
ABSTRACT 

JIMENEZ, JAVIER. The Preparation of Bio-Macromolecules for Fiber Formation. (Under 
the direction of Dr. Ericka Ford). 
 
 Globally, there is a growing awareness of environmental contamination and the 

presence of microplastics in aquatic systems. Public media outlets have popularized the 

basic understanding that plastics degrade less readily than materials from naturally based 

resources. Concerns over microplastic pollution has prompted the exploration and 

manufacture of more sustainable and biodegradable materials to replace fibers made 

from nondegradable synthetic resins. Synthetic fibers that are regenerated from 

biomaterials are viable alternatives to synthetics made from nonbiodegradable 

petrochemicals. Fiber processing from synthetic polymers is better understood than those 

from natural sources. Therefore, more study is needed on the topic of forming 

regenerated fibers from bio-macromolecules. 

 Regenerated fibers from the spider silk protein have been investigated for 

decades, however, the process of dissolving spider silk poses a challenge to the mass 

production of spun fibers. The most successful efforts for achieving dissolved spinning 

dopes of spider silk used hexafluoroisopropanol, a toxic and highly volatile solvent.  In 

2016, Jones et al. devised the method of applying heat and pressure through the use of 

a microwave to dissolve spider silk in an aqueous solution. However, there are concerns 

that microwave generated heat and pressure can adversely affect the molecular weight 

distribution of the native protein. In this study, recombinant Major ampullate spidroin 2 (a 

major protein in spider dragline silk) was dissolved into dilute formic acid using microwave 

induced temperatures of 80-125 ˚C and power outputs of 300 or 600 W. Molecular weight 



distributions were characterized by gel electrophoresis coupled with UV detection. No 

significant differences were observed between the location of protein bands along the gel 

array—indicating protein degradation as a result of microwave dissolution was 

unnoticeable. Nevertheless, the intensities of protein arrays from different microwave 

treatments did vary, but these variations were likely influenced by the concentration of 

dissolved protein within the supernatant of centrifuged samples. The concentration 

dependence of these arrays from centrifuged samples introduce ambiguity in the results. 

Therefore, absolute methods of molecular weight analysis are recommended for future 

study. 

 In 2013, 50 million tons of kraft lignin were released as a waste byproduct of the 

paper and pulping industry; however, only 2 % of the lignin byproduct was further refined 

for commercial use with the remaining 98 % being burned as low-value fuel. Ultimately, 

this underused biomaterial has potential use as an antiplasticizing additive for industrial 

fibers or in polymer blends for the manufacture of carbon fiber precursors. For the past 3 

decades, studies have tackled the use of kraft lignin in fiber blends, however, most of 

these studies have focused on processing methods for high performance fibers versus 

kraft lignin preparation. In this study, different techniques for preparation of kraft lignin 

were tested in relation to their effect on the mechanical performance of fibers spun from 

blends of lignin and polyacrylonitrile. Neat kraft lignin (NKL) was obtained from drying the 

kraft lignin at 65 ˚C. Water washed kraft lignin (WKL) was NKL stirred in distilled water at 

70 ˚C, followed by vacuum filtration, and dried at 65 ˚C. NaOH filtered kraft lignin (FKL) 

was prepared by stirring NKL under alkaline conditions at 70 ˚C, followed by vacuum 



filtration, neutralization of the filtrate with sulfuric acid, vacuum filtration with repeated 

cycles of water rinsing, and drying at 65 ˚C.  Each type of prepared kraft lignin was 

dissolved in dimethylsulfoxide (DMSO) at 85 ˚C for 5 h or sonicated for 5 h. 

Polyacrylonitrile was added to each solution, and fiber was spun to each sample’s 

optimum processability.  

 Under the kraft lignin/DMSO capillary viscometry analysis, WKL gave the highest 

intrinsic viscosity followed by NKL and lastly FKL. Assuming that each kraft lignin sample 

has the same chemical relationship between polymer and solvent, then its intrinsic 

viscosity is proportional to its molecular weight as described by the Mark-Houwink 

equation. However, further investigation is required to confirm its conclusion. In fiber 

processing, FKL dissolved via sonication (FKLS) resulted in the finest fibers (linear 

density of 3.83 denier) and the highest average tenacity at 3.70 g/den. However, FKL 

dissolved via heating (FKLH) showed significantly lower tensile properties regardless of 

having the next finest fibers in the study. WKL and NKL showed similar tenacities 

regardless of heating or sonication dissolution methods averaging between 3.26 and 3.03 

g/den. All combinations showed similar % strain at break and modulus. Analyzing the 

fracture tips of the sonicated lignin fibers, the SEM images show a clear fibrillated 

structure in FKLS fracture tips as opposed to both WKLS and NKLS indicating higher 

degree of orientation and crystal formation which is consistent with the higher tenacity. 

Further analysis is necessary to understand the change obtained in molecular weight 

distributions and chemistries of the resulting lignin materials with different preparation 

methods. 
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CHAPTER 1: INTRODUCTION 

 While the comfort and feel of a dry-fit shirt may not indicate it, many textiles today 

are composed of plastics. Common plastics such as polyesters, nylons, and elastomers 

have incomparable mechanical properties that naturally produced fibers, such as cotton 

and wool, can’t compete with. Due to such superior properties, the 2013 global demand 

of synthetic manufactured fibers was at 54.4 million tons, which accounts for 61% of the 

entire demand.1 However, while synthetic fibers have such a huge demand, due to their 

properties, they also have a more severe post-life effect on the environment than natural 

fibers. As the awareness of the impact plastics have within ecosystems increases, such 

as mainstream media’s attention to microplastics in the ocean, it is important to look for 

more biologically friendly alternatives to reduce the mass of plastics produced.  

 
Figure 1.1: 2013 Fiber Demand1 
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 Textiles have a product life distribution peaking at about 5 years before being 

discarded. To date, post-consumer use textiles (end-of-life textiles) do not undergo 

significant recycling rates and are either incinerated or discarded together with other solid 

waste.2 Once discarded, environmental factors and the textile’s characteristics determine 

deterioration rate. While a variety of factors such as yarn thickness and linear density 

affect the rate of degradation, as well as the addition of finishing treatments, the most 

influential variant on textile degradation is the actual fiber type.3, 4 Textiles composed of 

naturally resourced plant and animal fibers (such as cotton, linen, and wool) are readily 

attacked by microorganisms for consumption.4 In a study by Park et al., a soil burial test 

using AATCC Test Method 30-1993 was conducted for linen and cotton fabrics where the 

tensile strengths of fabrics decreased by 100% in about 16 days.5 Most synthetic fabrics 

are not readily subject to biodeterioration.4 In a study by Li et al., the authors measured 

the biodegradability of polyester fabric in laboratory and large-scale composting 

environments using ASTM D 5988-03 Standard Test Method for Determining Aerobic 

Biodegradation in Soil of Plastic Materials or Residual Plastic Materials After Composting. 

In this study, the carbon dioxide produced from bacterial digestion was monitored and 

integrated to determine the biodegradation rate. The polyester fabric, while showing a 

slight initial degradation, remained intact under both laboratory conditions and compost 

environment after 100 days.6 

 As a result, there has been a steady interest in more readily biodegradable 

polymers within the textile field. In Park et al., rayon, a regenerated cellulose fiber, 

deteriorated at a faster rate than cotton, linen, and acetate.5 Therefore, investigating the 
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methods of forming biomacromolecule fibers is important for creating more 

environmentally friendly products. 

1.1 Fiber Forming Polymers 

All living organisms are composed of long macromolecules called polymers. 

Whether it be DNA, proteins, or cellulose, it is a necessity for an organism’s survival. 

Other than naturally produced polymers, the 1900s saw the production of synthetic 

polymers from petroleum-based compounds. Polymers such as nylons, polyesters, and 

acrylics have revolutionized the materials world with their superior mechanical properties. 

One common area that has been heavily impacted is the textile field. Besides 

characterizing them by mechanical properties, fiber forming polymers are first grouped 

into two major classes: natural and synthetic. 

1.1.1 Natural Fibers 

Natural fibers, as can be inferred by the name, are made from living organisms. 

Within natural fibers, cellulose based fibers construct a majority of the apparel industry 

with cotton being the most common fiber type. However, cotton is only one of the many 

natural cellulosic fibers in the textile industry. Other common fibers are flax, hemp, and 

jute, all of which are formed from the same monomer, cellobiose (Figure 1.2). While these 

fiber types are made of the same monomer, their physical properties differ significantly 

due to their natural morphological structures. 
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Figure 1.2: Cellobiose Structure 

 
 

 The morphologies of most fibers are primarily dominated by non-crystalline and 

crystalline regions—hence being called semi-crystalline. The ratio of non-crystalline to 

crystalline regions, as well as their orientations, promote many of the physical properties 

of the fiber. In natural fibers, the ratio of crystallinity and orientation is set by the specific 

organism that it comes from.  

 
Figure 1.3: Protein Dimer 

 
 

Protein fibers also make up a portion of the apparel industry. In textiles, this fiber 

type is primarily dominated by wool and silk. Whereas cellulose is predominately 

composed of the cellobiose monomer, protein fibers are constructed by a polypeptide 

backbone with a varying combination of amino acid substituents (noted as Rx in Figure 

1.3). These different amino acid combinations result in significantly different properties, 
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even resulting in the difference between hair and silk. While silk fibroin is primarily 

composed of glycine, alanine, serine, and tyrosine (in decreasing order), wool keratin is 

primarily made of serine, glycine, leucine, glutamic acid, and arginine.7, 8 

 One specific protein that has been of interest has been spider silk. Along with the 

Bombyx mori silkworm, a distinct feature of spiders is the ability to produce silk. The orb-

web-spinning spiders can produce silk from six different types of glands with each of the 

six fibers having different mechanical properties as can be seen in Figure 1.4.9, 10 Various 

physical and mechanical properties of the different spider silks have been thoroughly 

investigated for decades and have shown that Major ampullate gland (dragline) silk to 

have nearly unmatched strength and elasticity with its tensile strength greater than steel, 

and of the same order of magnitude as Kevlar®, in addition to an elasticity of up to 35%.11 

Spiders use dragline silk to build the framework of their web, as well as its lifeline and 

walking thread to move through places safely. On top of its mechanical properties, 

dragline silk also has the ability to undergo super-contraction. When the dragline thread 

comes into contact with water or a relative humidity above 60%, the thread will start to 

swell radially. This swelling leads to an increase in diameter and a shrinking of length of 

about 50%.12-14 In nature, this property allows the reorientation of hydrogen bonds 

between the spider silk protein molecules during the uptake of water, thus plasticizing the 

fiber.15 These properties have driven a large demand in spider silk for centuries,  however, 

obtaining this silk has been significantly difficult primarily due to the territorial nature of 

the spiders and cannibalistic behavior making it difficult to commercialize spider silk 

production. 



   

6 
 

 
 

Figure 1.4: Six Orb Spider Glands and Respective Fiber Type10 

1.2 Dissolution of Polymers 

 Solubility is how well a given compound dissolves in a particular solvent. In organic 

chemistry, there are three broad solvent categories that a solvent could have and are not 

mutually exclusive. A solvent can be protic or aprotic, polar or apolar, and a donor or a 

nondonor. A protic solvent consists of molecules that can act as hydrogen-bond donors 

(ex: water, alcohols, and carboxylic acids) whereas aprotic compounds cannot act as 

hydrogen bond donors (ex: dichloromethane and hexane).16 

 A polar solvent has a high dielectric constant whereas an apolar solvent has a low 

dielectric constant. This is not to be confused with polarity. The dielectric constant (∈) is 

defined by the electrostatic law which gives the interaction energy E between two ions 

with charges q1 and q2 separated by a distance r: 

" = 	% &!&"∈ '  
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When a solvent has a high dielectric constant (∈), the resulting interaction energy 

between the ions are low. That means that the attractions between ions of opposite 

charge and repulsions between ions of similar charge are weak in a polar solvent. 

Therefore, a polar solvent can effectively shield ions from one another, acting as an 

insulator. Generally, if a solvent has a dielectric constant at 15 or greater, it is considered 

to be polar.16 Polar solvents are made of polar molecules, however, not all polar 

molecules are polar solvents. 

 Lastly, donor solvents consist of molecules that can donate unshared electron 

pairs, thus acting as a Lewis base. Methanol and water are examples of donor solvents. 

Nondonor solvents (such as pentane and benzene) cannot act as Lewis bases. 

 In determining a solvent for a compound, a rule of thumb is “like dissolves like.” A 

good solvent typically has some of the characteristics of the compound to be dissolved. 

For example, water is a protic, polar, donor compound. It is miscible with methanol, 

another protic, polar, donor compound. However, basing solubility on three binary ratings 

is an over simplified method for determining whether compounds are soluble or insoluble. 

For example, tetrahydrofuran (THF) is classified as an aprotic, apolar, donor solvent. 

Since THF can accept hydrogen bonds, it dissolves water (protic, polar, and donor) and 

many alcohols. However, because it most of its structure is hydrocarbon, it can also 

dissolve hydrocarbons such as benzene. This makes THF an excellent solvent for the 

reaction of water-insoluble compounds with water, but this is not clearly evident from the 

three characteristics. These three descriptors give trends in solubility behavior and can 

give an educated guess about relative solubilities of a given compound in different 
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solvents.16 However, there is a greater need to quantify the solubility of a given compound 

in a solvent, as well as how a miscible mixture interacts with a given compound. 

1.2.1 Solubility Parameters 

 To quantify solubility, Hildebrand and Scott defined solubility parameters that have 

been used to quantitatively characterize intermolecular forces between solvents and 

compounds for their compatibility. The Hildebrand solubility parameter (δ) is defined as 

the square root of the cohesive energy density:  

( = )"/+ 

 
E is the measurable energy of vaporization and V is the molar volume of the pure solvent. 

This in turn gives the numerical value of the solubility parameter in MPa1/2. Using the 

cohesive energy density, it is possible to compare a solvent and a solute material to 

predict solubility relations. However, the solubility parameter is limited to regular solutions, 

and does not account for associations between molecules such as polar, hydrogen-

bonding, and Van der Waals interactions.17 

 As a result, Charles M Hansen proposed the Hansen solubility parameters (HSP) 

in his PhD thesis in 1967. The basis of the HSP is that the total energy of vaporization, 

which Hildebrand proposed, is composed of several individual parts. They arise from 

(atomic) dispersion forces, (molecular) permanent dipole-permanent dipole forces, and 

(molecular) hydrogen bonding (electron exchange). Using these more detailed 

characteristics, materials with similar HSP have a high affinity for each other which cannot 

completely be said of the total or Hildebrand solubility parameter. For example, ethanol 
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and nitromethane have similar solubility parameters (26.1 vs. 25,1 MPa1/2, respectively), 

however, ethanol is water soluble whereas, nitromethane is not.17 

 The general equation for the assignment of Hansen parameters is that the total 

cohesion energy must be the sum of its individual energies that make it up: 

" = 	"#+"$+"% 

 
Where ED is the dispersion energy, EP is the polar energy, and EH is the hydrogen bonding 

energy. Dividing this by the molar volume gives the square of the Hildebrand solubility as 

the sum of the squares of the Hansen dispersion, polar, and hydrogen bonding 

components: 

&
' =

&!
' +

&"
' +

&#
'   

(" =	(#" + ($" + (%" 

 

These three parameters can be represented as coordinates in three dimensions known 

as Hansen space. The closer two molecules lie in Hansen space, the more likely they are 

to dissolve one other. The distance between two molecules in Hansen space is given by: 

(./)" = 4((#" − (#!)" + (($" − ($!)" + ((%" − (%!)" 

 
To determine whether two molecules are within dissolution range, an interaction radius is 

given (Ro). Ro is the maximum radial distance in Hansen space to dissolve a compound 

and is used to give the following relative energy difference (RED) of the system: 

."3 = ./
.(

 

 



   

10 
 

If RED < 1, the molecules have little energy difference and will dissolve. If RED = 1, the 

system will partially dissolve. If RED > 1, the system will not be miscible.17 

 The solubility parameters are linear, meaning that each of the three HSPs of a 

solvent mixture is a linear function of the composition. Therefore, the total value of each 

specific HSP is dependent on the volume fraction of each individual solvent in the form of 

the following equation where 4 is volume fraction: 

()*+,- = (4! × (!) + (4" × (") + ⋯+ (4, × (,) 

 
 Therefore, blends of solvents can be used in order to shift the overall system within 

the interaction radius of a solid. Additionally, the HSPs of copolymer systems could 

potentially be calculated if the ratios of monomers are known. However, this should only 

be regarded as an estimation since the subtleties of molecules are far more complex than 

the HSPs. Molecular size, shape, temperature and various other characteristics such as 

copolymer sequence come into play when looking at the dissolution of polymers.17 

1.3 Fiber Formation 

Within fiber spinning (Figure 1.5), there are two major techniques used: melt and 

solution spinning. Melt spinning is often preferred for its low cost and ease in production, 

however, what determines whether a polymer can be melt spun depends on the Gibb’s 

free energy equation where ∆H is change in enthalpy and ∆S is change in entropy: 

  ∆8 = ∆9 − :∆; 

 
Within this equation, at the melting temperature (Tm), ∆G is 0, therefore, the 

equation can be rewritten as the following: 
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  :. =	 ∆%∆0  

  
Within polymers, enthalpy (∆H) is positively correlated with the intermolecular 

forces between adjacent polymer chains. This can be any secondary force such as van 

der Waals, dipole-dipole, and hydrogen bonding forces. Entropy (∆S) is inversely 

dependent on the rigidity of the polymer chain. Rigid compounds along the backbone of 

a polymer (such as aramids) decrease the change in entropy and results in a higher Tm. 

Ultimately, if the melting temperature is greater than the degradation temperature of the 

polymer, the polymer cannot be meltspun due to degrading before melting. In the process 

of melt spinning, the polymer is heated to a molten state and extruded through a 

spinneret. Once extruded, the molten fiber is then cooled to form a solid fiber.18 

Within solution spinning, there are two major methods that differ in the coagulation 

step: wet and dry spinning. In both cases, the polymer is dissolved into solution to make 

a viscous material called dope. Once dissolved, the dope is extruded through a spinneret 

forming filaments. The extruded dope is then coagulated following either the wet or dry 

spinning method. In dry spinning, the spinneret is suspended in air with the extruded fiber 

flowing down into a take-up winder. Warm air blows past the fibers to further promote the 

evaporation of the solvent, thus precipitating the polymer into fiber form. 

In wet spinning, the spinneret is submerged into a coagulation bath which assists 

in the precipitation the polymer. The resulting fiber is then taken up on a winder. Due to 

having such a harsh precipitation step and being suspended in a liquid versus air, the 

viscosity of the dope within wet spinning can be lower than that of dry spinning. In either 

dry or wet spinning, fiber blends of different polymer types can be formed. In Chang et 
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al., 2015, a blend of polyacrylonitrile and nanocrystal cellulose was wet spun into a pure 

methanol bath resulting in a fiber.19 

 
Figure 1.5: Melt, Dry and Wet Spinning Techniques20 

 

The dry and wet spinning methods can also be used in conjunction with each other 

called dry-jet wet spinning. In this case, there is a small air gap in between the spinneret 

and coagulation bath. This air gap allows stretching of the dope thus promotes a higher 

orientation of the polymer system resulting in higher tenacity fibers as compared to wet 

spinning.21 

Lastly, gel spinning is a relatively new method of spinning. Gel spinning has been 

applied for the production of high-strength fibers with high mechanical properties.22 In 

earlier uses of gel-spinning, the solid content of the spinning solution ranged about 20-80 

percent making them highly viscous and similar to semi-solids. Modern adaptation 

reduced the solid content to 1-2% by using high molecular weight polymers while 

maintaining the high viscosity. In doing this, the resulting as-spun fiber is actually a gel of 
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the polymer and solvent which can be further stretched in post-spinning processing to 

further orient and strengthen the fiber.23 When conducting gel spinning, the coagulation 

step can be either dry or wet, but is typically done under dry-jet wet spinning. 

Within the fiber spinning process, the viscosity of the melt/dope is an important 

property to consider. Within melt spinning, the viscosity is heavily dependent on the 

molecular weight of the polymer and the temperature of the melt. In solution spinning, 

viscosity is dependent and positively correlated to the molecular weight and the 

concentration of the polymer within the dope. A high molecular weight polymer can be 

represented as a long chain. As the chains get longer, the amount to which they entangle 

also increases (Figure 1.6). The higher the concentration of chains also promotes 

entanglements. Within solution spinning, there is a balance between molecular weight 

and concentration to form the best viscosity for the dope. Too low of a viscosity can inhibit 

the dope’s processability since there are not enough entanglements to hold the dope 

together in fiber spinning. Too high of a viscosity can prevent dope flow through the 

spinneret. For high performance fibers, increasing the molecular weight of the polymer is 

advantageous to increase the strength of the resulting fiber.24 
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Figure 1.6: Extrusion with Many (left) and Few (right) Entanglements 

 
 

Once exiting the spinneret, external forces lead to the alignment of the polymers. 

Outside of the spinneret, the polymer matrix aligns parallel to the force induced by the 

winder. This alignment results in crystal formation within the precipitated polymer chains. 

Therefore, the greater the alignment, the larger the crystals. Crystal formation is preferred 

for high performance fibers in order to increase mechanical properties such as a tensile 

strength as well as Young’s modulus. If the polymer chains are not well aligned, this will 

lead to a greater proportion of non-crystalline regions which have lower tensile strength 

and modulus, but an increased elongation at break. These properties can also be tuned 

with post-extrusion procedures, such as drawing, where the as-spun fiber is heated and 

stretched to further align the polymers for a more crystalline fiber. Within drawing, as the 

fiber is heated to a specific temperature, the non-crystalline portions of the fiber are 

allowed to move freely whereas the crystalline portion is still held together due to the 
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dense presence of intermolecular forces. When stretched, the free moving non-crystalline 

portions of the fiber align themselves and once cooled form crystals thus increasing the 

crystallinity and ultimate tensile properties of the fiber.18 

1.4 Regenerated Biofibers from Biomass 

 Regenerated biomaterials date back to 1846 when Frederick Scheonbein first 

observed that cellulose pretreated with nitric acid could dissolve in a mixture of ether and 

alcohol. However, the resulting fiber was highly explosive.25 Nonetheless, various other 

methods of regenerating cellulose were investigated leading to viscose rayon—one of the 

most manufactured regenerated cellulose types, but also one of the most environmentally 

hazardous to produce. Since then, there have been large strives towards regenerating 

biomaterials into fibers. 

1.4.1 Regenerated Cellulose 

 Viscose Rayon, like many other regenerated fibers, generally follow the same 

methods in production: solubilize the natural polymer, extrude through a spinneret for 

fiber formation, and coagulate. The coagulation process can be either in a bath (which is 

the case for viscose rayon) or through evaporation with air, such as with acetate. With 

viscose rayon, however, a derivative of cellulose is created in order for it to dissolve into 

solution—in this case, the solvent water. The derivative is formed through a chemical 

reaction involving a solution of alkali and carbon disulfide. This cellulose derivative is 

ultimately reverted to the original cellulose structure once spun into a highly acidic 

coagulation bath, resulting in a release of carbon disulfide (Figure 1.7). The use of carbon 

disulfide is not only environmentally hazardous, but due to its extreme volatility, it is also 



   

16 
 

hazardous to workers, often leading to blindness, impotency, and malfunctions of the 

vascular systems and other organs.26 

 

Figure 1.7: Viscose Rayon Process27 
 
 

 Ultimately, there was a movement to solubilize cellulose without the necessity of 

creating a derivative. This movement became promising with the synthesis of N-

methylmorpholine-N-oxide (NMMO) to directly dissolve pulp without the derivatization of 

the cellulose. While the dissolution process is still not fully understood, it is commonly 

agreed that NMMO has the ability to disrupt hydrogen bonds amongst cellulose polymers 

and form new hydrogen bonds with itself and polymer chains forming a dope. This dope 

is extruded through a spinneret into a coagulating bath resulting in a fiber. The term 

“Lyocell” was used to designate the process, dope, and fibers produced.28 With the 

Lyocell process, a significantly more environmentally safe and efficient method could be 

utilized through NMMO recycling (Figure 1.8).  
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Figure 1.8: Lyocell Process with NMMO Recycling28 

 
 

 In addition to cellulose, other less common plant-based materials have been 

investigated for their possible application in fiber technology. Lignin is the world’s third 

most abundant biopolymer and is naturally produced in all plant types.29, 30 Being of such 

high abundance, there have been efforts towards incorporating the biomaterial into the 

polymer field. Due to the presence of a benzene ring within each of the different lignin 

monomers, various studies have looked into the carbonization of the different types of 

pure lignin for carbon fiber production. Meek et al. investigated the use of pure lignin in 

melt spinning to produce lignin fibers as a precursor to carbon fibers.31 They concluded 

that while it is possible to create carbon fibers from lignin, the mechanical strength is 

significantly lower than carbon fibers from polyacrylonitrile (PAN). Reasons for this can 

be due to the lack of crystallinity within lignin fibers thus resulting in low tensile properties 

of its resulting carbon fibers compared to commercially available PAN based fibers. 

Figure 1.9 shows the wide-angle x-ray diffraction results of resulting lignin (blue) and PAN 

(red) carbon fibers. The intensity is correlated to crystal formation. 
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Figure 1.9: WAXD Patterns From (A) 30-55 ˚ and (B) 16-35 ˚; (C) Chi Scan From -90 to 

90 ˚; and (D) WAXD Patterns for Lignin Carbon Fiber and PAN Carbon Fiber31 
 
 
1.4.2 Regenerated Protein 

 Of the protein polymers, the creation of silk fibroin was the primary motif of 

Frederick Scheonbein spearheading the regenerated materials field. Silk dates back to 

2640 BC, according to Chinese legends, when Empress His Ling Shi became interested 

in weaving the silk into fabric. Ever since, silk has been universally accepted as a luxury 

fiber resulting in high demand. However, the production of silk has mostly been limited to 

China, India, and Japan. Sericulture, the production of cultivated silk, begins when the 

Bombyx mori lays around 300 eggs on specially prepared paper, and are fed fresh, young 

mulberry leaves. After about 35 days and four moltings, the silkworms grow to about 

10,000 times heavier than when they hatched and are ready to spin a cocoon. In 2 or 3 

days, the silkworm will spin approximately 1 mile of silk filament and encase itself in a 

cocoon.25 

 Being a tedious process, efforts have been made to create regenerated bombyx 
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mori silk fibers. Ling et al., 2017 emphasized the advantages of animal-produced silks not 

only for their mechanical properties, but also due to the diverse applications in fiber-based 

products. However, many attempts to replicate such fibers have been unsuccessful in 

mimicking the natural mechanical properties. Ling et al. showed a bioinspired approach 

to spin regenerated silk fibrils by dissolving bombyx mori silk into a highly viscous and 

stable microfibril solution as opposed to completely eliminating the morphological history 

of the natural silk fibroin. Then, using a dry spinning method, a fiber was pulled from this 

nematic solution thus orienting the microfibrils and evaporating the solvent resulting in a 

material with the structural hierarchy and mechanical properties of natural silk.32 

 While this method is preferable in optimizing the mechanical properties of the 

regenerated fibers, an issue is that the process is still dependent on the harvest of bombyx 

mori silk. While that is possible with bombyx mori, other silks such as spider silk is 

restricted from harvesting due to their carnivorous nature. Therefore, the biological 

engineering of organisms for recombinant silk proteins have become the main source of 

spider silk protein, which, unfortunately, does not contain the same morphological 

structure as natural spider silk. Nonetheless, efforts have been made to increase the 

mechanical properties of regenerated biomaterials. 

1.5 Polymer Molecular Weight Analysis 

 In fiber formation, the molecular weight and concentration of the polymer dictates 

many of the rheological properties of the resulting dope. However concentration can be 

easily changed whereas molecular weight cannot. These rheological properties not only 

affect the processing parameters, but also the orientation and crystallinity of the resulting 
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fiber due to levels of entanglement. In addition, many of the dissolution methods could 

not only dissolve, but possibly degrade the polymer. Therefore, the analysis of molecular 

weight of polymer systems is important in fiber formation. 

1.5.1 Gel Electrophoresis 

 There are two types of methods to measuring molecular weights: absolute and 

relative methods. Absolute methods determine the exact molecular weight, such as 

through mass spectrometry.  Relative methods compare molecular weights to known 

standards. Gel electrophoresis is a common method of comparing molecular weights of 

various systems to a standard molecular weight spectrum. In gel electrophoresis, a 

polymer is dissolved into solution and forced through a gel (generally composed of 

agarose or polyacrylamide) by the application of an electric field. When the electric field 

is applied, the polymers move through the gel with the larger polymers going at a slower 

speed than the smaller molecules. A solution containing standard molecular weight arrays 

are also run with the polymer in its own respective lane to distinguish the molecular weight 

of the given polymer system. This results in polymer array composed of bands at different 

molecular weights as seen in Figure 1.10.33  
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Figure 1.10: Gel Electrophoresis Procedure33 

 
 

 While gel-electrophoresis is commonly used for characterizing the molecular 

weights of proteins, it has also been used for other polymer systems such as lignin. In 

Cherr et al., degraded macromolecular lignin was separated and characterized using 

several polyacrylamide gels.34 

1.5.2 Kinetic Viscosity 

 The viscosity of a polymer solution can be used to determine the molecular weight 

of the polymer. Viscometers are instruments that measure the viscosities of a fluid. 

Specifically, glass capillary viscometers are routinely used to measure the kinematic 

viscosities of a solution. In a capillary viscometer, the amount of time for a fluid of set 

volume to flow through a capillary is measured. In a Cannon-Fenske viscometer, as seen 

in Figure 1.11, the timing marks can be seen as E and F. Knowing the constant for a given 

capillary viscometer, the resulting kinematic viscosity can be calculated by multiplying the 

constant by the flow time. In addition to kinematic viscosity, other viscosities can be 

calculated which can give viscosity average molecular weight. 
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Figure 1.11: Cannon-Fenske Viscometer35 

 
 
 Dong D. and Fricke A., 1995, used capillary viscometry in addition with low-angle 

laser light scattering to develop the Kuhn-Mark-Houwink-Sakurada (KMHS) equation for 

kraft lignin in DMF solution.36 In the process of doing so, first the reduced viscosities at 

varying concentrations kraft lignin/DMF solutions were calculated. Figure 1.12 shows the 

process of calculating reduced viscosity at a given concentration. First, using a capillary 

viscometer, the flow time of the polymer-solvent solution (t) is divided by the flow time of 

the pure solvent (t0) to get relative viscosity. The specific viscosity is then calculated by 

subtracting 1 from the relative viscosity. Finally, each specific viscosity is divided by its 

correlating concentration to get reduced viscosity and is plotted against said 

concentration to end with a graph as seen on Figure 1.13. 
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Figure 1.12: Calculating Intrinsic Viscosity From Relative Viscosity37 

 
 

 
Figure 1.13: Reduced Viscosity Versus Concentration of Kraft Lignin in DMF at 318.2 

˚K36 
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 Ultimately, the intrinsic viscosity is finally calculated through extrapolating the y-

intercept of the reduced viscosity versus concentration curve. The same number should 

be extrapolated from the y-intercept of the inherent viscosity versus concentration curve. 

This, however, gives a single value for the intrinsic viscosity in that specific molecular 

weight range. In order to determine the constants for KMHS equation, an array of know 

molecular weights of kraft lignin must be used in conjunction with the equation where < is 

intrinsic viscosity, M is the molecular weight, K is a constant, and a is dependent on the 

polymer-solvent system: 

[<] = ?@1 

 
 Dong and Fricke achieved this by kraft lignin fractionalization, using low-angle 

laser light scattering to determine molecular weight, and obtaining the intrinsic viscosity 

of the different molecular weight systems to obtain the constants for kraft lignin in DMF. 

Using these constants, if there is a kraft lignin of unknown molecular weight, it could be 

calculated by dissolution in DMF and capillary viscometry. 

1.6 Thesis Objective 

 Biobased fibers come from biorenewable, non-fossil fuel sources, thus the 

adoption of biorenewable alternatives is a goal towards a more environmentally friendly 

materials industry. However, the problem is how to manufacture biobased fibers that rival 

the mechanical properties of synthetic fibers. Naturally produced biomaterials such as 

proteins and cellulosics have been investigated primarily through the use of wet spinning 

techniques, however, much of the research has focused on the manipulation of the 

spinning parameters. While important, an understanding of the biomaterial itself in 
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addition to the preparation of the biomaterial for spinning is necessary to further propel 

the properties of the resulting biobased fiber to rival those of synthetic fibers. 

 Therefore, the goal of this thesis is to investigate the preparation of bio-

macromolecules for the purpose of fiber formation, specifically the biomaterials MaSp 

protein and kraft lignin. Within fiber spinning, molecular weight significantly impacts the 

resulting fiber properties, therefore analytical tools such as gel-electrophoresis and dilute 

solution viscometry will be used to analyze the resulting molecular weight distribution of 

these biomacromolecules for the purpose of fiber formation. In addition, there will be 

special awareness of the chemistries involved in the fiber formation process, specifically 

within dissolution. 
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Chapter 2: Dissolution of MaSp2 via Formic Acid and Radiation 

2.1 INTRODUCTION 

2.1.1 Natural Spinning Procedure 

 In order to understand the chemical properties of the spider silk, it is useful to 

understand the process the proteins undergo in order to be spun. In the spider silk 

process (Figure 2.1), the MaSp proteins (both MaSp1 and MaSp2) are secreted by the 

epithelial cells lining the gland. The secreted protein is stored as a highly concentrated 

spinning dope. Towards the spinneret, the silk proteins pass three limbs of spinning ducts 

in which changes in their biochemical environment, extensional flow, and shear forces 

occur. Ultimately, the preliminary dragline silk fiber exits the gland through the spinneret 

and is finish by post-spin drawing and evaporation of the remaining solvent in air.15 

 
Figure 2.1: Spider Silk Processing15 

 

 The stability of proteins in aqueous solutions is affected by the surrounding ions, 

specifically the chaotropic (salting-in) ions which stabilize soluble proteins and 

kosmotropic (salting-out) ions that promote structure formation and protein aggregation 

(Figure 2.2). Within the dope, the presence of salts such as sodium chloride inhibit 

aggregation and assembly of the silk protein thus preventing liquid-liquid phase 
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separation. In passing through the first spinning duct, the proteins go through various 

salting-in/-out effects during their structure formation. These changes include an increase 

in potassium and phosphate concentration and a decrease in sodium and chloride 

concentration. It was observed that the increase of a kosmotropic environment and a 

decrease in pH at subcritical protein concentrations resulted in a liquid-liquid phase 

separation leading to an increased protein concentration in a high-density phase.38 
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Figure 2.2: a) Effect of Salts on Proteins, b) Liquid-Liquid Phase Separation, c) 
Importance of Elongational Flow and Mechanical Drawing on Fiber Formation15 

 

 After the liquid-liquid phase separation comes the liquid-solid phase transition that 

is initiated by a rapid water removal resulting in a semi-solid intermediate fiber that is 

moved through the duct and ultimately exits through a valve.39, 40 At this point, the semi-
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solid behaves like a viscous non-Newtonian fluid that shows shear-thinning behavior 

analogous with the formation of various textile fibers. Finally, the liquid-solid transition is 

completed after exiting the spigot where a combination of drawing and loss of water via 

evaporation in air results in improved mechanical properties of the fiber.41 As noted 

before, post-spinning procedures, such as drawing, is common for the production of 

filaments as drawing further increases the alignment of the polymers (in this case 

proteins) to increase the crystallinity and overall mechanical properties of the fiber. 

2.1.2 Spider Silk Solubility 

 When looking at the solubility parameters of spider silk, it is important to 

understand the general chemistries of the amino acids present in its proteins. Looking at 

the MaSp’s, MaSp1 typically has a repeat of A(n), GA, and GGX where A is alanine, G is 

glycine, and X can be either alanine, leucine (L), glutamine (Q), or tyrosine (Y). MaSp2 

on the other hand typically has a repeat of A(n), GPG(X)n and QQ where P is proline.42, 43 
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Figure 2.3: Comparison of Prominent Amino Acids Between MaSp1 and MaSp2 
 
 

 MaSp1 and MaSp2 have similar major components in their amino acid sequences, 

with most of it being composed of alanine, glycine, and glutamine. Glutamine has a double 

bonded oxygen adjacent to a primary amine, resulting in hydrogen donors and acceptors. 

However, most of the sequence is composed of nonpolar alanine and glycine. Due to this, 

various attempts to dissolve spider silk have been based on bombyx mori silk dissolution 

which has a similar amino acid sequence. 

 While in nature the spider silk is dissolved through an array of acid/base and salt 

exchanges, that method is currently not replicable on a mass scale with the goal of the 
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formation of recombinant spider silk. Due to this, researchers have looked into more direct 

approaches for the dissolution of spider silk, with the most effective method being 

hexafluoroisopropanol (HFIP). While HFIP is the most effective, it is still not ideal due to 

cost and environmental safety. As a result, there have been various studies looking into 

the dissolution of spider silk in aqueous solutions. Within these methods, it was noted that 

the use of microwave heating was critical in the dissolution of the protein as opposed to 

heating via convection.44, 45 However, there have been studies indicating that the 

degradation of polymers with microwave irradiation happens on a significantly faster time 

scale compared to convection heating.46 

2.1.3 Recombinant Spider Silk Protein 

 For a majority of the work on spinning spider silk, much of the effort has been for 

the production of regenerated spider silk. Regenerated signifies that the raw material is 

natural spider silk. However, this method is industrially unrealistic due to the cannibalistic 

nature of the spiders resulting in difficult farming strategies. As a result, efforts have been 

made to mimic native spider silk by using modern bioengineering techniques to create 

recombinant spider silk protein.47 

 The two main proteins that make up the dragline silk is Major ampullate Spidroin 

1 (MaSp1) and Major ampullate Spidroin 2 (MaSp2) with their natural molecular weights 

ranging from 250-350 kDa.9, 48 While the geneyic information of these proteins have still 

not been completely sequenced, studies have shown that the amino acids are organized 

as several basic motifs repeated hundreds of times in silk protein with the five most 

predominant amino acids being glycine, glutamine, alanine, proline, and serine (Figure 
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2.4).49 Due to its repeatability, several groups have produced recombinant spider silk 

proteins based on MaSp1 or MaSp2 in an array of organisms including E. coli, yeast, 

tobacco, silk worm, mammalian cell, or even goats.50-52 However, even with the 

production of each individual protein through other organisms, MaSp1 and MaSp2 

naturally coexist in the silk gland and are later spun into a single fiber versus being 

separated and combining after production.39 To this day, how MaSp1 and MaSp2 interact 

during fiber assembly and their roles in the fiber mechanical properties are still unknown.47 

Figure 2.4: Five Most prominent Amino Acids in Spider Silk49 
 
 

2.1.4 Research Objective 

 A viable method for the large-scale production of spider silk has been a goal for 

various industries. However, due to the cannibalistic behavior of spiders, harvesting 

natural spider silk has been a barrier leading to investigations towards the production of 

recombinant spider silk protein.  In addition to the production of such protein, the 

dissolution of recombinant spider silk protein has also been seen as a hurdle in the 
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formation of the silk. Latest research has indicated that the use of microwave radiation 

assists in the dissolution of spider silk protein more than heating in acidic solvents. 

However, there is a lack of studies on the effect of microwave radiation on the molecular 

weight distribution of the recombinant protein while studies have noted that microwave 

radiation can reduce the degradation time of polymers compared to heating. 

 The goal of this study is to investigate the effects of microwave induced heating on 

the molecular weight distribution of recombinant MaSp2 protein in a dilute formic acid 

solution. 

2.2 Materials 

 Recombinant Major ampullate spidroin 2 protein paste (20 % protein w/w) supplied 

by Technology Holding, 99% formic acid (Acros, USA), distilled water (Food Lion, USA), 

10x Tris/Glycine/SDS Buffer, USA), 4x Laemmli Sample Buffer (Bio-Rad Laboratories, 

USA), Mini-PROTEAN TGX Strain-Free Precase Gels (Bio-Rad Laboratories, USA), Mini-

PROTEAN Electrophoresis System (Bio-Rad Laboratories, Inc., USA), Gel Doc EZ (Bio-

Rad Laboratories, Inc., USA), Image Lab software (Bio-Rad Laboratories, Inc., USA). 

2.3 Methods 

2.3.1 Dissolution Process 

 Convectional heating with formic acid solutions were investigated for the 

dissolution of MaSp2 protein in the following samples:  

1) 1 g protein paste, 0.4 g calcium chloride, and 10 mL formic acid left at 

room temperature (RT) for 3 days 
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2) 2 g protein paste in 15 mL water:formic acid (2:1) sonicated for 3 h and 

heated and mixed at 70 ˚C for 1 h 

3) 2 g protein paste in 10 mL water:formic acid (1:1) sonicated for 3 h and 

left at room temperature for 2 weeks 

 1 g of the MaSp2 protein paste and 10 mL 100mM formic acid was loaded into the 

MARS microwave container. The sample was microwaved by using a ramp rate of 1 

second to the desired temperature and then held to said temperature for 20 seconds. This 

was conducted at wattages of 300 and 600 W (see Table 2.1). Then, the samples were 

centrifuged for 1 hour at 3000 rpm. The supernatant of each sample was collected for 

analysis. 

Table 2.1: Microwaved Protein Parameters 
Sample Name Wattage (W) Temperature (˚C) 
300W80 300 80 
300W100 300 100 
300W125 300 125 
600W80 600 80 
600W100 600 100 
600W125 600 125 

 
 
2.3.2 Gel Electrophoresis Process 

 As a control, 0.1 g of MaSp2 in 1 mL 100mM solution of formic acid was heated in 

an 80 ˚C oven for 30 minutes. A 2.2 µL aliquot of each of the sample’s supernatant was 

mixed with 19.8 µL of 1X TRIS/glycine/SDS running buffer and 7.5 µL 4X Laemmli sample 

buffer. Each sample was then mixed via vortex and heated to 90 ˚C for 10 minutes in a 

Fisher Isotemp Dry Block Heater to denature the samples. Once heated, the samples 

were centrifuged at 3000 rpm for 5 minutes. 20 µL of each sample was loaded into their 
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respective gel lane and a 300 V current was used for 15 minutes. Once completed, the 

gel was removed from the chamber and analyzed for 10 minutes through UV analysis via 

the Gel-Doc EZ system. 

2.4 Results and Discussion 

 Table 2.2 shows the dissolution of protein paste in differing formic acid solutions. 

Sample 1 resulted in the most dissolution of the protein, however, it also resulted in a 

purple color. This could be indicative of degradation of the protein. Samples 2 and 3 

contain more dilute formic acid solvent systems which result in the least dissolution of the 

protein. 
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Table 2.2: Dissolution of Recombinant MaSp2 Protein in Formic Acid Solutions 
Sample Composition Dissolution Comments 

1 

1 g protein paste 
0.4 g calcium 
chloride 
10 mL formic acid 
RT for 3 days 
 

 

Protein was fully 
dissolved but was 
purple in color. 
 
Indication of 
protein 
degradation. 

2 

2 g protein paste 
15 mL water:formic 
acid (2:1) 
RT sonication 3 h 
70 ˚C for 1 h 

 

Protein was not 
fully soluble 

3 

2 g protein paste 
10 mL water:formic 
acid (1:1) 
RT sonication 3 h 
RT for 2 weeks 

 

Protein was not 
fully soluble 

  

 After being microwaved, the centrifuged proteins are shown in Figure 2.5. As can 

be seen, the 300W, 80 and 100 ˚C samples have a higher quantity of undissolved protein 

compared to 125 ˚C. This difference in solubility could be due to the higher temperature 

and pressure of denaturing the protein. The same can be seen in the 600 W samples.   
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Figure 2.5: Post-Centrifuged Microwaved Protein 

 
 

 After gel-electrophoresis was conducted, a 10 min UV absorbance analysis was 

conducted and shown below. Each lane represents the molecular weight distribution of 

the supernatants seen in Figure 2.6. Due to a difference in protein concentration between 

each sample’s supernatant, there is a resulting difference in contrast of each sample’s 

lane. These factors could make it difficult to compare molecular weight distributions of 

different samples. Nonetheless, looking at each lane and their respective bands, each of 

the bands are present across the lanes. The absence of differences indicate that the 

molecular weight distribution does not change by varying the temperature and wattage. 

Additionally, while the upper portion of the lane is difficult to discern, there is also little 

notable difference between the protein dissolved in the 80 ˚C oven versus those in the 

300W80 300W100 300W125

600W80 600W100 600W125
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microwave inferring that microwave radiation does not change the molecular weight of 

the MaSp2 protein. 

 
Figure 2.6: Gel Electrophoresis of Dissolved MaSp2 

 
 

2.5 Conclusion 

 MaSp2 protein was dissolved in 100 mM formic acid using a microwave and 

varying the desired temperature and wattage in contrast to the control. Based on the 

arrays from gel electrophoresis, there is no significant difference in the molecular weight 

bands when varying temperature and wattage in microwave-induced heating, nor with 

convection heating. Microwave radiation is a more effective method for protein dissolution 

in aqueous solvents than convection heating with no noticeable polymer degradation. In 

addition to its effectiveness, microwave-induced dissolution reduces time to < 1 minute in 
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contrast to hours via convection heating in harsher solvents. Higher temperatures, up to 

125 ˚C, lead to greater dissolution of protein in aqueous solvents. 
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CHAPTER 3: Kraft Lignin Preparation for the Fiber Formation of 
Polyacrylonitrile/Kraft Lignin Blends 
 
3.1 INTRODUCTION 

3.1.1 Lignin: Abundant Byproduct in The Paper Industry 

 The major production of lignin comes from the paper and pulp industry. Being 

considered a low-quality and low-added-value material, lignin is often removed from 

paper during manufacturing to improve the quality and life of the paper due to its possible 

chemical degradation within paper. Therefore, in 2013 the pulp and paper industry alone 

produced an estimated 50 million tons of extracted lignin, but only 2% of it was used for 

commercial products (dispersing and binding agents); the rest was burned as low-value 

fuel. With the 2013 average gross price of $660 per metric ton of dry solid, the 2 percent 

recovered alone equates to a 730-million-dollar market. Table 3.1 characterizes the 

different types of lignin produced in 2013 worldwide.53  

Table 3.1: Approximate Worldwide Lignin Production53 

Lignin Type World Annual 
Production (Tons) 

Low purity lignin, including 
hydrolysis lignins 50,000,000 
Lignosulfonates & oxy-
lignins 1,000,000 

Commercial kraft lignin 60,000 
Organosolv lignin 1,000 

 
 

3.1.2 Lignin Structure and Distribution 

 Lignin is the world’s third most abundant biopolymer and is naturally produced in 

all plant types.29, 30 Within the plant, lignin can be morphologically defined as a 3-

dimensional polymer that permeates cellulose, hemicellulose, and the spaces in between 
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the cells to strengthen the overall structure.54 It has been commonly analogized as the 3-

dimensional glue not only holding the plant together, but also forming a scaffold for the 

plant to grow above ground level.55 

  
Figure 3.1: Structural Model of Softwood Lignin56 

 
 

Being a complex 3-D matrix, lignin has been difficult to characterize through 

chemical classifications, however, efforts through various different isolation tactics have 

been compiled to give a rough estimate of the composition. Lignin in itself takes up 20-

35% of the weight in wood (including both softwood and hardwood) and ranges between 

3-25% of the weight in non-wood plants.53 Gymnosperm, or softwood, lignin is primarily 

made up of the coniferyl alcohol monomer. This plant type is special because it is the only 

one whose lignin contains a nearly homogeneous monomer makeup which can be seen 

in Figure 3.1. The next type is dicotyledonous angiosperm, or hardwood, lignin which 
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contains primarily coniferyl and sinapyl alcohols. Lastly, monocotyledonous angiosperms, 

or grass/annual plant, lignin contain all coniferyl, sinapyl, and coumaryl alcohols (Figure 

3.2).30, 54 The detailed approximate composition of all three plant types are shown in Table 

3.2. 

 
Figure 3.2: Coniferyl (1), Sinapyl (2), and Coumaryl (3) Alcohol30, 54 

 
 

Table 3.2: Approximate Lignin Monomer Composition57 

Plant Type 
Coniferyl 

(1) Sinapyl (2) 
Coumaryl 

(3) 
Softwood 95% 1% 4% 
Hardwood 49% 49% 2% 
Grass/Annual 
Plant 70% 25% 5% 

 

However, even with the homogenous monomer makeup of softwood in Figure 3.1, 

adjacent monomer bonding patterns vary significantly. Because of these irregularities, 

lignin is a difficult biomaterial to characterize. Nonetheless, studies have looked into the 

most likely coupling systems for lignin monomers. Freudenberg noted that lignin 

precursors go through coupling via enzymatic dehydrogenation which is initiated by an 

electron transfer and yields resonance-stabilized phenoxy radicals as seen in Figure 



   

43 
 

3.3.58 Sangha et al. investigated the energies required for each type of coupling 

mechanism and noted that 8-O-4 (ether bond), 8-8, and 8-5 were the most favorable for 

softwood lignin whereas 5-O-4, 5-5, and 8-1 were less favorable of possible coupling 

mechanisms.59 

 

Figure 3.3: Formation of Resonance-Stabilized Phenoxyl Radicals60 
 
 

3.1.3 Lignin Extraction Techniques 

Regardless of the irregularities in monomer bonding, investigation into 

delignification resulted in three primary pulping techniques that are used today: soda, 

sulfite, and kraft pulping. While it is the oldest of the chemical pulping processes, the soda 

process is now almost exclusively used for the production of chemical pulps from annual 

plants such as sugar cane, flax, and cereal straws.61 Invented in 1851 by Burgess and 

Watts,62 soda pulping is not as an effective pulping process as kraft or sulfite when applied 

to either hardwoods or softwoods. In addition, because of the relatively high ash content 

from the raw materials, annual fiber pulp mills usually face the serious problem of high 

inorganic content. This restricts their ability to use chemical recovery methods similar to 

the kraft process. However, the lignin produced from soda pulping of annual fibers is 

potentially a very useful material due to the absence of sulfur introduced into their 
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chemical structure. In addition, they have interesting thermal and solubility properties that 

make them especially valuable in certain commercial applications.57 

The soda pulping method is the most basic method which led to the branching of 

kraft and sulfite pulping. In the soda process, wood chips are digested in alkali condition 

under heat and pressure.54 The main focus of this method is to cleave the lignin polymer 

into smaller, more readily soluble fragments as well as induce a charge on the lignin. As 

seen in Figure 3.4, the initial cleavage of the alpha bond (represented as the top reaction) 

is readily performed. However, the cleavage of the beta bond (bottom reaction) is the rate 

limiting step in the entire procedure. Due to its slow reaction, this led to investigation of 

faster mechanisms for delignification.60 Nonetheless, the lignin can then be precipitated 

out through acidification due to its reprotonation. 

 
Figure 3.4: Soda Pulping Procedure60 

 
 

Recent developments have been made for the improvement of the soda process 

leading to the addition of oxygen into the process (Figure 3.5). Since its great expansion 
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in the 1960s, there has been significant interest in this method due to the substantial 

reduction in water pollution. Not only does this method not use organic solvents such as 

the sulfite and kraft process, but it also reduces the chemical oxygen demand of the 

reaction which is beneficiary to the environment, specifically the aquatic life. Currently, 

most soda processes run for 60 minutes under a net pressure of 250 kPa at 90-110 ˚C. 

With the incorporation of oxygen to the soda process, the beta cleavage by hydroxyl 

groups isn’t the rate determining step. Instead, the oxygen forms radicals leading to a 

wide array of resulting structure changes as noted in Figure 3.5.63 However, while this is 

a faster mechanism for delignification, it does not produce a homogeneous lignin product 

which could be problematic for commercial usage. 

 
Figure 3.5: Examples of Oxidative Reactions of Phenolic Lignin Structures During 

Oxygen Delignification. R is -H, -OAr, -Ar or an Alkyl Group63 
 
 

The first chemical wood pulp mill using a calcium based sulfite liquor was built in 

Sweden in 1874 followed by a mill in the US in 1882 and a mill in Canada in 1888.64 From 
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there, the sulfite pulping process became the dominant chemical pulping process for 

wood until the kraft process started to expand in the 1930’s. In the early twentieth century, 

a small number of sulfite pulp mills began to consider the potential commercial value of 

purified lignosulfonates and initiated investigations as well as commercial development. 

This led to the development of commercial products from the organic components of the 

sulfite liquor and a milestone was created in the commercial development of lignin 

products. Being the catalyst in commercialization, Marathon Corporation based in 

Wausau, Wisconsin began a movement towards lignosulfonate products and, after 

passing through several corporate hands, is now the North American flagship site of 

Borregaard LignoTech, Inc., the major supplier of lignosulfate products57  

In sulfite pulping, two types of reactions occur that are responsible for 

delignification: hydrolysis and sulfonation.63 Wood chips are digested at a temperature of 

125-145 ˚C under pressure in an aqueous solution containing sulfur dioxide and a salt of 

sulfurous acid for a period of time ranging from 8 to 24 hours, depending upon the 

temperature and nature of the pulp desired.54 First, the lignin goes through hydrolysis 

breaking down the alpha bond and is followed by sulfonation which generates hydrophilic 

sulfonic acid groups. The reduction in molar mass and increase in polarity improve the 

hydrophilicity of the lignin which increases its water-solubility. These two reactions can 

be performed in either acidic or alkali conditions as seen in Figure 3.6.63 
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Figure 3.6: Sulfite Pulping in (a) Acid and (b) Alkali Conditions. R is -H or Aryl Group, 

R’ is Aryl Group63 
 
 

However, due to the inability of the sulfonate groups to lose their charge through 

reprotonation, they cannot be precipitated out by acidification.65 Membrane filtration, 

especially ultrafiltration, has been recognized as a commercial process for recovering 

lignosulfates66, but unfortunately ultrafiltration is not the most economical method for 

recovering lignosulfonates, despite being the best currently available process.67 An 

alternative method to recovering lignosulfonates is the Howard method. Within the 

Howard method, calcium oxide (lime) is added to the lignosulfonate liquor to precipitate 

calcium sulfite at a pH of 8.5, which can then be filtered and removed.68 This is repeated 

until the excess sulfite is removed from the solution resulting in calcium lignosulfate which 

is solid at a pH greater than 12. With such conditions, calcium lignosulfonates may be 
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washed and filtered.69 In addition, recent studies have worked on desulfonating the 

lignosulfonate salt in order to achieve lignin that can precipitate out in neutral conditions. 

Ye et al. successfully desulfonated ligninosulfonate salt by first treating it in alkali solution 

at 180 ˚C for 3 hours, then cooling to 90 ˚C and adding sulfuric acid. The simplified 

mechanism is shown in Figure 3.7. While this method removes about 50% of the 

sulfonate, it also results in an approximately 73% decrease in molecular weight.70  

 
Figure 3.7: Desulfonation of Lignosulfonate70 

 
 

 As noted before, in the 1930s the kraft process started to displace the sulfite 

process as the primary chemical wood pulping technology with the invention of the 

Tomlinson chemical recovery furnace. Even though the sulfite chemical pulping industry 

had built a solid foundation at that time, it has been steadily declining ever since. In 1942, 

at Charleston, South Carolina, the Westvaco Company started to produce lignin products 

from the black liquors obtain from kraft pulping of softwoods and hardwoods. The 

company, now called MeadWestvaco Corporation, continues to dominate the production 

of kraft lignin.57 

During kraft pulping, wood chips are treated with a mixture of sodium sulfide and 

sodium hydroxide. This mixture is brought into a large pressure vessel called a digester 
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and raised to 170 ˚C for two hours, or to the degree of delignification (lignin removal). 

While in the digester, the hydroxide ion cleaves the alpha bond just as it is done through 

soda pulping. However, instead of the hydroxide ion also cleaving the beta bond, the 

more nucleophilic hydrosulfide ion readily cleaves it.61 The sulfur molecule is then cleaved 

from the lignin with further heating.71 This procedure is summarized in Figure 3.8 starting 

with lignin in alkali conditions. The lignin can then be precipitated out by acidification. 

 
Figure 3.8: Kraft Pulping Procedure71 

 
 

While the majority of lignin produced is a byproduct of chemical pulping, some 

processes are designed to isolate what can be considered as “native lignin.” Acid 

hydrolysis is a method of isolating lignin with a structure similar to natural lignin.57 

However, unlike the delignification methods mentioned earlier, acid hydrolysis solubilizes 

the cellulose and hemicellulose leaving the lignin behind. To produce acid insoluble lignin, 

also called Klason’s lignin, there must first be a pretreatment of the wood chips to 

separate the cellulose, hemicellulose, and lignin, since the integration inhibits the velocity 
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and efficiency of saccharification.72 Pretreatments such as steam explosion73, dilute acid 

hydrolysis74, and ammonia fiber explosion63 serve to disrupt the physical and possible 

chemical relationships between the cellulose, hemicellulose, and lignin.57 

The acid hydrolysis method was originally suggested by Klason and is based on 

the hydrolysis and solubilization of cellulose and hemicelluloses from pre-extracted wood 

pulp samples first with 72% sulfuric acid and then a final hydrolysis is made with 3% 

sulfuric acid. The insoluble residue is then washed and dried. Details of the method were 

classified by the Technical Association of the Pulp and Paper Industry as Official Test 

Method T222 om-83. 

3.1.4 Lignin Uses in Fiber Formation 

When looking at lignin applications in polymer science, lignin has received 

significant attention after its discovery of being a possible precursor to carbon fibers. 

Being a superior reinforcement to composite materials, carbon fiber composite products 

are routinely used in sports equipment, and in aircraft and automotive industies to name 

a few. In 2013, at least 100,000 tons of carbon fiber was produced worldwide.75 However, 

it’s widespread use has been limited due to the precursor cost, yield, and processing cost 

in carbon fiber production.76 There are three main materials that are currently used for 

commercial production of carbon fibers: pitch (petroleum or coal), rayon, and 

polyacrylonitrile (PAN). Of the three, PAN is the most widely used due to its being in fiber 

form (Figure 3.9) with a high degree of molecular orientation, higher melting point, and a 

higher yield of carbon.77 However, the preparation of PAN fibers is still expensive due to 

raw material costs, yield, and slow graphitization.76 
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Figure 3.9: Conversion of PAN to Carbon78 

 
 

 To combat the high cost of carbon fibers, lignin has been explored as a possible 

precursor. Due to the presence of a benzene ring within each of the different lignin 

monomers, various studies have looked into the carbonization of the different types of 

pure lignin for carbon fiber production. However, Meek et al. reported low mechanical 

strength of pure melt-spun lignin fibers due to lack of crystallinity.31 In order to 

accommodate for this lack of crystallinity, researchers have investigated blending lignin 

with PAN through solution spinning techniques. In PAN/lignin blends, antiplasticizing 

effects were seen with the addition of lignin.79 Antiplasticizing agents “toughen” the 
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material due to their strong attractive intermolecular forces with the polymer matrix 

whereas plasticizing agents both decrease the glass transition temperature and “soften” 

the polymer matrix.80 Within lignin and polyacrylonitrile, these intermolecular forces are 

most likely hydrogen bonding between the nitrile groups of the PAN and the hydroxyl 

groups of the lignin. These strong intermolecular interactions can ultimately aid in the 

orientation and crystallinity of the lignin. As the PAN fibers align in the extrusion process, 

the lignin follows due to these interactions, thus orienting the lignin which aids in the 

crystallization of lignin polymers. In a 75:25 PAN:kraft lignin polymer blend, an increase 

in mechanical properties was seen with little loss in crystal size (Table 3.3).79 

Table 3.3: 75:25 PAN/Kraft Lignin Fiber Properties79 
 PAN PAN/SWL 

Tensile modulus (GPa) 14.7±0.8 16.0±0.6 
Tensile strength (Mpa) 624±61 776±50 
Strain to failure (%) 8.7±0.5 8.6±0.4 
Fracture toughness (Mpa) 31.3±3.0 37.2±4.8 
Herman's orientation factor 0.82 0.82 
Crystal size (nm) 11.8 9.3 

 
 
 Due to its antiplasticizing effects, lignin has additionally been of interest as an 

additive to other polymer matrices to strengthen their fibers. However, studies have 

shown that with attempts to melt extrude lignin/polypropylene (PP), as well as 

lignin/polyethylene (PE) fibers, the mechanical properties were significantly lower than 

the lignin-free fibers (Figure 3.10).81 While the melt extrusion of PP/lignin and PE/lignin 

fibers lead to lower mechanical properties, additional studies have shown that the solution 

spinning of lignin/Poly(vinyl alcohol) (PVA) fibers result in an increase in tensile strength 

as seen in Figure 3.11. Note that the neat PVA could not be extruded into a 15/85 
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methanol/acetone solution due to the PVA gel fibers turning opaque and becoming too 

brittle.82  

 
Figure 3.10: Tensile strength of Lignin/PE (left) and Lignin/PP (right)81 

 
 

 
Figure 3.11: Tensile Strength of Lignin/PVA with 100/0 (left) and 15/85 (right) 

Methanol/Acetone Coagulation Bath82 
 
 

 The reasons behind the difference in mechanical properties of the lignin melt spun 

with polyolefins versus lignin wet spun with PVA could be due to the weaker 

intermolecular interactions between lignin and the polyolefin polymer matrix. While lignin 

has the ability to be a hydrogen bond donor, PP and PE cannot act as an acceptor. 

Therefore, lignin could have acted as a plasticizer to the polyolefins as compared to an 
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antiplasticizer to PVA due to the lack or presence of hydrogen bond interactions. 

3.1.5 Limitations with Lignin 

 Currently, lignin has primarily been limited as an additive in fiber formation due to 

its low molecular weight (Table 3.4).  

Table 3.4: Number Average Molecular Weight of Commercial Lignin57, 83 
 MN (g/mol) 
Softwood kraft lignin 2000 
Softwood lignosulfonate 400-150000 
Soda lignin from Straw 
Acid Hydrolysis 
Oxidized Acid Hydrolysis 

2300-2900 
2000 
140 

 
 
Based on the results in Table 3.4, softwood lignosulfonate can have a high number 

average molecular weight, however, it is highly water soluble which makes it unfavorable 

for many fiber applications. In addition, to remove this sulfonate group using methods by 

Ye et al., the number average molecular weight is reduced by around 70%.70 However, 

with peak conditions, lignin derived from lignosulfonates can have a Mn as high as 45,000 

g/mol, which is significantly higher than obtained with the kraft, soda, or acid hydrolysis 

processes. While the sulfite process has the potential of extracting larger average 

molecular weight lignin, lignin produced through the kraft process dominates the paper 

and pulp industry.84  

 In addition to the low molecular weight, it is difficult to characterize the general form 

of the polymer due to its complex structure. While Figure 3.1 gives a good descriptor of 

the structure of lignin, it is only a model of a possible scenario for the lignin matrix. In 

addition, it is only a 2D representation of a 3D molecule. Ultimately, once extracted, the 

lignin oligomers would each have different structures leading to a lack of homogeneity 
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which is unfavorable in fiber processing. Crestini et al. looked to fractionalize and analyze 

softwood kraft lignin using 1D and 2D NMR methods. The most distinct fractions were 

based on acetone solubility. The acetone insoluble fraction was concluded as being a 

somewhat branched polymeric material that contained a variety of native wood lignin 

bonding patterns as well as new structures formed during the process of kraft pulping. 

The acetone soluble fraction resulted in a significantly more branched and less polymeric 

material with an abundance of chemical structures that were possibly created when 

oligomeric phenols reacted during the kraft pulping conditions.85 

3.1.6 Future Developments with Lignin 

 Due to its low molecular weight, efforts have been made towards increasing the 

molecular weight of the lignin. In a study by Wells et al., kraft lignin was polymerized via 

ultrasonication for high molecular weight applications. The ultrasonication technique 

essentially causes cavitation where sonic waves cause cavities in the solution that have 

a relatively low pressure. This leads to a rigorous collapse resulting in high pressure and 

temperature. This pressure and temperature lead to radical formation within the lignin 

where it could react with itself. This study resulted in number average molecular weights 

1700 times greater than the original kraft sample (Table 3.5).86 

Table 3.5: Ultrasonic Polymerization on Kraft Lignin86 

Lignin sample Ultrasonication time 
(min) Mn (g/mol) Mw (g/mol) PDI 

(Mw/Mn) 
Kraft-00 0 7.46 × 102 7.64 × 103 10.2 
Kraft-30 30 1.00 × 103 6.11 × 103 6.1 
Kraft-40CAV (LMW) 40 8.19 × 102 1.86 × 103 2.3 
Kraft-40CAV (HMW) 40 2.55 × 105 1.35 × 106 5.4 
Kraft-45CAV (LMW) 45 8.83 × 102 2.17 × 103 2.5 
Kraft-45CAV (HMW) 45 1.21 × 106 3.70 × 106 3.1 
Kraft-60 60 4.38 × 102 1.07 × 103 2.4 
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 In addition to molecular weight, this recent study also looked into the 

stereochemical effects of ultrasonic polymerization. Within the first 30 minutes (before 

cavitation), there was a period where lignin cleavage occurred resulting in smaller 

fragmentation of the lignin oligomers. After the 30 minutes, analysis showed an increase 

of two major linkage sites which could thus increase the linearity of the ultrasonicated 

lignin.86 However, while there was a homogenous increase in linking sites, lignin is also 

a heavily branched material, therefore instead of creating a linear polymer, there could 

be crosslinking resulting in a rubbery material instead of a linear polymer which is not 

appropriate for fiber formation. 

  Instead of increasing the molecular weight of lignin, there have also been efforts 

towards purifying lignin to act as an additive. Fang et al., 2017 noted the importance of 

washing lignin material for the purpose of melt spinning. Washing with water was the 

simplest purification method to remove ash or water-soluble impurities.87 These methods 

could also be applied to lignin blends to further improve the mechanical performances. 

 One method that has not been explored, however, is further decreasing the 

molecular weight of kraft lignin materials for use as additives. Common antiplasticizers 

have molecular weights around 200 g/mol whereas kraft lignin has a number average 

molecular weight of 2000 (Table 3.6). Therefore, modifying the kraft lignin to act more as 

an additive than a macromolecule could further improve PAN/kraft lignin blends. 
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Table 3.6: Number Average Molecular Weight of Fiber Forming Materials 
 MN (g/mol) 
Polyacrylonitrile 150,000 
Softwood kraft lignin 2,000 
Dibutyl phthalate 
Bisphenol A 
Glucaric Acid 

280 
230 
210 

 

 A method that can combine the depolymerization and purification process could 

be through further carrying out the kraft process by dissolving the kraft lignin in NaOH 

under heat for a certain matter of time. As noted before, the kraft process in the paper 

and pulp industry is performed under sodium hydroxide and sodium sulfide to break both 

the alpha and beta aliphatic bond. Additionally, it is only carried out for two hours or to a 

selected degree of delignification. It could be possible that the resulting kraft lignin has 

not been broken down to its full extent. Therefore, heating in alkaline solution would break 

the alpha bond, but not the beta to increase linearity in the structure while also decreasing 

molecular weight towards additive size.  

 In addition to lignin filtration, many studies have implemented the use of sonication 

for the dissolution of lignin materials versus conventional heating. Investigating the two 

techniques and their resulting properties may be useful in understanding the optimal 

preparation procedure for kraft lignin in polymer blends. 

3.1.7 Research Objective 

 While lignin is the third most abundant biopolymer produced in the world, its high 

complexity has led to minimal application other than low-grade fuel. In 2013, the paper 

and pulp industry alone produced 50 million tons and 98% of it was used as low-quality 

fuel. This untapped natural resource could have valuable medium or high valued 
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applications as reported by Frost & Sullivan. In addition, due to the recent studies 

validating its use as a possible precursor to carbon fibers, currently one of the most 

innovative materials for high performance products, the margin of profit can be 

exponential by incorporating this waste from the paper and pulp industry. Current 

applications of PAN/kraft lignin blends have primarily focused on adjustments to the dry-

jet spinning techniques while the purification and manipulation of the kraft lignin has had 

little investigation. 

 In this study, the impact of preparation methods of kraft lignin in PAN/lignin fiber 

blends were investigated. Neat kraft lignin was compared to kraft lignin washed with water 

as well as kraft lignin dissolved in alkaline conditions, filtered, and reprecipitated. In 

addition, the dissolution of kraft lignin in the dope making process was compared between 

heating and stirring versus the use of sonication. 

3.2 Materials 
 Polyacrylonitrile (PAN) having a molecular weight of 150,000 g/mol (Scientific 

Polymer Products, Inc., USA), kraft lignin (Hinton Pulp, Canada), sodium hydroxide 

(NaOH) (VWR, USA), dimethyl sulfoxide (DMSO) (VWR, USA), 4N sulfuric acid (H2SO4) 

(Ward’s Science, Canada), and distilled water were used in this study.  

3.3 Methods 

3.3.1 Preparation of Kraft Lignin Material 

 In this study, neat, water washed, and NaOH filtered kraft lignin was prepared. 

Kraft lignin dried overnight at 65 ˚C is referred to as neat kraft lignin (NKL). Water washed 

kraft lignin (WKL) included a water washing step by adding 10 g of NKL to 50 mL of water 

and heating to 70 ˚C under stirring for 1 h. The insoluble fraction of kraft lignin was filtered 
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out under vacuum and dried at 65 ˚C for 20 h. NaOH kraft lignin (FKL) was treated with 

NaOH prior to use. 10 g of neat kraft lignin was dissolved in 50 ml of NaOH (2.5 M) at 70 

˚C under stirring for 1 h. The soluble fractions of kraft lignin were filtered under vacuum, 

recovered from the solution with the addition of 35 mL of 4N H2SO4, washed repeatedly 

with distilled water, and dried at 65 ˚C for 20 h. 

3.3.2 Preparation of PAN/Kraft Lignin/DMSO Dope 

 0.3 g of kraft lignin material was dissolved in 15 mL of DMSO. The dissolution 

process was either through 5 h of heating and stirring at 85 ˚C (XKLH) or through 5 hours 

of sonication (XKLS) where X is the kraft lignin preparation method. Then 3 g of PAN was 

added to the kraft lignin/DMSO solution and heated to 85 ˚C with constant stirring for 20 

hours. 

3.3.3 Spinning of PAN/Kraft Lignin Fiber 

 The spinning dope was loaded into a high-pressure, stainless steel syringe (see 

Figure 3.12) equipped with a 22-gauge needle (inner diameter 0.413 mm). The room 

temperature coagulation bath comprised a solvent mixture water:acetone:isopropanol 

(2:1:1). The feed rate of PAN/kraft lignin was 4.3 m/min with a take-up rate of 52 m/min. 

As-spun fiber was drawn by 4x through silicone oil at 125 ˚C. An additional stage 2 

drawing was performed with a feed rate of 3 m/min and appropriate temperature for 

maximum draw ratio. 
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Figure 3.12: Dry-Jet Wet Spinning Procedure (left) and Drawing Procedure (right) 
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3.3.4 Mechanical Testing 

 In accordance with ASTM Standard D3822, mechanical testing was performed 

with a gauge length of 25.4 mm and at a rate of 15.0 mm/min.  

3.3.5 Dilute Solution Viscometry 

 In accordance with ASTM Standard D445, viscometry analysis was conducted with 

a Cannon-Fenske Routine Viscometer size 50 (constant is 0.0039577 mm2/s2 at 40 ˚C). 

Kraft lignin/DMSO solutions of 0.002, 0.00667, and 0.02 g/mL were heated in a 65 ˚C 

oven for 20 h and vortexed to ensure complete dissolution. The viscometer was placed 

in a 40 ˚C water bath and a 10 mL aliquot of the kraft lignin/DMSO solution was inserted. 

The system reached equilibrium temperature for 10 minutes. The flow time between the 

two indicator marks were taken by stopwatch (see Figure 3.13), and were conducted 3 

times and averaged. The flow time of pure DMSO were measured for reference. 



   

 
 

62 

 
Figure 3.13: Kraft Lignin/DMSO Solution Undergoing Viscometry Testing 

 
 

3.4 Results and Discussion 

3.4.1 Wash Treatment on Kraft Lignin/DMSO Dissolution and Viscosity 

Figure 3.14: NKL, WKL, and FKL Powder 
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 NKL, WKL, and FKL powders are shown in Figure 3.14. There is no noticeable 

differences between NKL and WKL; however, FKL has a distinctly lighter color than the 

lignin prepared with drying or water rinsing.  

 
Figure 3.15: 100x Optical Microscopy of Kraft Lignin/DMSO Solution Varying Kraft 

Lignin Preparation and Dissolution Type 
 
 

 Micrographs of each lignin type (NKL, WKL, FKL in Figure 3.15) dissolved in 

DMSO were optically clear and free of aggregates. 

Sonicated

Heated

NKL WKL FKL
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Table 3.7: Kinetic, Reduced, and Inherent Viscosities of Neat, Water Washed, and 
NaOH Filtered Kraft Lignin With Varying Concentrations 

 Concentration 
(g/mL) 

Average 
Flow Time 

(s) 

Kinetic 
Viscosity 

(cSt/s) 

Reduced 
Viscosity 

(mL/g) 

Inherent 
Viscosity 

(mL/g) 
DMSO xxx 384.86 ± 0.21 xxx xxx xxx 

NKL 
0.0020 391.07 ± 0.09 1.5477 8.059 7.995 
0.0067 406.09 ± 0.19 1.6072 8.268 8.048 
0.0200 450.68 ± 0.32 1.7836 8.550 7.893 

WKL 
0.0020 392.81 ± 0.07 1.5546 10.320 10.215 
0.0067 407.74 ± 0.05 1.6137 8.910 8.656 
0.0200 455.58 ± 0.17 1.8030 9.187 8.434 

FKL 
0.0020 393.33 ± 0.11 1.5567 11.000 10.880 
0.0067 403.38 ± 0.07 1.5964 7.212 7.044 
0.0200 442.25 ± 0.04 1.7503 7.455 6.949 

 
 

 
Figure 3.16: Reduced and Inherent Viscosities Versus Concentration of Neat (NKL), 

Water Washed (WKL), and NaOH Filtered (FKL) Kraft Lignin 
 
 

 The viscosities can be seen in Table 3.7 as well as the reduced and intrinsic 

viscosity versus concentration graphs in Figure 3.16 for NKL, WKL, and FKL. The intrinsic 

viscosities were obtained by plotting the y-intercept of the respective line formed from 

0.0067 and 0.0200 g/mL points in Figure 3.16. As can be seen from the intrinsic 

viscosities, the WKL resulted in the highest value followed by NKL and finally FKL. 

Intrinsic Viscosity:
(mL/g) 

8.126 8.772 7.090 8.125 8.767 7.091

0

2

4

6

8

10

12

0 0.005 0.01 0.015 0.02 0.025

In
he

re
nt

 V
is

co
si

ty
 (m

L/
g)

Concentration (g/mL)

Inherent Viscosity vs. Concentration

NKL WKL FKL

0

2

4

6

8

10

12

0 0.005 0.01 0.015 0.02 0.025

R
ed

uc
ed

 V
is

co
si

ty
 (m

L/
g)

Concentration (g/mL)

Reduced Viscosity vs. Concentration

NKL WKL FKL



   

 
 

65 

According to the Mark-Houwink equation where ! is intrinsic viscosity, M is the molecular 

weight, K is a constant, and a is dependent on the polymer-solvent system, assuming K 

and a are the same for each of lignin materials, intrinsic viscosity would be proportional 

to molecular weight.  

[!] = %&! 

 
Using this assumption, WKL has the highest molecular weight followed by NKL and FKL. 

Water could be dissolving out lower molecular weight kraft lignin in the washing step 

resulting in a higher molecular weight distribution for WKL compared to the NKL. To the 

contrary, with NaOH treatment, the heated alkaline conditions could be further promoting 

the cleavage of α-O-4 linkages in the kraft lignin macromolecule, as is done in the first 

cleavage of the kraft process. As a result, the distribution would shift downward giving a 

lower intrinsic viscosity as compared to the NKL. Further absolute methods of obtaining 

molecular weight is recommended to fully understand the change in molecular weight 

distribution as well as structural changes due to different preparation methods. 
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3.4.2 Wash and Dissolution Method on PAN/Kraft Lignin/DMSO Dope and Fiber 
Formation 
 

 
Figure 3.17: 100x Optical Microscopy of PAN/Kraft Lignin/DMSO Solution Varying Kraft 

Lignin Preparation and Dissolution Type 
 
 

 Figure 3.17 show significant aggregates within all of the heated PAN/lignin dopes. 

However, when looking at the sonicated dopes, the NKL showed a significantly more 

homogeneous solution as compared to the WKL and FKL dopes. What is notable about 

this interaction is that there are no initial aggregates in the kraft lignin/DMSO solutions 

indicating that the addition of polyacrylonitrile formed these aggregates. Something else 

of interest is the difference in shapes between the heated and sonication aggregates. 

Whereas the heated aggregates are of a spherical form, the sonicated aggregates are 

much larger and irregular. In addition, there are more aggregates in the heated versus 

the sonicated micrographs. The aggregates could be caused by the cooling and resulting 

phase separation due to being at a lower energy state for an extended period of time. 
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Looking at the resulting mechanical properties of the fibers, there is little correlation with 

the aggregation seen in the micrographs (Figure 3.18). 

Table 3.8: Mechanical Properties of Post-Stage 1 Drawn PAN/Kraft Lignin Fibers 
  Denier Tenacity (g/den) Strain at Break (%) Modulus (g/den) 

Heat 

NKL 10 1.57 ± 0.05 15.9 ± 2.2 45.3 ± 4.3 
WKL 10 1.58 ± 0.05 20.7 ± 1.6 49.0 ± 3.1 
FKL 9.7 1.27 ± 0.09 10.8 ± 0.8 46.2 ± 3.9 

Sonicated 

NKL 9.7 1.58 ± 0.08 14.5 ± 1.2 54.7 ± 6.7 
WKL 8.6 1.74 ± 0.08 16.6 ± 1.7 55.2 ± 8.3 
FKL 9.6 1.62 ± 0.12 18.5 ± 2.1 47.9 ± 6.6 

 

 
Figure 3.18: Boxplot Comparing Dissolution Type Between NKL, WKL, and FKL Post-

Stage 1 Draw 
 
 

 The mechanical properties after stage 1 (4x, 125 ˚C) drawing showed that FKLH 

resulted in a lower tenacity and % strain at break compared to the other combinations. In 

addition, WKLH showed moderately higher % strain at break resulting in a tougher fiber 
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than the rest. There was also a significantly wide variance between the samples, 

especially in the modulus of the sonicated lignin solutions. 

 As a result, a second stage was performed in order to further understand the 

processability differences produced by the preparation methods by maximizing the draw 

ratio at the given fiber’s optimum stage 2 drawing temperature. Drawing to a further extent 

could also express the impact of the lignin preparation method on the mechanical 

properties. Table 3.9 summarizes the processing properties. 

Table 3.9: Summary of Drawing Parameters for As-Spun, Post-Draw 1, and Post-Draw 
2 With Varying Kraft Lignin Treatment and Dissolution Method 

  Heat Sonication 
  NKL WKL FKL NKL WKL FKL 
As-Spun DR 12.4 12.4 12.4 12.4 12.4 12.4 

Temp (˚C) 21 21 21 21 21 21 

Stage 1 
DR 4 4 4 4 4 4 

Temp (˚C) 125 125 125 125 125 125 
LD (den) 10.34 10.44 9.71 9.70 8.61 9.57 

Stage 2 
DR 2 2.4 2.3 2 1.7 2.8 

Temp (˚C) 155 160 160 155 155 160 
LD (den) 4.78 4.60 4.39 4.98 5.06 3.83 

Total DR 99.2 119.4 114.1 99.2 84.3 138.9 
 

 As can be seen from the Table 3.4, there was a significantly higher draw ratio on 

the second stage for the FKLS fibers as compared with all of the other combinations. As 

a result, the linear density of the FKLS was significantly lower. While the calculated total 

draw ratio was not the second highest, the FKLH linear density was the second lowest 

compared to the FKLS. However, the fineness of the FKLH fibers did not influence the 

relative mechanical properties. 



   

 
 

69 

Table 3.10: Mechanical Properties of Stage 2 Drawn PAN/Kraft Lignin Fibers 
  Denier Tenacity (g/den) Strain at Break (%) Modulus (g/den) 

Heat 

Neat 4.78 3.12 ± 0.28 8.4 ± 0.9 107.3 ± 13.6 
Water 4.60 3.26 ± 0.23 8.8 ± 0.7 149.0 ± 73.9 
NaOH 4.39 2.60 ± 0.12 8.0 ± 0.5 97.8 ± 17.7 

Sonicated 

Neat 4.98 3.05 ± 0.26 10.0 ± 3.2 118.2 ± 14.5 
Water 5.06 3.03 ± 0.19 9.5 ± 1.0 107.7 ± 16.8 
NaOH 3.83 3.70 ± 0.18 8.3 ± 0.8 106.6 ± 17.8 

 

 
Figure 3.19: Boxplot Comparing Dissolution Type Between NKL, WKL, and FKL Post-

Stage 2 Draw 
 
 

 The mechanical properties of Stage 2 fibers are summarized in Table 3.10. As can 

be seen, there is a significantly higher tensile strength in the FKLS fiber compared to the 

others. While it’s easy to assume that this is due to the higher draw ratio in comparison 

to the other lignin and dissolution method combinations, the FKLH that had the second 

lowest linear density, still had the lowest tenacity. Therefore, there are significant 
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differences in using heat versus sonication when implementing FKL into PAN/kraft lignin 

blends.  

 In comparing the NKLH, NKLS, WKLH, and WKLS combination fibers, there are 

little differences when looking at the tenacity boxplots. All combinations of kraft lignin 

preparation and dissolution methods resulted in similar % strain at break and modulus 

according to the boxplots. 

 

 
Figure 3.20: SEM Images of Fracture Tips in Post-Stage 2 Drawn FKLS, WKLS, and 

NKLS Fibers 
 
 

 Figure 3.20 represents the stress strain curve of a sample of sonicated neat, water 

washed, and NaOH filtered kraft lignins. Adjacent to the samples are their respective 

fracture tips imaged through SEM. As can be seen from the figure above, the significant 

difference between the fracture tips between the NKLS, WKLS, and FKLS samples is the 

presence of a defined fibrillated structure in the FKLS fiber. There is an outer cover of 

material and cylinder-like protrusions from the end indicating fibrillation within the fiber 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0 2 4 6 8 10

Sp
ec

ifi
c 

St
re

ss
 (g

/d
en

)

% Strain
NKLS
500x

WKLS
800x

FKLS
1500x



   

 
 

71 

system which is absent in the other two fracture tips. This could be due to the higher draw 

ratio leading to more prevalent orientation and resulting fibrillar crystal structures.  

3.5 Conclusion 

 The preparation of kraft lignin and resulting dissolution type influenced the 

processing parameters and resulting mechanical properties of PAN/kraft lignin fibers. FKL 

allowed the fiber blend to draw to a lower linear density whether it was put into solution 

via heat or sonication. However, FKLS resulted in the highest tensile strength whereas 

dissolution via heating and mixing resulted in the lowest tenacity of all the combination 

types. The water washed and neat kraft lignin showed little significant difference in post 

stage 2 drawing in terms of tenacity, and all samples retained relatively similar post stage 

2 % strain at break and modulus post stage 2. Further analysis is recommended to 

understand the modifications occurring to FKL in order to explain its impact on fiber 

formation.  
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Appendix A: Additional Spinning of PAN/NaOH Filtered Lignin Fibers Using 
Conventional Heating and Stirring 
 
A.1 Brief 
  
 An additional trial was conducted to investigate the effect of heating and mixing as 

the dissolution method for NaOH filtered lignin in PAN/kraft lignin blends. Since there was 

a significant difference between using heating and mixing versus sonication as a method 

for the dissolution of this modified kraft lignin, it seemed imperative to rule out error.  

A.2 Materials 

 Polyacrylonitrile (PAN) having a molecular weight of 150,000 g/mol (Scientific 

Polymer Products, Inc., USA), kraft lignin (Hinton Pulp, Canada), sodium hydroxide 

(NaOH) (VWR, USA), dimethyl sulfoxide (DMSO) (VWR, USA), 4N sulfuric acid (H2SO4) 

(Ward’s Science, Canada), and distilled water were used in this study. 

A.3 Methods 

A.3.1 Preparation of Kraft Lignin Material 

 In this study, neat and NaOH filtered kraft lignin was prepared. Kraft lignin dried 

overnight at 65 ˚C is referred to as neat kraft lignin (NKL). NaOH kraft lignin (FKL) was 

treated with NaOH prior to use. 10 g of neat kraft lignin was dissolved in 50 ml of NaOH 

(2.5 M) at 70 ˚C under stirring for 1 h. The soluble fractions of kraft lignin were filtered 

under vacuum, recovered from the solution with the addition of 35 mL of 4N H2SO4, 

washed repeatedly with distilled water, and dried at 65 ˚C for 20 h.  

A.3.2 Preparation and Spinning of PAN/Lignin Fibers 

 0.3 g of kraft lignin material was dissolved in 15 mL of DMSO. The dissolution 

process was either through 5 h of heating and stirring at 85 ˚C (XKLH) or through 5 hours 
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of sonication (XKLS) where X is the preparation method. Then 3 g of PAN was added to 

the kraft lignin/DMSO and heated to 85 ˚C with constant stirring for 20 hours. 

A.3.3 Spinning of PAN/Kraft Lignin Fiber 

 The spinning dope was loaded into a high-pressure, stainless steel syringe (see 

Figure A.1) equipped with a 22-gauge needle (inner diameter 0.413 mm). The room 

temperature coagulation bath comprised a solvent mixture water:acetone:isopropanol 

(2:1:1). The feed rate of PAN/kraft lignin was 4.3 m/min with a take-up rate of 52 m/min. 

As-spun fiber was drawn by 4x through silicone oil at 125 ˚C. An additional stage 2 

drawing was performed with a feed rate of 3 m/min and appropriate temperature for 

maximum draw ratio. 
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Figure A.1: Dry-Jet Wet Spinning Procedure (left) and Drawing Procedure (right) 
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A.3.4 Mechanical Testing 

 In accordance with ASTM Standard D3822, mechanical testing was performed 

with a gauge length of 25.4 mm and at a rate of 15.0 mm/min.  

A.4 Results and Discussion 

 In the recreation of FKLH, the same parameters as used in the initial investigation 

were adopted. However, in the second trial, a draw ratio of 124 was achieved after second 

stage draw compared to the initial trial. This in turn resulted in a lower linear density as 

seen in Table A.1 where FKL2 is the second trial and FKL corresponds to the samples in 

Chapter 3.  

Table A.1: Draw Ratios and Linear Densities of FKLH and FKLS 
  Heat Sonication 

  FKL FKL2 FKL 

As-Spun DR 12.4 12.4 12.4 
Temp (˚C) 21 21 21 

Stage 1 
DR 4 4 4 

Temp (˚C) 125 125 125 
LD (den) 9.71 9.87 9.57 

Stage 2 
DR 2.3 2.5 2.8 

Temp (˚C) 160 160 160 
LD (den) 4.39 3.05 3.83 

Total DR 99.2 124 138.9 
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Figure A.2: Boxplot Comparing Mechanical Properties Between FKLH, FKLH2, and 

FKLS After Stage 1 and 2 
 
 

 As can be seen from the boxplot comparing the mechanical properties, there is 

little change between the tenacity of the figures after stage 2 between FKLH and FKLH2 

even though FKLH2 resulted in a significantly lower linear density. It could also be 

assumed that the tenacity decreased relative to the first trial. However, the % strain at 

break did increase in FKLH2 compared to FKLH in both the first and second stage draw. 

The modulus remained relatively the same for all stages. Therefore, experimental error 

could be ruled out for the dramatic difference in mechanical properties between FKLH 

and FKLS. 

A.5 Conclusion 

 A secondary production of PAN/FKLH fiber resulted in lower linear density, 

however, it continued to have low tenacity as the FKLH fiber made in Chapter 3. As a 

result, it can be concluded that there is little experimental error in the processing of the 

fibers. Therefore, there is a significant difference between using heating and stirring 

versus sonication when using FKL. Further research is necessary to understand this 

difference.  
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