

CML/oil/water O/W emulsions (WOR=30:70) 

Fuel  Measured HHV, MJ/Kg Calculated HHV, MJ/Kg 

Kraft lignin 25.6 23.0~26.0 

CML 21.8 - 

Bitumen 40.9 42.3 

Bitumen/Water Emulsion 29.4 30.7 

Kerosene 44.8 46.2 

Kerosene/Water emulsion  29.9 29.6 

Diesel 45.3 45.7 

Diesel/Water Emulsion 29.1 29.5 

Jet Fuel 44.7 44.1 

Jet Fuel/Water emulsion 29.4 28.0 

 

4.4.3.2 Gas Emissions 

Due to the limitation of the single cylinder diesel engine and considering engine cleaning 

issues, CML/bitumen/water fuel emulsion was not tested. As a representative of light fuels, the 

gaseous emission of the kerosene and CML/kerosene/water fuel emulsions of high internal 

phase was measured (WOR =30:70) for three different engine loads: 0, 1.26, and 3.26 bar. The 

engine load did not significantly affect the HC emission of the kerosene-based emulsion 

(Figure 4.9). For all engine loads, the HC emission of the fuel emulsion increased 5-10 ppm 

compared with that of kerosene. This is because the viscosity of the light fuel emulsion is 

relatively higher than the base fuel. The high viscosity emulsion may produce more residues 

in the engine such as the unburnt lignin or oil droplets. Also, due to water evaporation, the 
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O/W fuel emulsion had a lower combustion temperature than the base fuel, leading to higher 

HC emissions. It also resulted in a lower wall temperature of the engine, which increased the 

HC emissions. Since the fuel emulsion was a shear thinning fluid, it could be expected that a 

higher engine rotation speed would lead to a lower dynamic viscosity so as to help reduce the 

HC emission.  

The NOx emissions of all types of fuels were also investigated. It was observed that with 

higher engine loads, the NOx emission increased. This can be explained by the fact that at a 

higher load leads to a higher combustion temperature, which favors NOx formation. The use 

of CML/kerosene/water emulsion reduced NOx emission by 70, 66, and 32 % at engine loads 

of 0, 1.26, and 3.26, respectively. This is a result of water evaporation, which reduced the 

combustion temperature and inhibited the thermal NO reaction leading to NOx formation. In 

addition, the water evaporation may results in micro-explosion and it could enhance the 

atomization of fuels with small droplet size as well as the air-fuel mixing process. The better 

fuel distribution could also help reduce NOx formation. 

Generally, the CO2 emission increased and CO emission reduced with increased engine 

loads, which can be explained by the fact that fuel combusts more completely at higher 

temperature in high loads. Compared with the base fuels, the CO2 emission of 

CML/kerosene/water fuel emulsion was reduced by 1-2 % but the CO emission of the emulsion 

increased, depending on the engine load. The water evaporation reduced combustion 

temperature as wells as the reactivity. The fuel emulsions were not burned as completely as 

the base fuels. Therefore, the O/W emulsion produced a relative lower CO2 but slightly higher 
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CO emissions. No significant difference in CO emission was noted at low engine loads. The 

CO emission was highly dependent on the operation conditions. We have demonstrated that 

diesel or jet fuel based CML/oil/water emulsion have lower CO emission at lower engine 

loads.[27]  

 

Figure 4.9. Exhaust gaseous emissions of hydrocarbon (HC, ppm), oxides of nitrogen 

(NOx, ppm), carbon monoxide (CO, %), and carbon dioxide (CO2, %) of kerosene and 

CML/kerosene/water fuel emulsions (WOR=3:7) at engine loads of 0, 1.26, and 3.26 bar 
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4.4.3.3 Combustion Efficiency 

The kerosene and CML/kerosene/water fuel emulsions (WOR=30:70) were evaluated for 

combustion efficiency at engine loads of 0, 1.26, 3.26 bar. In this calculation, heat losses due 

to dry gas, moisture from burning hydrogen, and formation of CO were considered as main 

energy lost during the diesel engine operation. As shown in Figure 4.10, with increased engine 

loads, the combustion efficiency of CML/kerosene/water fuel emulsion was reduced slightly. 

The heat in the exhaust gases is not transferred to perform useful work like in steam production. 

It could be a major reason of the lower fuel efficiency. Although the fuel was burned more 

completely at higher loads, the higher exhaust gas temperature indicated higher heat loss.      

 

Figure 4.10. Combustion Efficiency of the kerosene and CML/kerosene/water fuel 

emulsions (WOR=30:70) at engine loads of 0, 1.26, and 3.26 Bar 
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In summary, CML/kerosene/water fuel emulsion can be burnt with a combustion efficiency 

over 95 %. Compared with the base fuel, the combustion efficiency was reduced slightly. As 

discussed earlier, water evaporation resulted in a lower combustion temperature, a less 

complete combustion and a higher HC emission. All of these factors contribute to a lower 

combustion efficiency. However, the reduction of the combustion efficiency was very limited, 

only 1-2 %. Considering the significant reduction of NOx emission, these effects can be 

tolerated. Moreover, it could also be expected that with higher engine rotate speed, the fuel 

emulsion with lower viscosity could be burned more efficiently. More importantly, 

CML/bitumen/water fuel emulsion is much less viscous than the neat bitumen, and therefore 

it could be expected that the bitumen/water fuel emulsion could be burned easily in industrial 

combustors and bring about potential benefits.  

4.5 Conclusion 

Both Kraft and organosolv lignins were carboxymethylated and precipitated with dilute 

HClaq at high yields, low sulfur, and low ashes while endowing water solubility at neutral pH. 

The obtained CML displayed high surface activity with a critical aggregation concentration of 

1.5 % and relative low minimum surface tension of 34 mN/m at room temperature. By taking 

advantage of the amphiphilic properties of CML, oil-in-water fuel emulsions with bitumen, 

kerosene, diesel, and jet fuel were stabilized. All the fuel emulsions indicated a shear thinning 

behavior, long-term stability and normal size distribution with average drop size less than 

1.8μm. By increasing the WOR, smaller drop size were observed while keeping a low apparent 

viscosity. Finally the combustion analysis indicated that O/W emulsion had a relatively high 
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HHV, and in certain conditions, lowered NOx, and CO emissions and presented relatively high 

combustion efficiency.  The results imply the possibility that bitumen emulsions stabilized by 

CML, with their remarkably lower viscosity compared to pure bitumen, could be burned in a 

boiler with low exhaust gaseous emission and high combustion efficiency. 

4.6 Acknowledgements 

The authors gratefully acknowledge funding support from Southeastern SunGrant Center. 

Also it is appreciated that 31P NMR assistance of Dr. Runkun Sun and Cryo-replica-TEM 

assistance of Dr. Johnny Carson of EPA Human Studies Facility in UNC. 

  



 

100 

4.7 References 

1. Jiang, C., et al., Viscosity and API Gravity Determination of Solvent Extracted Heavy 

Oil and Bitumen. Journal of Canadian Petroleum Technology, 2010. 49(7): p. 20-27. 

2. Xhanari, K., K. Syverud, and P. Stenius, Emulsions Stabilized by Microfibrillated 

Cellulose: The Effect of Hydrophobization, Concentration and O/W Ratio. Journal of 

Dispersion Science and Technology, 2011. 32(3): p. 447-452. 

3. Dusseault, M. Comparing Venezuelan and Canadian heavy oil and tar sands. 2001. 

Canadian International Petroleum Conference, Calgary, Alberta, Canada. 

4. Mai, A., et al., Insights Into Non-Thermal Recovery of Heavy Oil. Journal of Canadian 

Petroleum Technology, 2009. 48(3): p. 27-35. 

5. Meyer, R.F. and E.D. Attanasi, Heavy oil and natural bitumen-strategic petroleum 

resources. World, 2003. 434: p. 650.7. 

6. Zhu, J.Q., B. Birgisson, and N. Kringos, Polymer modification of bitumen: Advances 

and challenges. European Polymer Journal, 2014. 54: p. 18-38. 

7. Corbett, L.W. and R. Urban, Asphalt and bitumen. Ullmann's Encyclopedia of 

Industrial Chemistry, 1985. 

8. Zou, X.Y., et al., Selective rejection of inorganic fine solids, heavy metals, and sulfur 

from heavy oils/bitumen using alkane solvents. Industrial & Engineering Chemistry 

Research, 2004. 43(22): p. 7103-7112. 

9. Wang, Z.D. and M. Fingas, Separation and characterization of petroleum hydrocarbons 

and surfactant in Orimulsion dispersion samples. Environmental Science & 

Technology, 1996. 30(11): p. 3351-3361. 



 

101 

10. Rojas, O. and J.L. Salager, SURFACE-ACTIVITY OF BAGASSE LIGNIN 

DERIVATIVES FOUND IN THE SPENT LIQUOR OF SODA PULPING PLANTS. 

Tappi Journal, 1994. 77(3): p. 169-174. 

11. Hatakeyama, H. and T. Hatakeyama, Lignin Structure, Properties, and Applications, in 

Biopolymers: Lignin, Proteins, Bioactive Nanocomposites, A. Abe, K. Dusek, and S. 

Kobayashi, Editors. 2010. p. 1-63. 

12. Thakur, V.K. and M.K. Thakur, Recent advances in green hydrogels from lignin: a 

review. International Journal of Biological Macromolecules, 2015. 72(0): p. 834-847. 

13. Calvo-Flores, F.G. and J.A. Dobado, Lignin as Renewable Raw Material. 

Chemsuschem, 2010. 3(11): p. 1227-1235. 

14. Norgren, M. and H. Edlund, Lignin: Recent advances and emerging applications. 

Current Opinion in Colloid & Interface Science, 2014. 19(5): p. 409-416. 

15. Macdonald, C., Bioproducts still seeking buyers. Pulp & Paper Canada, 2013. 6: p. 10-

11. 

16. Gosselink, R.J.A., et al., Co-ordination network for lignin - standardisation, production 

and applications adapted to market requirements (EUROLIGNIN). Industrial Crops 

and Products, 2004. 20(2): p. 121-129. 

17. Vishtal, A. and A. Kraslawski, Challenges in Industrial Applications of Technical 

Lignins. Bioresources, 2011. 6(3): p. 3547-3568. 

18. Malik, W.U., et al., STUDIES ON THE INTERFACIAL-TENSION AND 

ELECTRICAL CONDUCTANCE OF OIL-WATER EMULSIONS STABILIZED 



 

102 

BY LIGNOSULFONATE OF EUCALYPTUS-TERITICORNIS. Journal of the Indian 

Chemical Society, 1982. 59(9): p. 1053-1056. 

19. Gundersen, S.A., O. Saether, and J. Sjoblom, Salt effects on lignosulfonate and Kraft 

lignin stabilized O/W-emulsions studied by means of electrical conductivity and video-

enhanced microscopy. Colloids and Surfaces a-Physicochemical and Engineering 

Aspects, 2001. 186(3): p. 141-153. 

20. Ragan, S. and N. Megonnell, ACTIVATED CARBON FROM RENEWABLE 

RESOURCES - LIGNIN. Cellulose Chemistry and Technology, 2011. 45(7-8): p. 527-

531. 

21. Azadi, P., et al., Liquid fuels, hydrogen and chemicals from lignin: A critical review. 

Renewable & Sustainable Energy Reviews, 2013. 21: p. 506-523. 

22. Li, S., J. Willoughby, and O.J. Rojas, Oil-in-water Emulsions Stabilized by 

Carboxymethylated Lignins and Their Energy Prospects. ChemSusChem, 2015. 

Submitted. 

23. Cerrutti, B.M., et al., Carboxymethyl lignin as stabilizing agent in aqueous ceramic 

suspensions. Industrial Crops and Products, 2012. 36(1): p. 108-115. 

24. Cui, C., R. Sun, and D.S. Argyropoulos, Fractional precipitation of softwood kraft 

lignin: isolation of narrow fractions common to a variety of lignins. Acs Sustainable 

Chemistry & Engineering, 2014. 2(4): p. 959-968. 

25. Novozamsky, I., et al., DETERMINATION OF TOTAL SULFUR AND 

EXTRACTABLE SULFATE IN PLANT MATERIALS BY INDUCTIVELY-



 

103 

COUPLED PLASMA ATOMIC EMISSION-SPECTROMETRY. Communications in 

Soil Science and Plant Analysis, 1986. 17(11): p. 1147-1157. 

26. Carson, J.L., Fundamental Technical Elements of Freeze-fracture/Freeze-etch in 

Biological Electron Microscopy. 2014(91): p. e51694. 

27. Ogunkoya, D., et al., Performance, combustion, and emissions in a diesel engine 

operated with fuel-in-water emulsions based on lignin. Applied Energy, 2015. 154: p. 

851-861. 

28. McLean, W. and J. Murdock, ASME Power Test Code Steam Generating Units PTC 

4.1. ASME, New York, 1972. 

29. Strausz, O., Bitumen and heavy oil chemistry. AOSTRA technical handbook on oil 

sands, bitumens and heavy oils, 1989. 

 

 

 



 

104 

5 Foams Fiber-laden Foams Stabilized with Carboxymethylated 

Lignin for Foam Forming using Cellulosic Fibers   

 

5.1 Abstract 

The complex natural structure and amorphous characteristics of lignin are of little relevance 

in its main use as solid fuel for energy recovery in the forest products industries. However, 

lignin displays multifunctional and surface active properties that can be tailored by chemical 

upgrading into value-added materials. In this work, carboxymethylation was used to modify a 

Kraft lignin to endow water solubility at neutral pH, surface activity (minimum surface tension 

of 34 mN/m) and foam stability. Lignin-based liquid foams were produced via agitation and 

compressed air bubbling. The foamability and foam stability of carboxymethylated lignin 

(CML) in water were measured as a function of concentration, temperature, pH, mixing rate 

and air content. Foam stability and bubble collapse were also assessed by using light 

transmission and backscattering. Fibers of different aspect ratio (long pine fibers and short 

birch fibers) were mixed with CML solution (0.6 % solids in aqueous dispersion) under 

agitation to stabilize liquid foams. Such lignin-containing foams are proposed here for the first 

time as precursor for 2D nonwoven paper structures. The foamability and stability were 

analyzed at varying CML and fiber concentration, pH and co-surfactant/CML ratio. After 

dewatering, the resulting materials assembled by foam-laying techniques were further 

characterized for pore size distribution, lignin retention, morphology, and physical-mechanical 

properties (formation, density, air permeability, surface roughness, tensile and internal bond 

strength). The results were compared for similar structures obtained from foams stabilized with 
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an anionic surfactant (SDS) as well as those from foam-free (water) systems. Overall, CML-

based foams were found as suitable carriers of cellulosic fibers and opens the possibility for 

integrating fully bio-based systems in foam-forming, an emerging option to drastically reduce 

water consumption in related manufacturing processes. 

5.2 Introduction 

Lignin, the second most abundant natural material after cellulose, can be found mainly in 

wood and other vascular forest species.[1]  It is an amorphous biomacromolecule with highly 

branched polyphenolpropane structures that are coupled by three primary monolignols, 

including ρ-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol.[2, 3]  The proportion of 

these monomers in lignin and their inter-connecting patterns and linkages (such as lignin-

carbohydrate linkages) varies depending on type of plant material, which in turn result in a 

rather complex structure.[4, 5] The detailed physical-chemical features of native lignin are so 

far beyond reach for assessment with available techniques.[6] Moreover, the most available 

source of lignin comprise “black liquors”, industrial streams from fiber fractionation methods 

such as kraft and sulfite.[7] Although around 50 million tons/year lignins are produced 

worldwide, the complexity of the lignins limits their utilization; only 2% of industrial lignins 

are used commercially other than for energy co-generation.[8-10]  

From the viewpoint of wood chemistry, the diversity of lignin structure brings an 

opportunity given its multi-functionality, flexibility, surface activity and amphiphilicity.[11-

13] Additionally, being renewable, environment friendly, and cost-effective, lignins are very 

competitive compared with other biobased polymers and synthetic materials.[14, 15] 
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Therefore, various physical or chemical treatments have been proposed in a broad spectrum of 

applications of lignin and its derivatives. This includes uses in adhesives,[16] dispersants,[17, 

18] composites,[19] carbon fibers,[20, 21] solid foams,[22] etc. Our previous work has 

demonstrated surface activity and successfully stabilization of oil-in-water emulsions by using 

carboxymethylated lignins (CML).[23-25] CML was shown to reduce the surface energy in 

aqueous dispersions and indicated possibilities for use as a polymeric surfactant.    

Liquid foams can be generated easily by surface-active molecules. Relatively stable liquid 

foams can be used in different areas including fire-fighting[26], oil drilling[27], flotation[28], 

etc.  For papermaking, fibers are usually fibrillated (refined) and mixed with additives in 

aqueous dispersions. Recently, foam-laid technology for paper making was brought back to 

light by VTT Technical Research Centre of Finland.[29, 30] This cost-efficient method can 

use less than 5 % of water compared with that in traditional manufacturing process (typically, 

fiber dispersions use over 99% water in the composition. This is a remarkable benefit in efforts 

to save water, the most critical bioresource. Moreover, the foam forming technique can be 

scaled up in dynamic systems. In this method, anionic surfactants such as sodium dodecyl 

sulphate (SDS), have been used as the primary foaming agent. The surfactant plays a 

significant role in foam forming and can lead to product applications depending on its 

properties.  

Here we propose for the first time modified lignins for foam forming, thus, integrating such 

wood-derived macromolecule with its main solid building block, namely, fibers. Although 

residual lignin present in fibers is thought to reduce the strength of the cellulosic fiber network 
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in conventional paper, lignin alone does not significantly affect its strength properties. In some 

case, lignin adsorption onto cellulose fibers could even increase the bonded area between fibers 

and strengthen paper.[31, 32] In this study, a water-soluble modified lignin (CML) was used 

as a foaming agent for foam forming via agitation and compressed air bubbling. Based on its 

foaming properties, aqueous fiber dispersions were mixed with CML to form a foam and to 

produce paper handsheets. The foamability and stability of the foams were measured at varying 

CML and fiber concentration, temperature, pH, mixing rate and air content. Light transmission 

and backscattering were used to measure foam stability and bubble collapse. The bubble sizes 

and distribution was also determined by in-situ sampling and analysis of optical microscopy 

images. The CML-based foam papers were characterized in terms of morphology, lignin 

retention, paper formation, air permeability and roughness, tensile strength, and bond strength.   

5.3 Materials And Methods 

5.3.1 Carboxymethylated Lignin (CML)  

A technical pine Kraft lignin (Domtar, Plymouth, NC) was modified by carboxymethylation 

that substitute phenolic hydroxyls by the carboxymethyl groups.[24] Our previous work 

demonstrated a procedure with high yield (>90%) via lignin ionization in NaOH/ethanol 

medium followed by reaction with monochloroacetic acid. The products of reaction were 

precipitated by dilute hydrochloric acid. The modified lignin (CML) displayed good surface 

activity, with minimum surface tension of 34 mN/m and a critical aggregation concentration 

of 1.5 % measured at room temperature and pH=8. Also, the characterization indicated that 
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CML contained low sulfur and salt content while the molecular mass was around 6,000 Da. 

The degree of substitution of the CML reached 35 % as determined by 31P-NMR.[23]  

5.3.2 CML-based Liquid Foam Carriers 

A given amount of CML was dissolved in deionized water (pH of 8) for over 24 h at room 

temperature. 50 ml of CML solution was poured into a 500-ml cylindrical glass column. An 

electronic stirrer (RZR 2102, Heidolph Instruments, Schwabach, Germany) equipped with a 

three-blade propeller shaft was used for creating a vortex. The stirrer was set to 2100 rpm and 

a Nikon DSLR camera (D 7000) was used to record pictures every 5 s once foaming started. 

After 10 min, the stirring was ceased and recording was continued for 5 min.  The maximum 

gas volume upon cessation of mixing (Φmax) was recorded to determine the foamability of 

CML liquid foam; the foam stability was evaluated by the half-life time (t1/2), i.e., the time at 

which the drained lignin solution reached half of its initial volume after cessation of mixing. 

Additionally, a home-made compressed air bubbling system was also used for foam 

forming. The device consisted a column with square cross section (5.5 x 5.5 x 40 cm) with a 

glass filter at the bottom. The switch at the bottom was inserted with a tube that was attached 

in sequence to a flowmeter (0-2 L/min,), pressure meter (0-16 bar) and a switch connected to 

a compressed air system. In a typical experiment, 100 ml of CML solution (1 %) was poured 

into the column and the compressed air bubbles were produced from the bottom under 0.5 bar 

and 0.2 ml/min. Maximum air content (Φmax) and half-life time (t1/2) were used to determine 

the foamability and stability, respectively. Moreover, the stability at varying air flow rates was 
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determined from the foam volume ratio, i.e., the volume at given elapsed time relative to its 

maximum value (normalized foam ratio). 

Lignin-based foams (0.6 % CML) formed by agitation were also investigated by a Turbiscan 

(MA 2000, Formulaction, L'Union, France) to inquire into their dynamic behaviors. The foam 

was immediately transferred to a flat bottomed glass tube with diameter of 27.5 mm and height 

of 70 mm after cessation of the agitation. The tube was then scanned and the light transmission 

and back- scattering values were recorded at given short time intervals, within continuous 10 

min.      

5.3.3 Foam-Formed Paper 

CML aqueous solutions (10 %) were prepared at room temperature at pH = 8. An unrefined, 

never dried pine fiber with average fiber length of 2.2 mm was obtained from a pulp mill 

(Metsä Board Äänekoski, Finland) and used as aqueous dispersions with 3.1 % solids content. 

Unrefined birch fibers with average fiber length of 0.8 mm were also used as a comparison. 

The pine fiber dispersion and concentrated CML solution were mixed and diluted with tap 

water to obtain a base composition consisting of 0.6 % CML and 0.6 % fiber. The mixture was 

transferred to a transparent 5-liter cylinder (120 mm diameter) under a Netzsch Drill Pulp 

Agitator (Selb, Germany) equipped with a circular mixing plate (diameter of 83 mm). The plate 

was placed just below the surface of the dispersion and the mixing rate was set to 3,800 rpm 

for the formation of the foam. The foaming dynamics were recorded with a CCD-camera with 

image acquisition every 5 s after 10 min from the time the agitator was stopped. The sampler 

used consisted of two parallel glass slides with a spacer of 1.6 mm; it was dipped into the foam 
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to collect the given foam sample. The sample was imaged under a microscope to measure the 

bubble size distribution, using an image analysis method as reported earlier.[29, 30] At the 

same time, when the liquid phase reached half of its initial volume, foam recording was stopped 

and the maximum air content (Φmax) and foam half-life time (t1/2) were obtained. As a 

reference, foams and foam-formed paper were produced with sodium dodecyl sulfate (SDS) 

as surfactant, following the same procedure. In this case, 0.06 % SDS concentration was used, 

according to previous work.[29] In our work, four major formulation variables were 

considered, including CML concentration (0 to 1 %) and % solids (0 to 1.5 fiber %), pH (5 to 

9), and SDS/CML ratio (1/2 to 1/50).  

Typically, the foam carrying suspended fibers was remixed for 2 min and poured into a 

home-made, one-side dewatering handsheet mould equipped with a funnel to orient the fibers 

in the direction of flow. Then the funnel was removed and a plastic film was placed on the top 

of the foam for sealing. After foam collapse and water drainage by vacuum, the formed foam 

sheet was removed and placed within two blotter papers under 8.2 kg load for 30 s. Next, the 

foam-formed paper sheets were cut into two, one that was dewatered under no load (no pressure 

applied) and the other subjected to wet-pressing at 1.5 bar for 5 min. Finally, both foam sheets 

were dried by a Kodak rotary drum dryer. The target grammage of the hand sheet (32 cm x 22 

cm) was 100 g/m2. Additionally, and as a comparison, standard water-formed handsheets of 

the same grammage were prepared according to ISO 5269-1. 

5.3.4 Evaluation 0f Foam-formed Networks 

5.3.4.1 Lignin Retention 
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Before measurements, a standard curve for determination of CML concentration was 

obtained by using a uv-vis spectrophotometer (UV-2550, Shimadzu, Kyoto, Japan). CML 

solution was collected after excess aqueous phase in the foam-fiber mixture was drained from 

the paper sheet. The collected solution was diluted and the absorbance was measured in the 

uv-vis spectrophotometer. Afterwards, the drained CML amount was determined as well as 

that retained in the foam-formed paper. As a reference, the oven-dried mass of the paper was 

measured to calculate the CML retention. 

5.3.4.2 Morphology (SEM) 

The morphology of the CML-based foam papers were assessed by imaging under a variable 

pressure scanning electron microscopy (SEM, Hitachi S3200N, Tokyo, Japan). The samples 

were cut within the environment of liquid nitrogen and coated with gold. The surface and the 

cross sections of the samples were observed under different magnifications. In this method, 

only non-pressed foam paper sheets were observed since CML identification was facilitated in 

such images.  

5.3.4.3 Formation 

The formation of the foam paper sheets were tested by a Paper PerFect Formation Analyzer 

(OpTest Equipment, Hawkesbury, ON, Canada). The foam papers were measured with the 

dimension of 63 cm L x 61 cm W. The formation quality values, which are described as Paper 

Perfect Formation (PPF) values, are reported for each of the 10 different inspection sizes (0.5-

0.7, 0.7-1.1, 1.1-1.8, ..., 18.5- 31, 31-55 mm). If the value was greater than one, then the paper 

was considered to have better formation than the reference paper. 
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5.3.4.4 Paper Properties 

The properties of the CML-based foam-formed papers were tested following the methods 

of International Standard Organization. The thickness of the paper sheets was determined with 

standard ISO 534:2001 by using an L&W micrometer SE 250 (Lorentzen & Wettre, Kista, 

Sweden). The air permeability and roughness of the papers were tested with an L&W Bendtsen 

Tester SE 114 following ISO 8791-2:2013 and ISO 5636-3:2013, respectively. The tensile 

strength and the stretch of the paper sheets were measured by a L&W Tensile Tester following 

TAPPI T494 standard. The z-directional strength (Scott test) was determined by an Internal 

Bond Tester (Thwing-Albert Instrument Company, West Berlin, NJ) according to standard 

TAPPI T 569.  

5.4 Results And Discussion 

5.4.1 CML Liquid Foams 

The foamability and foam stability of liquid foams containing CML were studied at varying 

CML concentrations (from 0 to 2 wt %), agitation mixing rate (from 1100 to 2100 rpm), 

temperature (from 5 to 70 oC) and pH (from 5 to 9). The data are reported relative to the “base” 

condition consisting of CML at 0.6 wt% concentration, 2100 rpm, pH = 8 at room temperature. 

The foam volume reached as high as 4-5 times the initial volume of the CML solution (Figure 

5.1). However, at low CML concentrations or mixing rates (relative to the base condition), the 

foam could not fill the cylinder used for foaming, even for long mixing time. The CML 

concentration of 0.6 % and mixing rate of 2100 rpm were considered a minimum requirement 

for foam formation. 
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Figure 5.1.  Final volume of the CML liquid foam after cession of mixing as a function of 

(a) CML concentration and (b) agitation mixing rate. 

With the increase of CML concentration, the liquid foam generated the highest maximum 

air content, from around 50 % to 80 % (Figure 5.2). When the gas was dispersed into the CML 

solution, the CML would adsorb on the rapidly expanding air/liquid interfaces and prevented 

bubble collapse. Previous work indicated a critical aggregation concentration (CAC) of the 

CML of ~1 %; a higher CML concentration was expected to allow formation of larger areas of 

relatively stable interfaces. Thus, the solution was suitable to accommodate bubbles and to 

hold a high air content. The half-life time of the CML liquid foam increased up to 120 s as a 

function of CML concentration.  

(a) (b) 
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Figure 5.2.  Maximum air content and half-life of foams as a function of CML 

concentration (a), agitation mixing rate (b), temperature (c), and pH (d). 

The mixing rate played an important role in foamability and stability of foams produced 

from CML. As shown in Figure 5.2b, the maximum air content and half-life time increased as 

a function of the mixing rate. At larger energy input enough air was introduced into the solution 

and expanded the interfaces. However, at relatively low mixing rates (<1600 rpm), the foam 

volume did not fill the full volume of the column. When the foam reached the maximum 

volume, the aqueous phase was still over half its initial volume. According to the definition of 

the half-life time, the value was equal to 0, indicating a negligible stability. Additionally, the 

(a) 

(d) (c) 

(b) 
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effect of working temperature and pH were investigated, as shown in Figure 5.2c and 5.2d. 

Both temperature and pH had a negligible affect as far as the maximum air content. However, 

the half-life time was reduced with the increased temperature and pH, respectively. It could be 

concluded that the foamability of the CML was mainly affected by the concentration and 

mixing rate. The viscosity of the CML solution was reduced at high temperatures, as a result 

of the lower viscosity and increased drainage rates. The CML became more ionized at higher 

pH, making it more water soluble and thus facilitated high drainage rates.   

According to the results in Figure 5.3, the air flow rate did not significantly affect the 

foamability. The maximum air content remained at around 80 %. However, the half-life time 

was reduced by the increased air flow rate, which indicated a lower foam stability. Moreover, 

the dynamics of the foam collapse process was represented by a plot of normalized foam ratio 

as a function of the elapsed time. It shows a steeper foam volume profile as the air flow rate 

was increased. By using a low air flow rate, very small bubbles were formed upon air 

dispersion in the CML solution. Thus, the interface between air and water, stabilized by CML, 

immediately allowed the formation of foams with small bubble size. At high air flow rates, 

large bubbles were formed from the bottom and moved upward, at terminal velocities faster 

than for the small ones. This limited the stabilization process and reduced the foam half-life 

time.  

Despite the fact that similar air content was measured in the CML foams under different air 

flow rates, the bubble size was not distributed homogenously in the whole column. The sizes 

of the bubbles increased from the bottom to the top. Thus, in contrast to foam produced by 
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agitation, the foam volume was reduced not only by the CML solution drainage, but also by 

the collapse of the large bubbles located at the top of the column.         

  

Figure 5.3.  Maximum air content and half-life time (left) and normalized foam ratio (right) 

for varying flow rates of compressed air.  

Light transmission scattering was used to monitor the dynamic changes in the CML liquid 

foam. According to the results shown in Figure 5.4 (left), no light was transmitted in the case 

of the initial foam formed (length area of 5-65 mm). As time elapsed, the CML solution 

gradually drained to the bottom and the light transmission increased through the aqueous 

phase. Thus, the transmission area at the bottom became enlarged between 5-15 mm, with an 

increase in the transmission value of up to 70 %. Moreover, the foam/air interface dropped 

somewhat due to CML solution drainage. Therefore, the foam phase volume was reduced, 

reaching a length between 15-60 mm. The back scattering signal was suitable for detection of 

the foam phase. With time, the foam volume was reduced, from the zone in the 5-65 mm range 

to 15-60 mm. In addition, the back scattering results reflected the variation and movement of 
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the foam bubbles. The original foam was relatively homogenous, with back scattering around 

60 % at all the positions of container. With time, the back scattering was reduced gradually, 

down to less than 10 % at the bottom but as high as 30 % at the top. Backscattering is directly 

related to the photon transport mean free path. Thus, in another way, backscattering is 

negatively correlated to the bubble sizes. The backscattering reduced with the elapsed time due 

to increased bubble sizes. Moreover, as bubbles collapsed into larger ones, they were subjected 

to buoyancy. Finally, the large bubbles distributed at the top and the small ones remained at 

the bottom. Although the CML liquid solution drained from the foam phase, the enlarged 

bubble accommodated the air in order to prevent the reduction of foam/air interfaces.  

 

   

Figure 5.4.  % Transmission (left) and back scattering (right) profiles as a function of the 

elapsed time as measured at different tube lengths (0 mm=bottom, 70 mm= top) for CML-

based (0.6 %) liquid foams. Arrows are added to indicate the direction of time evolution. 
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5.4.2 Fiber-loaded CML Foams 

5.4.2.1 The Foamability and Stability  

CML-based foams carrying fibers was enhanced by increasing the CML concentration 

(Figure 5.5a). This can be explained by the creation of air/liquid interfaces due to CML 

adsorption, as occurred in CML-based liquid foams. For CML concentrations higher than 0.6 

%, the maximum air content reached a value as high as 70 %. As was discussed in Figure 5.5.2, 

at least 1 % of CML was required to produce a foam volume that reached the maximum level. 

Besides the high mixing rate, the dispersed fibers prevented bubble collapse and increase foam 

stability: remarkably, the half-life time of fiber dispersions with CML at 0.6 % concentration 

was 10 times that of the pure CML-based liquid foam.  

The fiber solids content affected the foamability and stability as well (Figure 5.5b). As the 

fiber concentration increased, the maximum air content in the foam suspending the fibers 

increased. The viscosity of the foam increased at higher fiber concentrations, which favored 

the air distribution in the foam during agitation. Therefore, the foamability of the CML foam-

fiber mixture was improved at high fiber concentration. The better foam stability of the system 

containing fibers is apparent if compared to that for fiber-free CML liquid foams. However, at 

fiber concentrations over 0.6 %, the half-life time was reduced and indicated a limited stability 

and thus a poor foamability.  At lower fiber content, the fibers were displaced to the top of the 

foam system. This effect was strengthened at large fiber amounts that caused a reduction in the 

half-life time. Moreover, the improved interactions between lignin and fibers enhanced this 

effect.  
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Figure 5.5.  Foamability (maximum air content) and stability (half-life time) of CML-based 

foam carrying fibers at different CML concentrations (a), fiber content (b), pH (c), and 

SDS/CML mass ratios(d).  

The pH was shifted from 5 to 9 relative to the base conditions (Figure 5.5c). The results 

indicate that the pH did not significantly affect foamability of the CML foam-fiber system. 

However, at pH values below 7, the half-life time was reduced with the increase of pH. No 

further changes at pH higher than 7 were observed. In acidic conditions, the CML solubility is 

reduced and the viscosity of the mixture is increased. Moreover, the carboxylic groups are 

(a) (b) 

(c) (d) 
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more protonated and the lignin becomes less negatively charged. Thus, the CML affinity with 

fibers is increased and reduced the drainage rate. Shifts to alkaline conditions, reduced the 

interactions between fibers and CML, due to a higher density of ionized carboxylic groups, but 

the foam stability remained constant.       

In additional experiments, SDS surfactant was combined with CML for foam forming and 

the resultant maximum air content is indicated in Figure 5.5d. According to our previous 

work,[29] the optimal SDS concentration for foam forming was 0.06 %. In the presence of 

CML in the foaming system, and based on experiments not reported here, a SDS concentration 

of 0.6 % was determined as optimal. The results indicate that CML can be used to partially 

replace SDS. SDS is an ionic surfactant with strong ability to lower the surface tension. The 

minimum surface tension of CML is higher than that of SDS. However, CML endows similar 

foaming activity as the SDS, albeit at higher concentrations. As shown in the respective 

profiles, the SDS-based foam loaded with fibers displayed very good foamability. With the 

addition of CML, the maximum air content and half-life time were kept constant. However, if 

the SDS was entirely replaced by CML, the foamability was reduced while the stability 

increased.  

5.4.2.2 Bubble Size Distribution 

The bubble size distribution of CML-based foam loaded with fibers were determined by 

optical microscopy (Figure 5.6). The bubble size distribution, in fact, correlated with the foam 

stability. The bubble size of foam-fiber mixtures were clearly reduced with CML 

concentration. Combined with the bubble radius surface area distribution (Figure 5.7), the 
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average bubble sizes of the foam-fiber system changed from 56 to 48 µm. Moreover, with a 

CML concentration as low as 0.2 %, the bubbles did not follow a normal distribution. The 

bubble could be larger than 100 µm. For a CML concentration over 0.6 %, the bubble size 

distribution followed more closely a normal distribution, with most of the bubbles having a 

radius around 50 µm and 80 µm for the rest. The surface areas of the air/liquid surface 

decreased below the critical aggregation concentration of CML (~1.5 %). Smaller bubbles were 

formed at higher CML concentrations that formed more stable foam systems.  

 

Figure 5.6.  Optical microscope images of CML-based foams loaded with pine fibers at 

varying CML and fiber concentrations, and pH. Scale bar is 200 µm. As a reference, a 

CML-fiber system that used a different fiber type (birch fibers) is displayed at the top right 

corner (0.6 % CML and 0.6 % fiber content).  

Compared with the pure CML liquid foam, the bubble sizes of the foam-fiber systems 

shifted to lower sizes and narrower size distribution (Figure 5.7). The results indicate that in 

pH:                  5                            6                            7                             8                            9 

% Fiber:      0 %                      0.3 %                      0.6 %                        1 %                     1.5 % 

% CML:     0.2 %                     0.4 %                     0.6 %                        1 %            Birch-CML  
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the presence of fibers, the foams had a lower average bubble size, around 46 µm (for a fiber 

content of 0.6 %). The fibers prevented bubbles collapse, which facilitated bubble stability and 

reduced their size. However, an excess in fiber concentration prevented dispersion of the foam-

fiber system and produced large bubbles. These changes could observed under microscope as 

well (Figure 5.6). The results for the bubble size distribution demonstrated a clear effect of 

fiber content on foam stability. 

The effect of pH on the bubble size distribution is also shown in Figure 5.6. The bubble size 

slightly increased with the increased pH of the mixture. However the microscope images did 

not show a marked difference, likely because the bubble size difference ranged from 42 to 46 

µm, according to the results displayed in Figure 5.7. At low pH, the lignin presented less 

negative charges which enhanced adsorption onto the fibers. Thus, bubble collapse was 

prevented at low pH.  

Finally, as a comparison, pine fibers were replaced by birch fibers which were used at the 

same solids content (0.6 %). The results in Figure 5.6 and 5.7 indicate that compared with the 

pure CML liquid foams, the addition of any of the two fiber types (pine or birch) reduced the 

bubble size and favored a normal size distribution. However, the foam-fiber based on the birch 

fibers presented smaller bubble sizes and more uniform distribution. Besides any effect 

ascribed to the difference in chemical composition, the observations can be explained by the 

fact that birch fibers length is around 0.8 µm, considerable smaller than that of pine fibers, 2.2 

µm. The birch fibers are dispersed more homogenously and facilitate a more stable system. 

Finally, compared to the pine-CML system, the SDS-based foams loaded with pine formed 
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foams with a slightly smaller bubble size. This is because SDS provided lower surface energy 

at the interface. 

 

Figure 5.7.  Bubble size distribution of CML-based foam-fiber mixtures varying with CML 

concentration, pH, fiber content and types.   
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5.4.3 CML-based foam-formed paper 

5.4.3.1 Lignin Retention 

As shown in Figure 5.8, two major variables affect the retention of CML on the fibers in the 

paper formed by the foam-laying method after water drainage. With increased CML 

concentration, from 0.2 % to 1 %, the lignin is accumulated in the foam-formed paper (lignin 

retention values from 13% to 23 %). In this case, the fiber content was kept constant at 0.6 %. 

The retention of lignin was not linear with respect to CML concentration but it was as a 

function of CML/fiber weight ratio. Below the CML critical aggregation concentration (~1.5 

%), higher CML concentration favored better affinity and produced more and smaller bubbles. 

During the drainage process, the free CML was dispersed in the aqueous phase and was then 

removed. Following, under vacuum, the bubbles collapsed and some of the interfacial CML, 

located between air and bubbles, adsorbed on the surface of the fibers.  

 

Figure 5.8.  CML retention in foams loaded with fibers as a function of CML concentration 

and pH   
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The effect of pH on lignin retention is indicated in Figure 5.8b for at CML/fiber ratio of 1. 

Although CML concentration was kept constant (0.6 %), the retention of lignin decreased with 

pH, from about 22 % to 18 %. CML was not fully dissolved at low pH. Thus, CML molecules 

tended to adsorb on the fibers and thus removal by water was reduced. At a pH as low as 5, the 

protonation of the CML could enhance the electrostatic forces between lignin and fibers so that 

more lignin tended to remain in the foam-formed paper. On the contrary, the ionization of the 

CML at pH 9 increased the repulsive interactions and increased the probability for removal 

upon dewatering.  

Images of the non-pressed CML-based foam-formed paper (Figure 5.9) indicated higher 

lignin retention with higher CML concentration (darker color), which indicated good 

agreement with the result in Figure 5.8. The retention of lignin could enhance network 

formation between the fibers and increase the paper strength. Since lignin is a multi-functional 

macromolecule, high lignin retention could provide potential reactive sites in the foam-formed 

paper and thus can improve its functionality.       

5.4.3.2 Formation 

CML was dispersed uniformly at low concentrations (Figure 5.9). However, with increased 

CML concentration, some light-colored areas were observed in the papers formed. For 

example, according to the results for lignin retention analysis in Figure 5.8, around 39 g/cm2 

CML was dispersed in the foam-formed paper with 1 % CML concentration (paper grammage 

of 100 g/cm2). During the drying process, the lignin can adsorb on the blotter papers resulting 

in lighter areas, especially at high CML concentration. The pressed foam-formed papers (not 
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shown here) were not significantly affected by lignin concentration since the blotter papers 

could adsorb the lignins evenly under pressure.           

 

Figure 5.9. Photos (top) and optical microscopic images (bottom) of the non-pressed foam-

formed papers. 

 

The formation of non-pressed CML foam-formed paper, for CML concentrations from 0.2 

% to 1.0 %, were tested relative to the reference, water-formed, pine fiber paper (relative PPF 

value of 1) (Figure 5.10). At a CML concentration of 0.2 %, the apparent relative PPF value 

of the foam-formed paper was lower than 1, indicating a worse formation compared to the 

water-formed sheet from pine fibers. Since 0.2 % CML concentration did not form a relative 

stable foam, the uneven size of bubbles could not prevent fibers flocculation or agglomeration 

into clumps under as high as 0.6 % fiber content. This can be also observed under the 

microscope, as shown in Figure 5.9. 

        Pine             Pine-SDS 0.06%    Pine-CML 0.2%     Pine-CML 0.4%      Pine-CML 0.6%   Pine-CML 1.0% 
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Figure 5.10. Formation analysis of the non-pressed foam-formed papers. A reference value 

of PPF=1 is used for paper formed from water (note the segmented line drawn). The PPF of 

samples located above 1 present better formation than water-formed paper. 

However, when the CML concentration was larger than 0.4 %, the increased CML 

concentration contributed to a better formation, owing to smaller bubbles and normal size 

distribution. Therefore, formation of the foam-formed papers was better that that of paper 

formed from water. At CML concentrations higher than 1 %, and due to the effect of uneven 

dispersed lignins, the PPF value was reduced. The formation of the foam-formed paper 

produced with SDS was better than that of CML-based foam-formed paper. This is explained 

by the small amount of SDS formed a more stable foam and prevented fibers flocculation.  

5.4.3.3 Foam-formed Paper Morphology (SEM) 

The morphology of the CML-based foam-formed papers can be discussed in light of Figure 

5.11. The images reveal the typical morphologies of unrefined fibers in a paper sheet, with no 
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fibrillation and likely poor adhesion between fibers.[33] Compared to the paper obtained from 

unrefined pine via water formation (Figure 5.11a), SDS-based foam-formed paper (Figure 

5.11b) displayed similar images to those of the water-formed sheet with less fibrillation. Since 

only 0.1 g SDS was used per gram of fibers, under the optimized condition, most of SDS 

molecules were dispersed in the water and were removed. Lignin adsorbed on the fibers in 

foam-formed paper with CML (Figure 5.11c). However, due to its higher molecular weight 

and amounts used (CML: fiber = 1:1), the lignins were more likely to adsorb on the fibers, 

even as aggregates, as indicated in the magnified image shown in Figure. 11d. compared 

against the water- and SDS-foam formed papers, more fibrils were observed between the fibers 

in the CML-based foam-formed paper. According to the lignin retention analysis (Figure 5.7), 

over 20 % of the lignin remained in the paper. The considerable amount of lignin could act as 

“glue” between the fibers. As the foam-formed sheet was dried and the fibers started to shrink, 

external layers were partially pulled out from the cell wall and connected with other fibers. 

Figure 5.11e, f and g includes the surfaces of the water-formed paper sheet, and the plane 

view of the surface of machine and cross-machine directions of CML-based foam-formed 

papers, respectively. The corresponding cross sections of these paper sheets are displayed in 

Figure 5.11h, I, and j, respectively. The water-formed sheet shows fibers dispersed randomly; 

no clear fibers orientation is observed. However, for the CML-based foam-formed paper, most 

of the fibers are oriented in the machine direction, the direction followed by the foam fiber 

mixture as it flowed over the screen. The bubbles prevented fibers aggregation within the very 
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viscous system. Furthermore, the fibers oriented under shear and thus the CML-based foam-

formed paper is expected to have a higher tensile strength in the machine direction.  

 

Figure 5.11. SEM images of the CML-based foam-formed papers. Surface images with 

foam papers of (a) pure pine, (b) pine-SDS, (c) pine-CML, (d) pine-CML, 5000X, (e) pure 

pine, (f) pine-CML, MD, (g) pine-CML, CD, and cross section images of (h) pure pine, (i) 

pine-CML, MD, (j) pine-CML, CD.  
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5.4.3.4 Paper Properties 

Table 5.1 lists the properties of the foam-formed papers, including bulk (inverse of density), 

air permeability, and surface roughness. The results indicate that CML-based foam-formed 

papers were bulkier than the sheets obtained by conventional water-forming, for both fiber 

types. Also as the CML concentration in the paper increased, the paper bulk increased. The 

effect was more obviously in the case of non-pressed foam sheets. Moreover, the pine-SDS 

foam-formed paper presented the highest bulk. This can be explained by better formation 

promoted by the liquid form. The smaller bubbles and higher air content induces a paper 

network with a more loosen structure.  

Table 5.1. Physical properties of papers produced by foam-forming of pine fibers. The case 

of shorter, birch fibers is also added for comparison. 

Lignin types Pine 

Pine-

CML 

0.2% 

Pine-

CML 

0.4% 

Pine-

CML 

0.6% 

Pine-

CML 

1% 

Pine-

SDS 

0.06% 

Birch 

Birch-

CML 

0.6 % 

Bulk, Pressed (cm3/g) 1.69 1.77 1.84 1.85 1.82 1.94 1.38 1.58 

Bulk, non-pressed 

(cm3/g) 
3.72 4.30 4.74 4.92 4.38 5.36 2.45 3.03 

Air Permeability, 

Pressed (ml/min) 
2471 2644 2693 2627 2787 3515 269 1281 

Top Surface Roughness, 

Pressed (ml/min) 
489 620 520 494 475 658 151 220 

Bottom Surface 

Roughness, Pressed 

(ml/min) 

1243 1392 1240 1224 1301 1329 942 810 

Roughness, non-pressed 

Surface (ml/min) 
2936 3455 3300 2898 3185 >3500 2213 2297 
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Based on the bulk values, it follows that the air permeability should increase with CML 

concentration, as is indeed the case. Moreover, the paper formation was related to air 

permeability because the paper with good formation contained less defects and prevented air 

flow-through. The air permeability of the CML-based foam-formed papers was higher than 

that of the pine and birch papers obtained via water-forming, respectively. The difference was 

significant in case of birch fibers. The results for non-pressed sheets are not discussed because 

the values were outside the measurement range of the instrument.  

The surface roughness for both sides of the pressed paper were measured. Negligible 

differences between the top and bottom sides of the non-pressed sheet were noted. Only the 

results for the top surface roughness are listed here. The results indicate that the surface 

roughness of the pine-CML papers improved (roughness was reduced) with increased CML 

concentration. However, when the CML concentration was as high as 1 %, the roughness 

became worse. This is because the roughness is related to paper formation and air permeability. 

In fact, an improved roughness was noted for samples with lower air permeability and better 

paper formation. Therefore, at CML of 0.6 %, the CML-based foam paper indicated a good 

formation and less air permeability, as well as a good roughness. Foam-formed paper from 

pine and SDS surfactant presented very high bulk, which increased markedly the air 

permeability. Even though the pine-SDS foam formed paper presented a very good formation, 

its roughness was quite high. 

The tensile index (machine direction, MD) and Scott bond of the CML-based foam-formed 

paper, both pressed and non-pressed, were determined for various CML concentrations and 
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fiber types (Figure 5.12). The CML-based foam-forming prevented fiber flocculation, which 

also lead a more uniform network structure. As a consequence, paper strength was increased 

with increased CML concentration: more stable foams formed with higher air content. 

Compared to water-formed (pine fiber) paper, non-pressed foam-formed papers, presented a 

lower tensile strength. This can be explained by the fact that the pine-CML foam-formed paper 

presented a lower density than the water-formed paper. However, for the pressed sheets, the 

bulk (density) values of the pine-CML paper and water-formed paper became closer. In such 

cases, the fibers can bond well, mediated by lignin and can lead to a strong paper sheet. At 0.2 

% CML addition, the liquid foam contained not enough air bubbles to prevent fibers 

flocculation and therefore, the tensile strength of the foam-formed sheet was lower than water-

formed fiber sheet. The better foamability at high CML concentration and the higher water 

holding capacity formed gel-like aggregates that increased the bonded area. Moreover, the 

fibrils which formed due to CML also helped to connect neighboring fibers. Large superficial 

contact enhanced the mechanical performance and improved the load transfer between fibers. 

Overall, the pine-CML foam-formed paper reached a higher tensile index with the increased 

CML concentration.   

Compared with the water-formed pine sheet, the pine-SDS foam-formed paper had a lower 

density; SDS limited the adhesion/bonding between the fibers so that the tensile strength was 

reduced for both pressed and non-pressed samples. Lignin did not significantly affect the birch-

CML foam-formed papers: they displayed worse tensile strength compared to the water-

formed birch paper. This is in part explained by the fact that birch fibers are short, which 
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facilitated a high density paper sheet, especially after pressing. Note, for example, that the air 

permeability of the birch-CML paper was around 5 times than the pure birch sheet.  

 

Figure 5.12.  Tensile index (MD) and Scott bond of CML-based foam paper varying with 

CML concentration and pulp types. The pulps consistency were 0.6 % for the paper sheets. 

CML and SDS concentrations were 0.6 % and 0.06 %, respectively   
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Together with good formation, the addition of CML resulted in stronger fiber network that 

increased the internal bonding between fibers. The Scott bond was used to determine the z-

direction strength of the paper. The results indicate a higher value for pressed Pine-CML foam-

formed paper with CML concentration over 0.4 %. No significant difference in the results was 

observed for non-pressed foam-formed papers. Compared with the pine-SDS foam-formed 

paper, the CML-based foam-formed paper displayed higher Scott bond values for both pressed 

and non-pressed sheets. In addition, along the same reasoning as for tensile strength analysis, 

the z-direction strength of birch-CML foam-formed paper was weaker than the water-formed 

paper from birch fibers.  

5.5 Conclusions 

Carboxymethylated lignin, CML, was used successfully to stabilize liquid foams with good 

foamability and stability, especially at low pH and temperature, high mixing rate s or low 

compressed air bubbling. Compared to fiber-free, aqueous CML foams, fiber loading improved 

foamability and stability at high CML concentrations and low pH. The maximum air content 

reached a value as high as 70 % and half-life time increased to 18 min at CML and fiber content 

of 0.6 % each. The better foamability and stability induced small average bubble size, around 

46 µm. Due to the small bubbles, fiber flocculation was prevented during paper formation. In 

addition, high amounts of lignin remained on the paper produced at high CML concentration 

and low pH. Compared to water-based paper, lignin adsorption on the fibers increased the 

bonded area between fibers and formed fibrils that improved the mechanical performance of 
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the foam-formed paper. Moreover, the lignin remaining on the paper is expected to provide 

options for further modifications and for tuning paper properties.      
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6 Silicone-modified Lignin and Copolymers with Acrylonitrile: 

Flexible Membranes and Material Precursors 

6.1 Abstract 

In order to facilitate melt extrusion, a highly efficient disilazane reaction was used to 

substitute hydroxyls in Kraft lignin with silicone-containing vinyl groups. This was promoted 

under conditions of a reactive extruder. The silicone-modified lignin was copolymerized with 

polyacrylonitrile and were used to produce films and membranes by phase inversion. The 

products of lignin modification via reactive extrusion and PAN-lignin copolymerization were 

characterized by FT-IR, and 1H, 13C, 31P NMR, which indicated the success of the respective 

procedures and ~30%  substitution. Glass coating via solution casting followed by oven drying 

yielded films that were tested via SEM, contact angle, TGA and DSC. A good compatibility 

between silicone-functionalized lignin and PAN was determined. Copolymers with 30% of the 

silicone-modified lignin displayed a Young modulus of 486 MPa, an ultimate stress of 18 MPa 

and strain of 55 % (DMA). Overall, the introduced SiC and SiOC bonds improved lignin 

macromolecular mobility, facilitate processability due to remarkably lower viscosities and is 

expected to open opportunities for its utilization as precursor in the synthesis of copolymers, 

as illustrated here with PAN, towards flexible films, porous membranes and carbonized 

materials. 
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6.2 Introduction 

Polyacrylonitrile (PAN) is typically synthesized by free radical polymerization of 

acrylonitrile to form a (C3H3N)n linear structure. Given its properties such as lightweight, 

thermal stability, strength and stiffness, and electrical conductivity, PAN has been produced 

into a large variety of products, including acrylic [1] and carbon [2] fibers, carbon films [3], 

and foams [4], ultrafiltration membranes [5], etc. As a precursor of carbon fibers, PAN 

represents over 90 % of the supply while the rest is mainly pitch [6, 7]. Because the strong 

chemical bonding between nitrile groups (CN), PAN resists most organic solvents and do not 

melt before degradation [8, 9]. As a result, PAN-based precursors are not cost-effective for 

direct extrusion; instead, wet spinning or plasticizer-assisted melt spinning are among the 

preferred routes [10]. The high cost of PAN precursor production limits its use to high end 

applications, which primarily includes carbon fibers for high performance composites, 

aerospace and sporting materials [11]. In fact, PAN price has been reported to be as high as 

$15/lb in 2013 according to ICIS Chemical Business [12]. The cost of PAN-based materials, 

such as carbon fibers and films, filtration membranes, etc., carry such burden.   

In order to find a less expensive alternative, many synthetic polymers have been 

investigated. Polyacetylene (PAc), for example, can be used to prepare helical carbon 

nanofibril thin films [13]. Likewise, taking advantage of its low cost, polyethylene (PE) has 

been used in the manufacture of high density composite films reinforced with carbon nanotubes 

[14]. Some grades of carbon fibers can be produced from polymers such as polyvinyl chloride 

[15], polyethylene [16], polyacetylene [17], etc. Numerous PAN-based copolymers or blends 
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are being investigated [18]. However, most of the polymers lack aromatic rings or have relative 

low carbon yields, which can increase the cost for further thermal treatment processing [10]. 

This is in contrast to PAN-based carbonized materials, which have a high carbon content and 

can be processed easily into end-products with high carbon yields.  

It is not surprising that renewable biopolymers with high carbon density have been 

considered for combination or substitution of PAN. Lignin, the second major component of 

forest biomass, is a high molecular weight macromolecule that is rich in aromatic rings. 

Technical lignins are often removed from fibers as byproducts in paper industries where they 

are often utilized for energy co-generation. In fact, less than 2 % of lignin industrially available 

are used for different purposes [19]. This includes around 1.1 million ton per year of different 

types of lignins that are produced from (wood and nonwood) fiber digestion processes. Most 

of this amount, 1 million ton/y, comprise lignosulphonates, which are mainly produced from 

acid sulphite pulping processes and are used as emulsifiers and dispersants, among others [20]. 

The remaining, about 100,000 ton/y are produced by the Kraft process [21]. Only limited 

quantities of organosolv lignins are produced every year [22].  

The carbon content of the Kraft and organosolv lignins is about 62 and 63%, respectively 

[23]. Such carbon content is quite competitive if compared with that of PAN, 68 % carbon. 

Therefore, there are good prospects for consideration of isolated lignin as a cost-effective 

precursor for carbonized materials. Not only lignin is renewable and inexpensive but it is 

partially oxidized and can be thermo-stabilized oxidatively at potentially higher rates than PAN 

[24].  
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Lignin-based carbonized fibers were first produced in 1960s by Otani [25]. From then on, 

both Kraft and organosolv lignins have been studied in the production of carbonized films [26] 

or fibers materials. Sudo et al. produced carbon fibers from steam-exploded lignins [27, 28]. 

Uraki worked on carbon fibers from organosolv lignin obtained by acetic acid pulping [29]. 

Kadla et al. later reported on carbon fibers produced from Kraft lignin from both softwood and 

hardwood (trade name Indulin AT, West Rock) and from organosolv lignins (tradename Alcell, 

West Rock) [30]. Qin described a carbon fiber based on pyrolytic lignin [31].  Baker et al., 

from the Oak Ridge National Laboratory also reported on the production of carbon fibers from 

organic-purified hardwood lignins [32]. A common features in the lignin-based carbon fibers 

introduced above are the quite low tensile strength and brittleness. Thus, further efforts have 

been directed toward lignin-based blends or copolymers in order to achieve a good balance 

between strength and cost. In this context, polyethylene oxide (PEO) has been considered as 

plasticizer to improve the spinning performance and strength [30]. Likewise, polypropylene 

(PP) [33] and polyethylene terephthalate (PET) [34] were used to produce carbon fibers by 

blending with lignin in order to reach a higher thermal stabilization rate. For PAN-based 

precursors, lignin has been examined as extender to produce carbon fibers [35] and carbon 

films [36]. In order to further reduce the cost and improve spinnability and strength, a lignin-

acrylonitrile copolymer was effective in producing carbon fibers [37].  

In this work, an industrial Kraft lignin was modified by a highly efficient disilazane reaction 

conducted under conditions of high shear in a reactive extruder. The reacting system 

substituted hydroxyl groups of lignin by vinyl functional groups that endowed higher activity 
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for subsequent modification. The modified lignin, with up to 30 % of total solid mass, was 

copolymerized with acrylonitrile and reduced incorporation of inorganics. Composite films 

were prepared from the copolymer via solution (DMSO solvent) casting. The rheology of the 

copolymer system was assessed and the compatibility and thermal properties were determined 

by DSC and TGA. SEM was used for morphology analysis. Finally, the tensile strength of the 

copolymer film was tested by DMA.  

6.3 Materials And Methods 

6.3.1  Materials 

Industrial pine Kraft lignin (Domtar, Plymouth, NC) was purified by distilled water. The 

average molecular weight of the lignin was measured to be ca. 6,200 Da and the hydroxyl 

groups’ content was determined to be > 8 mmol/g. 1, 1, 3, 3-Tetramethyl-1, 3-divinyldisilazane 

(DVDZ, VWR Radnor, PA) was used in the disilazane reaction. Acrylonitrile (AN), α,α′-

azoisobutyronitrile (AIBN, 98%), hydrogen peroxide (H2O2, 30 wt% in water), and dimethyl 

sulfoxide (DMSO, reagent grade) were purchased from Sigma-Aldrich (St. Louis, MO) and 

used for PAN-lignin copolymerization and dissolution.  

6.3.2 Silicone-modified Lignin (SiL) 

The lignin was functionalized via reactive extrusion that facilitated disilazane reaction. For 

this purpose, 6.5 g lignin was premixed with 10 ml 1, 1, 3, 3-tetramethyl-1, 3-divinyldisilazane 

(DVDZ). The mixture was then introduced in a twin-screw extruder (MC 15, Xplore®, Geleen, 

Netherlands) operating at 120 oC and at a rotation speed of 120 rpm. The outlet orifice was 

kept closed for 15 min to retain the mixture under circulation in the system and to complete 
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the disilazane reaction (Figure 6.1). The reaction is exothermic due to the dominant -Si-O- 

association over that of Si-N.  Thereafter, the outlet was opened and the modified lignin was 

extruded. Finally, silicone-modified lignin (SiL) was obtained after 24 h drying in an oven at 

80 oC. The resulting SiL is a lignin carrying vinyl functional groups that make it soluble in 

most of organic solvents, including toluene. Compared to traditional bench reactions in 

toluene, which last at least 3 h at 80 oC, the reactive extrusion conditions not only facilitates 

further processing of the material but shortens quantitatively the needed reaction time. It is also 

more efficient and suitable for continuous synthesis.  

The success of reaction was studied by FT-IR (Perkin Elmer Frontier, Waltham, MA) 

operated in Attenuated Total Reflection (ATR) mode and using 80 scans to generate spectra 

within the 4000-650 cm-1 frequency range with a 4 cm-1 resolution. The functional groups were 

identified according to references [38]. Moreover, 1H and 13C NMR (Bruker 300 MHz, 

Karlsruhe, Germany) spectrometry was used for further validation. For this purpose, 85 mg 

samples were dissolved with 0.7 ml TMS-free DMSO-d6 solvent (Sigma-Aldrich, St. Louis, 

MO) in a 5 mm NMR tube. 2 mg chromium (III) acetylacetonate was added for complete 

relaxation of all nuclei [39]. All spectra were obtained with 90o 1H and 13C standard pulse and 

relaxation delay of 1.7s. 1H NMR spectra were collected after 256 scans with the chemical 

shifts (δH) from -4.0 to 14 ppm.  13C NMR spectra were obtained after 10 K scans with the 

chemical shifts (δC) between -40 to 200 ppm.  In addition, using the same unit with a 31P probe, 

the degree of the substitution was determined following a published procedure with chemical 

shifts (δP) from -1.0 to 10 ppm. [23, 40]. 
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Figure 6.1. Lignin disilazane reaction between Kraft lignin (left) and divinyl-

tetramethylsilazane. 

6.3.3 PAN-SiL Copolymerization 

Kraft lignin (KL) and silicon functionalized lignin (SiL) were copolymerized with 

acrylonitrile (AN). The copolymerization was conducted using a two-step process [37]. In first 

step, 18.7 g of AN and 22 mg AIBN were mixed with 50 g DMSO using magnetic stirring in 

a 250 ml flask (3 h at 70 oC) within a nitrogen atmosphere in order to favor low molecular 

weight polymerized AN. The resultant, amber solution, was cooled down to 50 oC and then 8 

g of Kraft lignin and 40 g of DMSO were added in the second step. After 15 min mixing, 4.3 

ml hydrogen peroxide (30 %) was gradually added to the mixture. The entire system was heated 

back to 70 oC for another 6 h reaction. The resulting products were poured into deionized water 

for precipitation. The filtered, final product was dried at 70 oC in a vacuum oven and grounded. 

The amount of AN and lignin were varied to obtain a given AN/lignin ratio in the copolymer 

(PSiL). PSiL10, PSiL20 and PSiL30 are used here to indicate 10, 20, and 30 % of SiL based 

on total PAN/lignin solids, respectively. Likewise, PKL30 stands for the copolymer obtained 



 

147 

after reaction with Kraft lignin (KL) instead of SiL, with 30% KL based on total solids. The 

synthesized PAN and PSiL30 copolymers were investigated by 1H NMR and 13C NMR under 

the same experimental conditions as indicated above for the modified lignin. A possible 

structure of the PSiL copolymer is displayed in Figure 6.2. 

 

Figure 6.2. Illustrative molecular structure of PAN-SiL copolymers (PSiL), noting that m 

and n are the respective molar number forming either random or block structures. 

6.3.4 PAN-Lignin Composite Films 

The blend of PAN/lignin and PAN-lignin copolymers were dispersed in DMSO at a solids 

content of 18 %, respectively. The mixtures were moved to a shaker operating at 120 rpm at 

70 oC for 24 h. The produced solutions were cast onto a clean glass and extended using a glass 

rod that kept the film thickness between 0.5 and 1 mm. The composite films were formed by 

two different methods: Half of the casting solutions were immersed immediately in deionized 

water to form an membrane via the phase inversing method [41]. These films were separated 

from the glass substrate and kept in water for over 24 h. The other half of the samples were 

transferred to a vacuum oven at 70 oC and the films obtained were peeled off manually from 

the glass substrate.  
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6.3.5 Solution Rheology 

The rheology behavior of the casting solutions comprising PAN-lignin copolymers and 

PAN/lignin blends were analyzed with a TA rheometer (AR-2000, New Castle, DE). A 40 mm 

steel plate was used with 300 µm gap between the parallel plates. The dynamic viscosity was 

measured as function of shear rate in the range 0.1-1000 s-1 collecting four data points every 

10 s-1. For all the casting solutions, the solid content was kept at 18 wt %. 

6.3.6 Film Morphology 

A variable pressure scanning electron microscopy (SEM, Hitachi S3200N, Tokyo, Japan) 

was used to examine the morphology of the PAN-Lignin composite films. First, the film 

samples were dried overnight in an oven at 60 oC. Following, the films were cut into slides and 

immersed in liquid nitrogen. Cyro-fractured films were obtained and coated with gold under 

nitrogen atmosphere and film cross-section images were obtained at different magnifications.    

6.3.7 Thermal Properties 

The thermogravimetric analysis (TGA) was carried out by using a TA Q500 (TA instrument, 

Castle, DE) with a platinum pan under nitrogen flow of 50 ml/min. The temperature was raised 

to 105 oC for moisture removal and then reduced back to 40 oC for equilibrium. Then the 

samples were heated from 40 oC to 600 oC using a temperature ramp of 10 oC/min. TGA 

profiles were generated as weight percentage (%) change as a function of temperature (oC). In 

addition, differential scanning calorimetry (DSC, Q100, TA instrument, Castle, DE) was used 

to determine the thermal phase transitions of the lignins and the composite films.  The samples 

were loaded in a hermetic aluminum pan under nitrogen flow rate of 50 ml/min. The samples 
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were isothermally kept at 105 oC and a heating cycle was started from 40 oC to 300 oC. DSC 

plots of heat flow (W/g) versus temperature were obtained.   

6.3.8 Film Strength 

The tensile strength of the composite films were tested by a dynamic mechanical analyzer 

(DMA, Q800, TA instrument, Castle, DE) equipped with a film tension strength clamp. The 

tests were conducted under controlled force mode with an initial load of 0.1 N. The stress was 

raised from 0 to 50 MPa using 2MPa/min at room temperature.  Stress-strain data was collected 

until reaching film fracture.  

6.4 Results And Discussion 

6.4.1 Lignin, Silicon-modified lignin, and PAN-Lignin copolymers 

FT-IR spectra of KL and SiL are shown in Figure 6.3. The absorption at 3055 cm-1 

corresponds to the sp2 C-H stretch, which together with the peaks observed at 1592 cm-1 and 

1407 cm-1 indicates the presence of Si-CH=CH2  units. We note that the peak at 1592 cm-1 is 

also characteristic of other alkenyl groups that might exist in lignin. Si-CH=CH2 was further 

identified by NMR analysis. A sharp and strong peak at 1251 cm-1 indicated the contribution 

of C-H stretch connected with silicone (Si-CH3 groups).  Moreover, the strong absorbance at 

835 cm-1 and 785 cm-1 is characteristic of Si-CH3. The Si-O-C signal was observed as an 

absorption signal at 1008 cm-1. The Si-O-Ph group presented a strong peak at around 1240 cm-

1. Although, this peak may overlap with that at 1251 cm-1, the signal at 957 cm-1 further 

supports the presence of Si-O-Ph groups. Overall, the FT-IR analysis confirmed the presence 
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of Si-O-C and Si-CH3 groups. Other groups were identified further by NMR analyses, as 

presented in next section.   

 

Figure 6.3.  FT-IR spectra of Kraft lignin (KL) and silicone-modified lignin (SiL). 

31P NMR spectra displayed indicated that the amount of hydroxyl groups of the silicone-

modified lignin were reduced relative to that of Kraft lignin. In addition, both, aliphatic 

hydroxyl groups, with peaks between δP (150-145) ppm, and phenolic hydroxyl groups, within 

the δP range of 145-137 ppm, were reduced. This was taken as indication that the disilazane 

reaction was not selective for the hydroxyl groups. According to the internal standard, the 

substituted hydroxyl groups can be calculated to be ~2.5 mmol/g corresponding to the silicone 

and vinyl groups that were introduced in the modified lignin. Accordingly, the degree of 

substitution was calculated to be ~31 %.  
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Figure 6.4. Quantitative 31P NMR spectra of Kraft lignin (KL) and silicone-modified lignin 

(SiL). 

1H NMR spectrum of KL displayed two major wide peaks (Figure 6.5). The region of δH 

(2.8 - 4.2) ppm indicated aromatic protons. The methylene and methoxyl protons were assigned 

to the δH region (6.0 - 8.0) ppm. This observation is in good agreement to a Kraft lignin 

reference [40]. The functionalized SiL maintained the major structure of the Kraft lignin but 

presented a strong peak at around δH 0 ppm, which was assigned to silyl protons. Moreover, at 

about δH=5.7 ppm, a doublet peak indicated the exist of alkene protons in =CH- groups. The 

complex multiplet peak around δH=6.0 ppm can be assigned to the alkene protons in =CH2 

groups. Together with the results from FT-IR (Figure 6.3), there is indication of the successful 

modification of lignin via the disilazane reaction (Figure 6.1).  

Aliphatic-OH 

Phenolic-OH 

KL 
SiL 

Internal 
standard 
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Figure 6.5. 1H NMR spectra of Kraft lignin (KL), Silicone-modified lignins (SiL), PAN, 

PAN-SiL copolymer (PSiL30) and PAN-KL copolymer (PKL30).  

The PAN 1H NMR spectrum shows two singlet peaks indicating the secondary proton at δH 

2.0 ppm and the tertiary proton at δH 3.1 ppm. After copolymerization the 1H NMR spectrum 

of the resultant PSiL presented all the characteristic peaks of both PAN and SiL except the 

alkene protons. This is an indication that free radicals were formed from the double bonds, 

which were catalyzed by hydrogen peroxide. The opened double bonds copolymerized with 

the acrylonitrile oligomers to form PAN-SiL (PSiL) copolymer.  

H2O DMSO 
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Figure 6.6. 13C NMR spectra of Kraft lignin (KL), silicone-modified lignin (SiL), PAN, 

PAN-SiL copolymer (PSiL30) and PAN-KL copolymer (PKL30).  

The 13C NMR spectra (Figure 6.6) was collected to further verify the silicone 

functionalization of lignin as well as PAN-lignin copolymerization. Compared with the Kraft 

lignin, a newly formed singlet peak at δC = 0 ppm indicated the silyl carbon. Other two doublet 

peaks appeared at δC 131 and δC 140 ppm, which correspond to the two alkene carbons. The 

results showed a good agreement with the 1H NMR spectra included in Figure 6.5. Together, 

they confirm the modification carried out with the Kraft lignin.  
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The spectrum of PAN displayed the signal at δC 120 ppm, which is assigned to the nitrile 

group. The other secondary and tertiary carbons were observed at δC =33 and δC =28 ppm. 

After the copolymerization to yield PSiL, and similar to 1H NMR, the 13C NMR spectrum 

maintained all the characteristic signals of SiL and PAN except the alkene carbons. All above 

spectra provide evidence of successful modification of lignin into SiL as well as its 

copolymerization with PAN.  

6.4.2 PAN-Lignin Composite films 

6.4.2.1 Rheology Behavior 

The rheology behavior of the PSiL copolymers with different AN:SiL ratios are displayed 

as plots of viscosity as function of shear rates from 1-1000 s-1 (Figure 6.7a). The PSiL casting 

solutions presented a Newtonian behavior at low shear rates but became shear thinning at shear 

rates > 10 s-1. A reduction in apparent viscosity is noted with the increase in SiL fraction in the 

copolymer, from 0 (neat PAN) to 30 %. The viscosity at shear rate of 1 s-1 for PSiL30 was 

around 2.2 Pa·s which is much smaller than that of PAN (22.1 Pa·s). According to quantitative 

31P NMR analysis (Figure 6.4), 31 % of hydroxyl groups of Kraft lignin were replaced with 

same vinyl group molar content. On the basis of hydroxyl group content of 8 mmol/g in Kraft 

lignin, around 2.5 mmol/g of vinyl groups can be calculated to exist in SiL. Since the molecular 

weight of SiL was over 6000 Da, it can be calculated that each SiL molecule contain 15 vinyl 

groups, roughly.  



 

155 

  

Figure 6.7.  (a) Flow curves of casting solutions (in DMSO solvent) of PAN and PSiL 

copolymers with varying AN/SiL ratio, as noted (a). Included are also the profiles for PAN-

silicone- modified lignin copolymers (PSiL) and PAN/Kraft lignin (PAN/KL) blends (b).   

The synthesized PAN was analyzed and compared with the commercial PAN (Mw = 150, 

000 Da, Sigma-Aldrich, St. Louis, MO), which displayed similar rheological behavior. It can 

be assumed that the molecular weight of the PAN used in our experiments was of the same 

order of magnitude. The theoretical alkene groups from acrylonitrile are 43.9 mmol/g so for 

each vinyl group in SiL, 18 acrylonitrile molecules are present in the PSiL30 copolymer. 

Therefore, the pure acrylonitrile polymerization formed very long linear chains with a degree 

of polymerization > 2000. However, the SiL is a highly branched biomacromolecuLEs, when 

the lignin units connected with PAN, a branched copolymer was formed instead of a regular 

long chain polymer. Additionally, the polydispersity of lignin make the detailed description of 

the copolymer system quite complex and beyond the scope of this report. The degree of 

polymerization of PSiL copolymer could not reach values as high as those of the neat PAN. 

PSiL copolymers displayed lower apparent viscosity than PAN, in agreement with the 

(b)  (a) 
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expectation from the correlation between degree of polymerization and viscosity. On the other 

hand, the PAN solution showed a sharp decline in viscosity at high shear rates (strong shear 

thinning behavior). This is because long PAN chains of entangle in solution forming strong 

networks via intermolecular van der Waals forces, which are disrupted and become aligned 

under flow fields, facilitating momentum transfer. The PSiL copolymers are branched 

structures that are affected by shear to a limited extent.  

The apparent viscosity changes of the PAN/lignin blends and PAN-lignin copolymers with 

30% of KL or SiL are shown in Fig. 5b. For both lignins (KL and SiL), their blends with PAN 

presented higher viscosity than their copolymerized products (PKL and PSiL). PAN, with a 

high molecular weight, played a leading role in the behavior of the blend, displaying a 

relatively high apparent viscosity if compared with the copolymerized products (with a 

relatively lower molecular weight). Thus, a sharp viscosity reduction at high shear rate occurs, 

as was discussed above.  

The PAN/SiL30 blend solution presented a lower apparent viscosity than that of PAN/KL30 

blend solution. This can be explained by the fact that SiL has a better solubility in the organic 

solvent, which enhances chain mobility and reduces the apparent viscosity under shear. 

However, compared to PKL30 copolymer, the PSiL30 copolymer solution presented a higher 

apparent viscosity. This is because the large amount of vinyl groups in SiL and thus the high 

reactivity with acrylonitrile oligomers during copolymerization. Therefore, the PSiL30 

copolymer product, a multi-branched macromolecule, contains, on a relative basis, stronger 

chemical bonds/connections and has a higher molecular weight, resulting in a higher viscosity.        
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6.4.2.2 Thermal Properties 

The thermal degradation behavior of the lignins, PAN, and PAN-lignin copolymers were 

tested by TGA analysis. PAN presented a rapid weight loss at 280 oC which indicates a fast 

degradation due to breaking of the long chain to oligomers (Figure 6b). At this stage, small 

molecules, such as CH4, NH3, HCN, etc., are released [42]. Not like typical polymers, Kraft 

lignin shows an onset of weight loss at temperature > 100 oC but the major decomposition 

occurs at ~250 oC. Total decomposition occurred in a wide temperature range, a result of the 

complexity of lignin biomacromolecules. The components in lignin have a molecular weight 

ranging from 1,000 to over 10,000 and carry different functional groups that result in a large 

range of degradation temperature. After silicone functionalization, the SiL displayed two major 

degradation temperatures. The first one, at higher temperature compared with the Kraft lignin, 

shows a ~6 % weight loss at around 180 oC. This can be ascribed to the partial breaking of Si- 

O-C bonds. Compared to the Si-O bond, C-O bonds are relatively longer (143 pm) and have 

lower bond energy (358 KJ/mol) [43]. Therefore, the C-O bond in lignin is more easily broken 

to form small fragments. Based on the 2.5 mmol/g content of functional groups (Mw~85 Da) 

in SiL, it could be roughly calculated that ~28 % (0.7 mmol/g) silicone functional groups are 

lost from SiL. The second degradation step, occurred at a decomposition temperature of ~250 

oC, similar to that of KL.  

When SiL was copolymerized with acrylonitrile, the decomposition shifted to higher 

temperatures, approaching that of the degradation of PAN. During copolymerization, the vinyl 

groups were polymerized or crosslinked with the neighboring active double bonds. Even 
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though a small part of the C-O bond were broken, the molecules were not able to volatize from 

this network and therefore no major weight loss was recorded (the PSiL copolymer did not 

show any apparent degradation below 250 oC). 

  

Figure 6.8.  Thermogravimetric analysis (TGA) of PAN, Kraft lignin and PSiL30 

copolymer (a), and that of PAN-silicone-modified lignin copolymers (PSiL) with varying 

AN/SiL ratio (b) 

PSiL composite films with varying AN/SiL ratios were also investigated (Figure 6.8b). The 

PSiL composite films displayed PAN-like thermal character with apparent decomposition 

temperature around 270 oC, also comparable to that of SiL or KL. However, the PSiL 

composite films presented around 5 % weight loss, a contribution from the lignin component. 

Apparently, with higher SiL concentration, the weight loss is larger in the low end of the 

decomposition range. Generally, the PSiL composite film did not present the fast 

decomposition characteristic of PAN films. The molecular weight of PSiL is much lower than 

PAN; therefore, even for PAN content as high as 90 %, the molecules were not degraded to 

smaller sizes as rapidly as in the case of neat PAN films. Additionally, due to the effect of the 

(b) (a) 
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lignins, PSiL composite films presented a residual 50 % mass at 600 oC while for the PAN film 

it was less than 40 %.  

The glass transition behaviors of the lignins and the composite films were monitored by 

DSC (Figure 6.9). The Kraft lignin used in this work, an amorphous biopolymer, presented a 

glass transition temperature (Tg) of 145 oC, as shown in Figure7a. After silicone 

functionalization, the SiL presented a lower Tg, 121 oC. This can be explained by the fact that 

silicone-containing materials present an inherent higher molecular mobility. Compared with 

carbon, silicon usually forms longer bonds, with wider bond angle that make silicone-based 

chemical bonds more free to rotate. Moreover, the double bonds are typical flexible groups. 

Thus, it is not surprising that SiL, rich in Si and alkene, displayed a lower glass transition 

temperature compared to KL.   

As a unique semi-crystalline polymer, it has been shown that unoriented PAN presents two 

glass transition temperatures, corresponding to laterally-ordered and amorphous domains [44]. 

Good agreement with the expectation for PAN is indicted in Figure 6.9b for PAN film: a first 

glass transition temperature took place at ~ 102 oC. Not like typical glass-rubber transition, at 

this temperature, the transform was from a laterally-ordered glassy state to a more mobile but 

still laterally ordered state. The second Tg appeared at ~136 oC, which is ascribed to the 

transformation into an amorphous structure. Each C9 unit of the Kraft lignin only has one 

reactive site for polymerization. Thus, the Kraft lignin was copolymerized with AN oligomers 

but did not contribute with chain growth. In contrast, the coupling between AN oligomers and 

the active sites in KL more likely terminated the polymerization and resulted in a lower 
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molecular weight, as discussed in Figure 6.7b. However, in the case of SiL the 

copolymerization can be extended due to the open double bonds. Thus, as shown in Figure 

6.9a, the PKL copolymer presented a DSC profile that resembles a single amorphous phase. In 

contrast, the PSiL copolymer displayed clearly two glass transition temperatures. 

  

Figure 6.9.  Differential scanning calorimetry (DSC) analysis of Lignins and PAN-lignin 

copolymers films (a). Included are also PAN, and PSiL composite films with varying 

AN/lignin ratios in the low (b) and high (c) temperature range.  

(a) (b) 

(c) 
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With the increase in SiL ratio in the copolymer film, the first Tg shifted from the 102 oC 

typical of PAN to 112 oC (Figure b). The second Tg, indicating the contribution of the 

amorphous structures, was reduced from 136 oC in PAN to 131 oC in PSiL30. Considering the 

Tg of SiL (121 oC), the glass transition temperatures of the copolymers were shifting to 

intermediate values between those of the two polymers, which indicates a good compatibility 

in the copolymer.  

In addition, the DSC curves of PAN and PAN-lignin copolymers indicates the thermal 

stabilization process of PAN-based materials (Figure 6.9c). A sharp peak representing PAN 

film in the DSC curve, at 282 oC, is revealed. This indicates an exothermic reaction, attributed 

to cyano cyclization and dehydrogenation. It is also shown that PAN-SiL copolymers (PSiL 

films) presented a less intense exothermic reaction. This could be explained by the fact that 

SiL oligomers can block the cyclization if they are copolymerized as a block segment in the 

long chains of the copolymer. Thus, the cyclization reaction involved small segments 

compared with the PAN homopolymer. Therefore, the intensity of the exothermic reaction was 

reduced with the increased SiL/AN ratio. However, compared to the PKL30 copolymer, the 

PSiL30 displayed a higher intensity. This is taken as additional evidence that KL blocks chain 

growth of PAN and terminated the polymerization, limiting the degree of cyclization. 

Moreover, compared with PAN, the PSiL10, PSiL20 and PSiL30 copolymers displayed lower 

cyclization temperatures, i.e., 274, 276, and 280 oC, respectively. Pyrolysis of SiL at high 

temperature could form small oligomers, gas molecules, segments of aromatic rings, etc. These 
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groups could accelerate the dehydrogenation and cyclization reaction of PAN and lower the 

reaction temperature. However, with SiL, the PSiL formed a stronger network that required 

more energy to decompose. Thus the thermal stabilization required higher temperatures with 

increased SiL content.  

6.4.2.3 Film Morphology 

 The morphology of the PAN-lignin composite films and membranes were observed by 

SEM imaging in order to directly asses the compatibility between the copolymers (Figure 

6.10). The cryo-cross section of neat PAN film presented a smooth rupture surface. The PKL30 

copolymer film displayed aggregates or particles within the fractured area, which was 

relatively rougher.  In contrast to this latter case, the PSiL30 copolymer film displayed a 

smoother cross section surface but worse than that of neat PAN film. Remarkably, no 

significant aggregates were observed in in the PSiL film, which indicates good homogeneity 

and compatibility. It is expected the PSiL copolymer presents a better compatibility than the 

PAN/SiL blend. However, the respective SEM images show negligible differences (not 

included here). This can be explained by the slow evaporation of DMSO in the oven during 

the process of film preparation. Since the SiL showed good solubility in the organic solvent, 

the blend with PAN resulted in a good dispersion that in turn improved their compatibility.  
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Figure 6.10.  Cross section SEM images of PAN (a), PKL30 (b) and PSiL30 (c) composite 

films. Also included are membranes produced by the phase inversion method from PAN 

(d), PKL30 (e), PSiL 30 (f), and PAN/SiL30 (g) with inserts (300X, Scale bar: 50 µm) 

In order to determine the difference between PAN/SiL blend and PSiL copolymer, the PAN-

lignin membranes were produced by the phase inverse method, as explained in the 

experimental section. With this method, the organic solvent leached out in the water phase and 

favored fingering phenomena of the non-soluble PAN, as can be seen in the cross sections (see 

inset images of the membranes). As shown in Figure 6.10d, the neat PAN membrane displayed 

a homogenous cross-section surface. However, the PKL30 membrane included many 

aggregates on the surface. The PSiL membrane displayed those particles or aggregates as well 

but in lower amounts. Compared with the PSiL membrane, the PAN/SiL blend membrane 

showed large amounts of aggregated lignin on the surface of the cross section, indicating a 

limited compatibility. During the process of phase inversion, the SiL could not penetrate from 

the porous structure, as fast as DMSO; the modified lignin, not soluble in water, remained in 

(a) 

20 µm 20 µm 20 µm 

20 µm 20 µm 20 µm 20 µm 

(b) (c) 

(d) (f) (e) (g) 
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the solid phase in the form of aggregates. However, not like the blend, the PSiL copolymers 

connected the PAN and SiL molecules by strong chemical bonds. Thus, the SiL grew in the 

structure within the copolymer but not precipitated or aggregated. However, limited 

polymerization of the copolymer could result in lignin precipitation, which could explain the 

higher compatibility of PSiL30 compared to that of PKL30.   

6.4.2.4 Film Strength 

The tensile strength as function of strain is shown in Figure 6.11 to describe the mechanical 

performance of the composite films. The PAN film presented a very high yield stress, around 

30 MPa and an ultimate stress over 40 MPa. At the fracture point, the PAN film strain reached 

values as high as 110 %. As expected, with the increased SiL content in the PSiL copolymer, 

the films presented a lower stress and strain.  For PSiL30 copolymer film, the ultimate stress 

was reduced to 18 MPa and the strain was 55 % at the fracture point. As discussed in the 

rheology section, the PSiL copolymer has a lower degree of polymerization compared to that 

of neat PAN. Amorphous lignin segments weakened the PAN chains to form laterally ordered 

phase and made the composite film relatively brittle. However, the PSiL copolymer displayed 

much better performance than the PKL copolymer. The PKL displayed an ultimate stress of 

less than 10 MPa. Compared to PSiL, the flexibility of PKL copolymer was very limited, a 

strain of 10 % at the failure point was measured.  

The Young’s modulus of PAN films reached 1 GPa, while PSiL copolymers displayed 

around half this values and became smaller with SiL loading. For PSiL30 copolymer film, the 

Young’s modulus was 486 MPa, higher than that for PKL30 film of 394 MPa.  Two major 
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reasons can explain the latter observations: First, SiL presented good compatibility as a 

copolymer with PAN, undergoing chain growth due to the open double bonds. The PSiL 

copolymer formed a more connected network compared to the PKL copolymer sample that 

contained lignin radicals that terminated the polymerization. Secondly, the silicone-containing 

SiL is more flexible due to the bond length and wide bond angle of Si-O and Si-C. Thus the 

PSiL copolymer was not brittle as was the case of PKL copolymer. 

 

Figure 6.11.  Tensile strength (left) and Young’s Modulus (right) of films produced from 

PAN, PKL and PSiL compolymers with varying AN/lignin ratio. 

 

6.5 Conclusions 

A disilazane reaction carried out in a reactive extruder was successfully applied to a 

Kraft lignin to yield a degree of substitution of 31 %. The obtained silicone-modified 

lignin was copolymerized with AN oligomers to form a copolymer. The respective 
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systems were casted taking advantage of the relatively low viscosity endowed by SiL 

loading. Compared with the copolymers from the unmodified Kraft lignin (PKL), the PSiL 

copolymer presented a higher molecular weight due to a higher reactivity, which in turn 

resulted in a higher viscosity. The TGA profiles indicated that the copolymerization 

improved the thermal stability of SiL. The weight loss of the copolymer was reduced with 

the increased AN/lignin ratio. In addition, DSC analysis indicated a relatively low Tg for 

SiL due to the silicone-containing structures, which improved the flexibility of the 

macromolecule. The copolymers displayed a Tg that was intermediate to the values of the 

precursor polymers, which indicated successful copolymerization. Moreover, the SiL 

increased the thermal stabilization in PSiL copolymer but decreased with the SiL/AN ratio, 

due to strong network formation. SEM images indicated good PSiL cohesion compared to 

that in PKL and PAN/lignin blends and displayed less aggregates in the membrane or film. 

Finally, the tensile strength of the PAN-lignin copolymer films showed lower strength and 

strain at fracture with increased SiL/AN ratio. However, compared with the PKL30 film, 

the PSiL30 displayed a much higher tensile strength and strain (18 MPa and 55 % strain) 

indicating the flexibility of the PSiL copolymer. Therefore, due to its cohesion, flexibility 

and high reactivity during co-polymerization, the PAN-SiL film can be expect to be 

suitable as precursor of carbon films after thermal stabilization and carbonization.  
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7 Phenolic Foam from Silicone and Vinyl Containing 

Functionalized Lignin 

7.1 Abstract 

 

Lignins carrying silicone and vinyl functionalities were used to replace phenol (up to 30 % 

substitution) for reaction with formaldehyde to synthesize lignin-based phenolic foams with 

characteristic close-cell structures. Vinyl functional groups enhanced the cross-linking process 

during curing and facilitate strongly bonded networks. The thermal behavior of the lignin-

based resol and phenolic foams were analyzed by DSC. The compression and flexural strength 

were tested by DMA, which indicated that the foams with silicone-functionalized lignin 

presented both high strength and flexibility, qualities that are otherwise difficult to attain 

concurrently. 

 

7.2 Introduction 

Solid foams include light-weighted, open-cell structures with the pores connected to each 

other and form the basis of absorbent materials.[1]  On the other hand, closed-cell foams, with 

no pore interconnection, display better strength, less moisture absorption, and provide good 

insulation. Thus, the latter type of foams can be utilized in application requiring thermal 

insulation[2], and packing materials.[3]  

From the early 20th century, various types of solid foams came into use as typical polymeric 

foams, including phenolic, polyurethane, polyvinyl chloride, polystyrene, and polyimide 
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foams, etc., became attractive for application in many areas. From this group, phenolic foams 

are structural thermoset structures that are extensively used in the fields of insulation, 

cushioning, packaging, as well as electronic and flame retardancy applications. For these 

reasons, they have been deployed in aircrafts, marine structures, buildings, and automobiles.[4, 

5] In the area of thermal insulation, for example, with multilayers, phenolic foams are more 

competitive than those of conventional polymeric counterparts (for example, from polystyrene, 

polyurethane, and polyvinyl chloride).[6] The sampler applies with regards to their broad 

spectrum of additional properties, including low smoke emission, outstanding fire resistance, 

molten plastic generation without dripping when exposed to flames, less moisture adsorption, 

and high resistance to chemicals. However, a limitation of phenolic foams are their brittleness 

and low flexural rigidity. These are characteristics relevant to further processing and long 

distance transportation. Also, long term ultraviolet radiation can damage related materials and 

reduce their life time. More importantly in the context of this work is the fact that phenolic 

foams are usually produced from phenol and formaldehyde, which are toxic chemicals. 

Moreover, their relative high cost limits market utilization. Thus, efforts to improve the 

performance of phenolic foams has captured the attention of researchers who have reported on 

the control of process temperature and water content[7], on the replacement of surfactant or 

foaming agents[8], the use of particles or fiber reinforcements[9], and the replacement of the 

precursor materials.[10] 

Due to their natural, renewable, and cost-effective nature, bio-based polymers have been 

widely used in polymeric solid foams. Lignin is an attractive alternative given that it is the 
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second major component of wood and other fiber sources. As a multifunctional material, lignin 

has been employed in rigid foams as an additive or as component in copolymers or blends.[11]  

Lignin cross-linking or blending with main polymers, including polyethylene [12], 

polyurethane[13], polyvinyl chloride [14], polystyrene, etc., have been reported. Moreover, 

some work suggest lignin as partial replacement of other polymers to produce lignin-based 

phenolic foams. However, such attempts have been limited given the characteristic poor 

mechanical performance [15, 16].  

This work takes advantage of the polyphenol structure of lignin to partially replace phenols 

in the synthesis of foams. Moreover, reactive silicone and vinyl units are installed in the lignin 

for improving cross-linking during curing process to form the lignin-based phenolic foams. 

Based on the results, such systems are expected to be useful for thermal insulation or 

applications that demand high flexural and compressive strength.  

7.3 Materials And Methods 

7.3.1 Materials  

Industrial pine Kraft lignin (KL) was provided from Domtar Inc. (Plymouth, NC). The 

lignin characteristics are reported in  our previous work [17], which indicated a molecular 

weight of about 6200 Da and hydroxyl groups content > 8 mmol/g. The phenol, formaldehyde 

(37 % in water, contains 10-15 % methanol as stabilizer), and sodium hydroxide were purchase 

from Sigma-Aldrich (St. Louis, MO) and used to make the lignin-based resol.  A nonionic 

surfactant (Tween® 80) as well as pentane, and sulfuric acid (70% in water) that were used for 

the synthesis of the foam were also purchased from Sigma-Aldrich (St. Louis, MO). 
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7.3.2 Silicone-modified Lignin (SiL) 

 The silicone-modified lignin was obtained by a highly efficient disilazane reactions 

reported in our previous work. The reaction mechanism is shown in Figure 1. The 

functionalization was carried out by mixing Kraft lignin and 1, 1, 3, 3-tetramethyl-1, 3-

divinyldisilazane (DVDZ, Sigma-Aldrich, St. Louis, MO) in a twin screw reactive extruder 

(MC 15, Xplore®, Geleen, Netherlands) and the resulting product was extruded at 120 oC. The 

hydroxyl groups of the Kraft lignin were substituted to form more flexible Si-O-C bonds, and 

also included the installation of abundant vinyl groups. The resultant functionalized lignin is 

referred to as SiL.    

  

Figure 7.1. Divinyl-tetramethydisilazane reaction with lignin to form SiL  

7.3.3 Lignin-Phenol-Formaldehyde (LPF) Phenolic Foam 

A modified procedure based on previous reports [18] was used to produce lignin-based 

phenolic foams by applying the following steps: The formaldehyde (37 %) and phenol with 

mole ratio (F/P) of 1.9 were mixed under stirring with a water condensation system. A certain 

amount of 40% sodium hydroxide (NaOH) solution was added to meet a target concentration 

of 3.67 % and to fix the pH to 10. Keeping the F/P ratio constant, the phenol was replaced by 
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SiL at levels of substitution equivalent to 10, 20, and 30 wt% in the otherwise original phenol-

formaldehyde (PF) system. As a reference, unmodified lignin (KL) was also used to replace 

20 % of phenol. The mixtures were heated to 60 oC and kept at this temperature for 30 min. 

Then the system was heated at a heating rate of 1oC/min to 90 oC and kept for 1.5 h at this 

temperature. After cooling, a lignin-phenol-formaldehyde (LPF) resol was obtained.  

The LPF or PF resols were transferred to a vacuum oven at 60 oC to evaporate excess water 

and until the concentration of the aqueous phase reached around 20 %. After cooling to room 

temperature, 20 g resol contained in an open beaker were mixed with 2.8 g acid catalyst (70 % 

sulfuric acid), 0.8 g tween 80 surfactant, and 1.6 g pentane, used as blowing agent (boiling 

point of 35-36 oC). The mixture was stirred for 1 min and immediately transferred to an oven 

for curing at 80 oC for 30 min. The final lignin-base phenolic foam was obtained after 24 h 

waiting period in air.  

7.3.4 Thermal Properties 

The thermal behavior of the LPF resol and LPF foam were carried out by differential 

scanning calorimetry (DSC, Q100, TA instrument, Castle, DE). The given sample was loaded 

in hermetic aluminum pans. Before running in DSC, the samples were dried overnight in the 

oven. The heating cycle was started from 40 oC to 250 oC under nitrogen flow rate of 50 ml/min. 

Finally the DSC thermograms of heat flow (W/g) versus temperature were obtained.   
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7.3.5 Foam Morphology 

The morphology of the LPF foam was observed under a variable pressure scanning electron 

microscopy (SEM, Hitachi S3200N, Tokyo, Japan). The foam samples were cut into small 

piece and immersed in the liquid nitrogen. Cyro-fractured foam pieces were obtained and 

coated with gold within a nitrogen atmosphere. The images of the cell structures were obtained 

at 100 X magnification.  

7.3.6 Compression Strength 

The compression strength of the LPF foams were measured with a dynamic mechanical 

analyzer (DMA, Q800, TA instrument, Castle, DE) equipped with a compression strength 

clamp with 15 mm round disk. The foam samples were cut into cylinder shapes with diameter 

of 15 mm and thickness lower than 10 mm. The strain rate mode was selected with an initial 

load of 0.01 N. The strain was raised from 0 to 15% at a rate of 2 % per min. The stress-strain 

plot was collected at room temperature and the Yong’s modulus was calculated. Due to the 

difference of the density, the compressive modulus was reported as normalized values on the 

basis of PF foam.  

7.3.7 Flexural Strength 

DMA was used to measure the flexural strength of the LPF foams. For this purpose a low 

friction 3-point bending clamp (20 mm type) was used. The foam samples were cut into a 

rectangular blocks (5 mm thickness, 10 mm width, and > 10 mm length). The flexural strength 

was measured under controlled force mode with a stress ramping from 0 to 0.5 MPa operated 

at 0.05 MPa per min at room temperature.  The flexural strength was obtained at the point 
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when the sample fractured. The flexural strain was also recorded to describe the bending 

properties of the LPF foam.   

7.4 Results And Discussion 

7.4.1 Thermal behavior 

The thermal behavior of the lignin-phenol-formaldehyde resols and phenolic foam were 

analyzed by DSC. In Figure 7.2a, the PF and lignin based LPF resols indicated the cross linking 

reaction between 150 -170 oC after the Tg transition. The PF presented good reactivity with a 

sharp peak at 163 oC, indicating the polymerization. Upon replacement of 20 % phenol with 

Kraft lignin (LPF-KL20), the cross-linking temperature shifted upwards, to 170 oC. Compared 

with, phenol carrying three active sites, the ionized Kraft lignin only has one active site per 

aromatic ring. Thus, due to the low reactivity of KL, a higher temperature was need for the 

curing process. In contrast, upon replacement of phenol with SiL, the cross-linking temperature 

of SiL-based resol approached that of PF resol. This can be explained by the fact that the vinyl 

groups in the SiL lignin contained more sites to from radicals and allow chain growth. 

Therefore, with the increased SiL/phenol ratio, the LPF-SiL resol could react at a lower 

temperature.     
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Figure. 7.2. Differential scanning calorimetry (DSC) analysis of Lignin-phenol-

formaldehyde resols (a) and phenolic foams (b) 

The LPF forms were tested by DSC to characterize the glass transition behaviors. As 

reported in our previous work, the Kraft lignin presented a glass transition temperature of 145 

oC and the modified SiL displayed a Tg at 121 oCThe lower Tg in the latter case is explained 

by the silicone-containing functions that endow an inherent higher molecular mobility. 

Replacement of phenol in the foam with Kraft lignin, by 20 %, resulted in a glass transition 

temperature of LPF-KL20 as high as 128 oC. However, in the case of SiL, the Tg shifted to 

lower temperatures. With 30 % phenol replacement level with SiL, the LPF-SiL30 foam 

presented a glass transition temperature at 105 oC, which was even lower than that of the PF 

foam (Tg of 114 oC displayed in Figure 7.2b). In sum, the SiL imparted more plastic properties 

to the phenolic foam and thus was expected to produce materials with higher flexibility and 

flexural strength. 

a b 
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7.4.2 Foam Morphology 

Figure 7.3 display the cross-section of PF, and lignin-based phenolic foams containing 

either KL or SiL. The same amount of resol was used in each type of phenolic foam. The PF 

foam presented lower density, owing to the good formability of the system. In contrast, KL-

based PF foam indicated a higher density while that based on SiL was intermediate: 0.052, 

0.066, and 0.051 g/cm3 for PF, LPF-SiL and LPF-KL foams, respectively  

 

Figure. 7.3. Photos of PF, LPF-SiL20 and LPF-KL20 phenolic foams  

A close-cell structure in the phenolic foams were observed by SEM, for all types of phenolic 

foams (Figure 7.4). The PF foam presented a homogenous close cell structure. The cells are 

relative small in size and evenly distributed. However, the KL-based phenolic foam contained 

cells that were not distributed as uniformly and large cells, reaching up to 500 µm in size, 

remained, and indicating an uneven pore distribution.  The PF foams were formed by 

polymerization of small molecules from phenol, formaldehyde and benzyl alcohol. During the 

curing process, the foam formed very fast. In contrast, KL is less reactive like phenol and is a 

relatively brittle, large molecule; thus, the cells did not formed evenly. However, SiL, being a 

PF LPF-SiL LPF-KL 
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more flexible molecule due to the presence of SiC and Si-O-C bonds, produced a better cell 

structure. During the curing process, the vinyl groups were active in crosslinking with other 

small radicals or oligomers and formed a relative homogenous system.  

 

   Figure. 7.4. SEM images of PF, LPF-KL foams and LPF-SiL foams varying with 

Phenol/SiL ratio. (Scale bars are 200 µm for the images) 

Compared with the PF foam, the LPF-SiL foams presented relative even but larger cells 

structures. Also, the cell size increased by increasing of the SiL/phenol ratio. The PF foam 

presented a cell size, between 80-120 µm. Substitution by 30 % with SiL, produced cell sizes 

that reached over 250 µm.  

7.4.3 Compression and Flexural Strength 

The compressive modulus was used to describe the mechanical properties of the phenolic 

foams. The conventional phenolic foams are very strong but brittle. As shown in Figure 7.5, 

the PF foam displayed a very good compressive strength, with a modulus of 1.9 MPa. As 

PF LPF-KL20 LPF-SiL20 

PF LPF-SiL20 LPF-SiL10 LPF-SiL30 
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expected, with addition of KL, the LPF-KL foam, with uneven cell structures, presented 

relative-low compressive strength. However, upon addition of SiL and compared with KL-

based foams, the compressive strength improved by phenol replacement at the 10 % level. 

With the future increased addition of SiL, the compressive strength was reduced because the 

large cells could not provide a level of support as that of the smaller, uniform structures.   

 

Figure 7.5.  Compressive Modulus of PF, LPF-KL foams and LPF foams varying with 

phenol/SiL ratios.  

In Figure 7.6, the bending strength of the phenolic foams were measured, which were 

described by flexural strength and the strain at the fracture point. The results indicated the KL-

based phenolic foam presented both low flexural strength and low strain at fracture point. The 

PF foam presented a relative high flexural strength but quite low strain at the fracture point, 
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which indicated a strong but not tough material. By suing a 10% phenol substitution level with 

SiL, the flexural strength was improved to 175 KPa. Based on the flexible properties of SiL, 

the LPF-SiL foams presented a large range of strength before fracture.   However, as the SiL 

content increased beyond 10%, this effect on the flexural strength became negative.  

  

Figure 7.6.  Flexural Strength of PF, LPF-KL foams and LPF foams varying with 

phenol/SiL ratios. 

7.5 Conclusions 

Lignin-based phenol-formaldehyde phenolic foams were successfully produced. The DSC 

analysis indicated silicone containing lignin (SiL) with better reactivity than Kraft lignin (KL) 

components in phenolic resol, due to the flexible vinyl groups. Compared with the KL-based 

foam, the SiL-based phenolic foam (LPF-SiL) presented lower Tg, which resulted from 

silicone’s natural molecular mobility. The SiL based foam formed uniform structures but with 

large cells for high SiL/phenol ratio. Compared with the KL-based foam, the LPF-SiL 
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presented relative high compression strength but it was reduced with the increase in SiL 

content. Compared with PF and LPF-KL foams, the LPF-SiL foams displayed a better flexural 

strength and tolerate a large strain before fracture. In brief, the LPF-SiL presented a good 

reactivity and flexibility to process phenolic foams.    
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8 Conclusions 

In this thesis, different lignin modifications successfully expanded the space for possible 

utilization of lignin. Kraft lignin was carboxymethylated to facilitate a high solubility in a wide 

range of pH of the aqueous phase. The degree of substitution (DS) was controlled by the ratio 

of monochloroacetic acid to lignin. The obtained carboxymethylated lignin (CML) presented 

limited surface activity, with a critical aggregation concentration of 3 % (25° C, pH 7) and low 

affinity with the aqueous phase at low pH or high salinity. Based on the CML properties, O/W 

emulsions were stabilized for a long time storage.   

An improved process was used in carboxymethylation to precipitate CML by dilute HClaq 

with high yields, low sulfur, and ashes.  The minimum surface tension reached values as low 

as 34 mN/m at room temperature. By taking advantage of the amphiphilic properties of CML, 

oil-in-water fuel emulsions with bitumen, kerosene, diesel, and jet fuel were stabilized. All the 

fuel emulsions indicated a shear thinning behavior, long term stability and normal size 

distribution, with average drop size < 2 μm. Finally the combustion analysis indicated O/W 

emulsions with a relative high HHV and, in certain conditions, low NOx, and CO emissions as 

well as relatively high combustion efficiency.   

Based on the surface activity of CML, liquid foams were produced and utilized for foam-

forming of paper. Compared to fiber-free, aqueous CML foams, fiber loading improved 

foamability and stability at high CML concentrations and low pH. The maximum air content 

reached values as high as 70 %, with small average bubble size, ~46 µm. Due to the small 
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bubble size, fiber flocculation was prevented during paper formation. Compared to water-

based papermaking, lignin adsorption on the fibers increased the bonded area between fibers 

and formed fibrils that improved the mechanical performance of the foam-formed paper.  

Disilazane reaction during extrusion was successfully applied to Kraft lignins to yield 

silicone- and vinyl- containing materials (SiL). The modified lignin was copolymerized with 

acrylonitrile (AN) oligomers to form a copolymer with excellent compatibility. Compared with 

the copolymers comprising unmodified Kraft lignin (PKL), the PSiL copolymers presented 

higher molecular weight due to a high reactivity and high system viscosity. The TGA profiles 

indicated that the copolymerization improved the thermal stability of SiL. The weight loss of 

the copolymer was reduced with increase of the AN/lignin ratio. In addition, DSC analysis 

indicated a relatively low Tg for SiL due to the silicone-containing structures, which improved 

the flexibility of the macromolecule. SEM images indicated good PSiL compatibility 

compared to that in PKL and PAN/lignin blends and displayed less aggregates in the 

membranes or films. Finally, the tensile strength of the composite film displayed a much higher 

tensile strength and strain (18 MPa and 55 % strain) indicating the flexibility of the PSiL 

copolymer. Therefore, due to good compatibility, flexibility and highly reactivity for 

polymerization, the PAN-SiL films are expected to be suitable as precursor of carbon films 

after thermal stabilization and carbonization. 

Lignin-based phenol-formaldehyde phenolic foams were successfully produced. The DSC 

analysis indicated silicone containing lignin (SiL) with better reactivity than Kraft lignin (KL) 

components in phenolic resol, due to the flexible vinyl groups. Compared with the KL-based 
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foam, the SiL-based phenolic foam (LPF-SiL) presented lower Tg, which resulted from 

silicone’s natural molecular mobility. The SiL based foam formed uniform structures but with 

large cells for high SiL/phenol ratio. Compared with the KL-based foam, the LPF-SiL 

presented relative high compression strength but it was reduced with the increase in SiL 

content. Compared with PF and LPF-KL foams, the LPF-SiL foams displayed a better flexural 

strength and tolerate a large strain before fracture. In brief, the LPF-SiL presented a good 

reactivity and flexibility to process phenolic foams.    

 

 


