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ABSTRACT 

In recent years, there have been extensive efforts to replace fossil-fuel-based raw 

materials with bio-based materials in flexible polyurethane (PU) foams. Lignin, a natural polyol  

generated as a byproduct of chemical pulping and biorefineries, is an attractive compound to 

replace petroleum-derived polyols due to its abundant availability and bio-based nature. This 

thesis discusses efforts to partially replace petrochemical polyols in flexible foams with a liquid 

lignin polyol made by oxyalkylating lignin with propylene carbonate, a green solvent. First, a 

small-scale computational study using density functional theory (DFT) was used to investigate 

the reaction between lignin model compounds and isocyanates. The results of this computational 

study were consistent with experimentally obtained data. Next, a screening study was conducted 

to determine how different types of lignin affect the properties of the developed lignin polyols. 

Then, flexible PU foams were made using three different lignin polyols, derived from different 

biomass sources and isolation processes. Electron microscopy and reaction profile analysis of 

foam samples showed that the addition of the lignin polyol reduced cell sizes and decreased 

reaction times. It was found that a high molecular weight kraft-softwood lignin resulted in a 

foam with significantly better mechanical properties compared to foams made with organosolv 

wheat straw and acid-hydrolysis hardwood lignins. After optimization, a foam produced 

containing 14% kraft-softwood lignin polyol met standard requirements for automotive seating 

applications.  
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CHAPTER 1 Introduction 

1.1 Polyurethane Foams 

Polyurethanes (PU) are a broad class of polymers used in a wide variety of applications, 

including adhesives, coatings, sealants, elastomers, and foams. PUs are typically formed from a 

condensation reaction between polyols and diisocyanates (Figure 1). However, many PU 

materials may also contain urea linkages formed as a side product of the reaction between water 

and isocyanates, which also generates carbon dioxide gas (Figure 2). 1,2 
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Figure 1. Urethane formation reaction 
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Figure 2. Generation of carbon dioxide and polyurea via the water-isocyanate reaction 

A unique feature of PUs is their two phase, microphase separated structure. The long, 

low-polarity, and flexible chains of the polyol, termed the “soft segment” (SS) have low 

miscibility with the “hard segment” (HS) consisting of rigid, highly polar urethane and urea 

bonds and the aromatic isocyanate backbone. In accordance with Flory-Huggins solution theory,3 

this causes PUs to undergo microphase separation, with the soft segment providing elastomeric 
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properties, while the hard segment provides both chemical and physical crosslinking that 

increase the strength of the foams.4 This unique morphology, which can be altered by the choice 

of raw materials, allows PUs to have unique and highly tunable mechanical properties.5,6  

 

Figure 3. Schematic of hard and soft domains in PUs. Reproduced from4 

PU foams are made by either physically blowing a gas into a foam as it cures, or by using 

a chemical reaction to generate gas while the foam cures.1,2 Water is commonly used as a 

chemical blowing agent as it reacts with isocyanate to produce carbon dioxide gas; however, 

water also increases the amount of urea linkages within the foam. A wide variety of catalysts, 

crosslinkers, and surfactants are used to tune the morphology and properties of the blown foams. 

PU foams are further divided into 3 major categories: rigid, semirigid, and flexible  foams. Rigid 

foams are typically manufactured with high functionality, low molecular weight polyols, while 

flexible foams are typically made with high molecular weight, low functionality polyols (f = 2- 

3) that results in  a much lower crosslinking density. The long, flexible polyol backbone is 

typically constructed from a polyether polyol derived synthesized from ethylene oxide and 

propylene oxide which are highly reactive, volatile, and carcinogenic raw materials.1,7,8 

Typically, Toluene Diisocyanate (TDI) is used as the isocyanate in flexible foams, but in recent 
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years, polymeric methylene diphenyl diisocyanates (pMDI) have become an attractive alternative 

for flexible foam formulations because pMDI has a comparatively lower vapor pressure and 

toxicity.  

Microstructurally, rigid foams have a high closed cell content, while flexible PU foams 

have an open-celled structure where gases can flow into an out of cells between struts of a 

polymer matrix.6 The flexible nature of these foams is derived from the elastic deformation of 

these struts. Flexible PU foams are one of the earliest and most important applications of PUs. In 

2022, the total market volume of all PU materials was valued at 25 million metric tons per year, 

corresponding to a market value of 67 billion USD, and is expected to grow to 31 metric tons per 

year by 2030.9,10 In 2016, flexible foams comprised 31% of all PU products.11 Because flexible 

PU foams are typically manufactured using petroleum-derived polyols and isocyanates, there is 

great interest in developing inexpensive, and sustainable raw materials for PUs.11–13 Some 

examples of sustainable polyols include polycarbonate polyols synthesized using carbon 

dioxide14 and bio-based polyols synthesized from vegetable oils, such as soybean, linseed, and 

castor oil.15,16 A preliminary lifecycle analysis of Cargill’s soybean based BiOH polyols, which 

has already been commercialized, resulted in 36% less global warming emissions and 61% less 

non-renewable energy use compared to their traditionally petroleum-derived polyols, 

demonstrating the.17 In 2022, the market for green and bio-based polyols was worth 4.6 billion 

USD, and is expected to grow to 9.3 billion by 2030.18 As a result, there is large motivation for 

developing sustainable polyols using new bio-based feedstocks and sustainable technologies.  
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1.2 Lignin 

1.2.1 Lignin Sources 

 

Figure 4. Structure of kraft-softwood lignin. Reproduced from Crestini et al.19 

Lignin is the second most abundant naturally occurring polymer, after cellulose, and 

comprises up to 30% of dry mass of all biomass.20 Acting as a binding matrix material in the cell 

walls of plants, lignin is an amorphous, highly crosslinked polymer derived from radical 

coupling of three phenylpropane units: p-coumaryl alcohol, coniferyl alcohol, and sinapyl 

alcohol, which respectively have 0, 1 and 2 methoxy groups at the ortho positions of the phenyl 

ring. These respectively form p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) structures in 

lignin. Lignins also contain a large amount of aliphatic  hydroxyl groups, and a small amount of 

carboxylic acids. The type of biomass significantly affects the chemical structure of lignin. 
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Herbaceous plants contain all three types of lignin units, hardwood lignin comprises primarily G 

and S units, and softwood lignins are dominated by G units (Fig. 5).21  

 

Figure 5. The three monolignols 

1.2.2 Lignin Isolation Processes 

Lignin is typically generated as a byproduct of pulping and biorefinery processes . The 

biomass source and isolation processes used to separate lignin from other plant biomass 

components (cellulose and hemicellulose) can significantly change lignin’s chemical structure 

and properties. There are several major lignin isolation processes, including  sulfite cooking, 

soda, kraft,  kraft, hydrolysis, and organosolv. In sulfite cooking, aqueous sulfite salts (with a 

variety of cations including sodium, calcium, potassium, magnesium, and ammonium cations), 

are used at high temperatures to cleave bonds between lignin molecules and carbohydrates, as 

well as functionalizing lignin with sulfonate groups that make the water-soluble lignosulfonate.  

Soda lignin is commonly produced by reacting herbaceous fibrous biomass in a sodium 

hydroxide solution at moderate temperatures. This process separates lignin from carbohydrates, 

but also cleaves aryl ether linkages resulting in an  increase the number of hydroxyl groups in 
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lignin.22,23 The kraft process, which is widely used for processing woody biomass into wood 

pulp, has some similarities to the soda process, but uses both sodium hydroxide and sodium 

sulfide aqueous solutions to digest biomass around 170 °C.19,24 Both soda and kraft pulping 

processes also initiate a series of reactions resulting in the formation of condensed structures 

between lignin molecules, which can somewhat offset the fragmentation process. In both the 

kraft and soda processes, the removed lignin is contained in a crude alkaline solution called black 

liquor, which is typically combusted to produce energy for the pulping plant. Precipitation in 

acidic media can be used to extract the lignin from the black liquor. However, it should be noted 

that the kraft and soda processes promote repolymerization of lignin chains, increasing molecular 

weight.25 Around 90% of pulping processes involve the kraft process, with the annual global 

production of technical kraft lignin being 265,000 tons/year in 2018, and has been forecast to 

reach up to 2,500,000 tons/year in 2025;26 thus, there is great incentive to valorize the vast 

quantities of kraft lignin.  

Hydrolysis is another method for processing biomass, but is more focused on breaking 

down carbohydrates into smaller sugars that can be used in other parts of the biorefinery, such as 

producing ethanol and nano- or microcrystalline celluloses. To produce lignin through 

lignocellulosic hydrolysis, the biomass is first “pretreated” by mechanical, thermal or chemical 

means; for instance, steam explosion of biomass makes it easier to process, solubilizes 

hemicellulose, and begins breaking down bonds connecting lignin and cellulose. Then, enzymes 

or inorganic acids in aqueous solutions can be used to catalyze the hydrolysis of cellulose into 

monosaccharaides; simultaneously, some cleavage of some aryl-ether linkages in lignin occurs, 

increasing phenolic hydroxyl content and reducing molecular weight.27,28 Lignin, which is left as 

a residue, can be extracted by acid precipitation or in a dioxane-water solution.  
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The organosolv pulping process uses organic solvents such as acetone and ethanol to 

hydrolyze linkages between lignin with cellulose and hemicelluloses, with minimal changes to 

the structure of lignin.  The organosolv process typically yields lower molecular weight lignins 

with higher purity and lower hydroxy contents than those obtained by sulfite, kraft, and soda 

pulping.29 The isolation process strongly influences the applications that a certain lignin variety 

can be used with; for instance, lignosulfonates are better suited to act as dispersants or 

stabilizers, while kraft and organosolv lignins can be used to make bio-based polymers.3029 

1.2.3 Lignin Valorization 

Over 100 million tonnes of technical lignin are produced every year, amounting to a 

market size over 900 million USD; these are typically produced as byproducts of chemical 

pulping and bioethanol production.30,31 Lignin’s phenolic structure, abundance, and low cost 

make it an ideal candidate for use in a wide variety of value-added products. Lignin can be 

processed to make carbon fiber, biofuels, and fine chemicals like vanillin. In recent years, 

lignin’s sustainable nature and low acquisition cost have made it an especially attractive 

candidate for replacing petrochemicals in bio-based polymeric materials, such as phenolic and 

epoxy resins.32,33   

1.3 Lignin-based PU Flexible Foams 

Due to its unique physical properties, sustainability, low cost, and abundant hydroxyl 

groups, lignin has become an attractive feedstock as a polyol for PU materials.34 Extensive 

research has been undertaken to develop elastomers,35 adhesives,36
 coatings,37 and rigid foams 

using lignin as a bio-based polyol. Lignins are particularly well suited to rigid foams due to their 

high hydroxy content and phenolic backbone, which adds strength and rigidity to foams. 

Manzardo et al.38 performed a life cycle assessment (LCA) which indicated that using lignin in 
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rigid PU foams can reduce carbon dioxide emissions by up to 30% compared with petroleum-

based materials. However, other authors have indicated that the lignin content in PU foams must 

be greatly increased to significantly reduce GHG emissions of lignin-based foams.39 

Several recent studies from our group at Michigan State have developed rigid PU foams 

with lignin as a polyol replacement. In one study, Henry et al.40,41 replaced 80% of a petroleum-

derived polyol with fractionated lignin in a rigid foam formulation, resulting in superior 

mechanical properties compared to a foam made with only petrochemical-derived materials.42 

Another study by Henry et al.43 showed that 100% replacement of the petroleum- polyol with an 

unmodified kraft softwood lignin significantly increased the fire resistance of the foam.  

Table 1 shows that research on the use of lignin in flexible PU foams is relatively limited; 

in the past ten years, as of writing, only 16 papers have been published on flexible PU foams 

using lignin, whereas hundreds of papers have discussed lignins used in rigid PU foams.31 While 

lignin can impart excellent mechanical strength on materials, its high glass transition temperature 

and crosslinked structure can reduce the flexiblity, resilience, and ultimate elongation of flexible 

PU foams. This has impeded incorporation of lignin into flexible PU foams. 
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Table 1. Literature on lignin-containing flexible PU foams 

First Author Year Lignin Type Lignin Modification 

Strategy for Foam 

Synthesis 

Lignin 

Content of 

Foam (wt%) 

Jeong44 2013 Kraft softwood None 10-20 

Cinelli45 2013 Kraft softwood Microwave 

Liquefaction with 

glycerol and PEG 

6-13 

Bernardini46 2014 Oxypropylated 

kraft softwood 

Oxypropylation 

followed by microwave 

liquefaction 

6-13 

Bernardini47 2015 Soda Herbaceous Microwave 

Liquefaction with 

glycerol and glycerin 

polyglycidyl ether 

8-15 

Wysocka48 2016 Lignosulfonate 

Softwood 

Hydrolysis 8-18 

Bernardini 2017 Hydrolyzed 

Herbaceous 

Microwave liquefaction 6-12 

Gomez-

Fernandez49 

2017 Kraft softwood Isocyanate 

Functionalization 

2-10 

Gomez-

Fernandez50 

2018 Soda Herbaceous None 3-5 

Wang51 2019 Alkali softwood Grafting PEG to Lignin 7-16 

Zieglowski52 2019 Kraft softwood Isocyanate 

Functionalization 

2-3 

Maillard53 2021 Kraft softwood None 11 

Gondaliya54,55 2021 Multiple None 14 

Ajao56 2021 Soda, bark lignin None 20 

Gurgel16 2021 Black Liquor 

(Kraft) 

Transesterification with 

Castor Oil 

1-2 

Quan57 2022 Kraft hardwood None 14 

Wang58 2023 Enzymatic 

Hydrolysis, 

Herbaceous 

Liquefaction with 

glycerol and PEG using 

sulfuric acid 

       - 
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Gondaliya and Nejad54,55 studied the effect of directly incorporating unmodified solid 

lignin powder into flexible PU foams. In that study, 15 different lignins obtained from various 

sources (hardwood, softwood, and annual crops ), and isolation processes (kraft and organosolv) 

were used to replace 20% of polyol ( 20 parts per hundred polyol, pphp) of flexible PU foams. 

Statistical modeling revealed that there was a strong positive correlation between the total 

hydroxyl content of lignin and foam density and CFD values, and an inverse correlation between 

the total hydroxyl content of lignin and ultimate elongation. However, there was no significant 

correlation between the various OH moieties and foam properties. Lignins with higher hydroxyl 

content would be expected to increase the crosslinking density in foams, which in turn can result 

in smaller cell sizes and thicker struts between cell walls, increasing density and strength, but at 

the cost of ultimate elongation. Furthermore, it was found that lignin-containing foam increased 

the compression set of the flexible PU foams; TGA analyses showed that lignin increased the 

thermal stability of flexible PU foams. This study suggested that organosolv lignins are more 

suitable for  flexible PU foams, due to their lower hydroxyl values, better solubility in  long-

chain polyether co-polyols, and lower glass transition temperature..  

Peng et al.57 comprehensively studied the effects of lignin isolation processes on lignin-

flexible PU foams, by varying the recovery media, pH, temperature and reaction duration of a 

black liquor refinement process, to produce kraft lignin with various properties. Those lignins 

were used by our group to prepare PU flexible foams. It was found that the recovered lignin’s 

various molecular weight and dispersities had a statistically significant correlation with foam 

density and compression force deflection, tensile strength, compression set, and support factor. 

The best foam properties (e.g., high compression and tensile strength) were achieved with when 
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the recovered lignin had a relatively low number-average molecular weight (Mn), at 1600 Da, 

and dispersity (1.8), recovered by using acetic-acid neutralized methanol as a recovery medium. 

Wysocka et al. 59 directly incorporated up to 30 pphp lignosulfonate and hydrolyzed 

lignosulfonate into flexible and semi-rigid PU foams, and up to 100 pphp lignin into rigid foams. 

Hydrolysis of lignosulfonate resulted in a higher hydroxyl content due to the cleavage of ether 

linkages. They reported that the unmodified lignosulfonate foams significantly increased the 

specific modulus of the foams. Despite the lignosulfonate foams having a higher hydroxyl 

content, the foams containing hydrolyzed lignosulfonate retained a low specific modulus that 

was not significantly different compared to the reference foam.  

However, there are some major drawbacks with using solid lignin in foam; solid lignin 

particles tend to act as a filler, rather than a true polyol replacement,54 and most PU foam 

manufacturing plants use liquid streams of polyols, catalysts, and isocyanates, making large scale 

production of foams with powdered lignin unfavorable to industrial production Furthermore, 

lignin’s phenolic hydroxy compounds are less reactive towards isocyanates than aliphatic 

hydroxy groups, while its highly branched structure impedes mobility of polymer chains, 

reducing flexibility. As a result, lignins used as polyols in flexible foam formulations should be 

modified so that they are liquid, have mostly aliphatic hydroxyl groups, and are functionalized 

with linear polymer chains that improve flexibility. 

Wang et al.60
  formulated liquid lignin polyols by grafting polyethylene glycol (PEG) 

2000 onto alkali lignin; this was achieved by functionalizing PEG 2000 with epichlorohydrin, 

followed by subsequent etherification on lignin’s phenolic hydroxyl group. This reduced the 

hydroxyl value of the lignin from 241 to 199 mg KOH/g. High resilience flexible foams were 

then prepared by reacting the grafted lignin polyol with hexane diisocyanate. However, the 
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foam’s tensile strength and ultimate elongation were not reported, and the foam appeared to have 

a largely close-celled structure. Interestingly, FTIR and DSC analysis suggested that lignin’s 

structure sterically hinders the formation of ordered hard domains in PUs. In contrast to a foam 

prepared with ungrafted lignin, foams prepared with PEG2000-grafted lignin showed no 

aggregation of lignin particles. It was observed that the foam prepared with a PEG2000-grafted 

lignin polyol had much higher compression moduli, compression force deflection values, and an 

elastic recovery exceeding 93%. The improved mechanical performance compared to a 

traditional foam and a foam made with unmodified lignin was attributed to lignin’s phenolic 

structure, which increases the hard segment content, and the improved crosslinking density and 

interfacial compatibility achieved by grafting with PEG 2000. One counterintuitive result of this 

study was that foams prepared with PEG2000-grafted lignin appeared to have higher closed cell 

content, but still maintained a high elastic recovery.  

One common strategy for making liquid lignin polyols is liquefaction, which involves 

partial depolymerization of lignin by cleaving its chemical bonds using thermal energy. Many 

liquefaction methods are available, including pyrolysis, solvolysis with organic solvents, 

hydrothermal liquefaction with water, and cleaving with hydroxy radicals.61–64   Lazzeri’s group 

was the first to report a flexible PU foam utilizing lignin as a polyol in 2013. Indulin AT Kraft-

Softwood lignin underwent liquefaction by mixing lignin with glycerol and PEG 400 

(polyethylene glycol, Mn = 400 Da) under a microwave treatment; the resulting liquid lignin 

polyols had OH values ranging from 360-370 mg KOH/g, requiring the use of additional long-

chain diols to act as chain extenders in the final foam. DMA analysis showed that the tan δ of the 

soft phase diminished in intensity with increased lignin content, indicating that the polyol chains 

of the soft segment underwent phase mixing with the lignin-polyol in the hard-segment; this was 
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attributed to lignin’s phenolic structure. Additionally, higher lignin contents were associated with 

significantly higher storage moduli. 65  

Oxyakylation of lignin with alkylene oxides was first introduced by Glasser66 and 

remains a common technique for production of lignin polyols, and it is one of the most common 

methods for synthesizing rigid lignin-based PU foams.67–70 This technique is particularly useful 

for polyol production as it replaces the sterically hindered and less reactive phenolic OH groups 

on lignin with a low glass transition, polyether backbone with terminal aliphatic OH groups that 

are more reactive towards isocyanates. Another study by Lazzeri’s group continued the work on 

liquefacted lignin in flexible PU foams, but first oxypropylated lignin prior to liquefaction with 

PEG 400 and subsequent foam formulation. They reported mostly minimal changes overall to 

foam properties, but indicated that oxypropylated lignin had higher miscibility with bio-based 

co-polyols, especially castor oil, and that oxypropylated lignin contributed to a higher soft-

domain content, based on DMA data. Additionally, foams prepared with oxypropylated lignin 

and castor oil as a co-polyol showed slightly lower compression force deflection (CFD) values, 

ranging from  compared to those made with unmodified lignin; this was attributed to lignin 

degradation during the oxypropylation step.  

In summary, there have been several attempts to develop lignin-based PU flexible foams 

over the past 15 years. However, in all of these cases, the amount of lignin within the final foam 

is limited to 20%. There has been some success in using solid lignin powder to replace up to 20 

wt% of a PU foam, but in those instances lignin acts partially as a filler, meaning that they do not 

fully react with isocyanates. Additionally, liquid polyols are preferred by industry for scale up. 

However, most of the methods for developing liquid lignin polyols, including liquefaction and 

oxypropylation, are energy and chemically intensive. For instance, alkylene oxides, used in 
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lignin oxypropylation, are volatile, flammable, and carcinogenic petroleum based chemicals, in 

addition to being largely petroleum derived. 

One promising approach for producing lignin polyols is oxyakylation using cyclic 

alkylene carbonates in place of alkylene oxides; this strategy has not yet been attempted in 

flexible foams. This approach was first introduced by Kuhnel et al.,71,72 while Dr. Nejad’s group 

recently patented the production of liquid lignin polyol solutions with this 

technology.7371,72Cyclic alkylene carbonates like propylene carbonate and ethylene carbonate are 

classified as green solvents because they are non-toxic,  have high boiling points, low vapor 

pressures (they are considered to be “VOC-exempt” by the US EPA), are bio-degradable, and 

have excellent solubility with a wide range of materials.74 Cyclic carbonates thus represent an 

attractive alternative to alkylene oxides for synthesizing oxyalkylated lignin polyols.75 A 

potential benefit of the use of cyclic carbonates in PU formulations is the incorporation of 

carbonate groups into the soft segment, which has been reported to improve mechanical 

properties and resistance to hydrolysis.76,77 Additionally, because cyclic carbonates can be 

synthesized from carbon dioxide, they can further reduce the greenhouse gas emissions of lignin-

based PU foams.78 Optimization studies of this process determined that 1,8-

diazabicyclo(5.4.0)undec-7-ene (DBU) yielded a higher conversion and degree of 

polymerization compared to other basic catalysts including potassium carbonate, 

dicyanodiamide, and 1,4-diazabicyclo(2.2.2)octane.72,79 A few studies have begun to use cyclic-

carbonate oxyalkylated lignin in rigid foams and adhesives.80–82 The primary objective of this 

work is to develop liquid lignin polyol via oxyalkylation of lignin with propylene carbonate, and 

to then incorporate them into flexible PU foam formulations.  
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Figure 6. Oxypropylation of lignin with propylene carbonate 

1.4 Application of Computational Chemistry to Lignin-Polyurethane (PU) Systems 

While lignin contains many OH groups that have the potential to bond with isocyanate 

groups, these OH groups can have very different electronic environments, which affect their 

ability to bond with isocyanate groups. In addition, due to the 3D complex structure of lignin, not 

all OH groups are available for reaction.  Previous work82 by Dr. Nejad’s group at MSU further 

investigated various lignin’s reactivity with isocyanates, using lignin model compounds 

representing the various OH moieties present in lignin.83  This study used NMR and FTIR 

analysis to show that the reactivity of lignin OH moieties with isocyanate followed the trend: 

aliphatic > H > G >S > carboxylic acid. Interestingly, it was demonstrated that there was 

minimal significant differences in the reactivities of S and G groups. A goal of this project will 

be to use quantum mechanical simulations to further investigate how different types of hydroxy 

groups affect the reaction kinetics of the lignin-isocyanate reaction. Density Functional Theory 

(DFT) is a widely used computational chemistry technique that can model the electronic 

structure of complex systems like molecules and crystals. The basic working principle of DFT is 

that the energy of a quantum system can be defined as functional (a function of another function) 

of electron density. Thus, rather than solving for the wave function of each electron in a 
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molecule, DFT can approximate the properties of molecules using electron densities, which 

requires much less computational time. 

 

Figure 7. Reaction coordinate diagram of the urethane formation reaction. Reproduced from 

Waleed et al.84 

Since the 2010s, a great deal of research has been published using DFT to study both PU 

and lignin. For instance, several studies have successfully modeled the urethane formation 

reaction in simpler systems using methanol and phenyl isocyanate.85–87 In general, there are 3 

stages to the uncatalyzed urethane reaction; first, a hydrogen bond forms between the nitrogen of 

the isocyanate and the hydrogen of a hydroxyl group. Then, as the reaction proceeds, an unstable 

transition state (TS) forms. After this stage, the hydrogen transfers from the hydroxy group to the 

nitrogen, and the reaction proceeds to form a urethane structure. One computational study 

determined that the uncatalyzed reaction barrier for the methanol-phenyl isocyanate reaction is 

120 kJ/mol.84  

Lignin has a highly irregular, crosslinked, and amorphous structure with a high molecular 

weight. As a result, it can be very computationally expensive to model lignin for quantum 
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mechanical and molecular dynamics simulations. Typically, small model compounds containing 

a combination of lignin monomers with linkages typically found in lignin are used to 

approximate reactions with lignin. For instance, one study used a 1,3-diarylpropan-1,2-diol 

derivative as a lignin model compound with a B3LYP functional to evaluate the reactivity of 

lignin toward different kinds of isocyanates.85   

Most computational studies on lignin and the urethane reaction have used hybrid 

functionals that combine DFT with the more advanced Hartree-Fock method. However, hybrid 

functionals have a very high computational cost, which is exacerbated by lignin’s large and 

complicated structure. One study found that using the Perdew-Burke-Erznerhoff (PBE) 

functional, a generalized gradient approximation (GGA) method, was still able to produce 

reasonably accurate results in lignin systems with a much lower computational cost.85 

Additionally, because these lignin model compounds are non-periodic, molecular systems, most 

of the relevant studies use Gaussian basis sets. 87 

1.5 Objectives 

The main objective of the present work is advancing the use of lignin in flexible PU 

foams and understanding how using liquid lignin polyol with only aliphatic hydroxy groups can 

improve foam performance compared to solid lignin. To that end, this study can be divided into 

three segments.  

• Perform a small-scale computational study to determine if the lignin-isocyanate reactions 

can be accurately modeled with Density Functional Theory (DFT) computations.  

• Assess the effects of different lignin varieties on the properties of liquid lignin polyols 

synthesized with propylene carbonate as a green solvent and oxyalkylation reagent. 

• Partially replace polyols in a flexible foam formulation with liquid lignin polyols. 
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o A major design goal of this project was to develop PU foams with at least 20% 

replacement of petroleum-based polyol with liquid lignin polyols, which met 

standard mechanical properties for automotive seating applications. 

o  A secondary goal was to assess the structure-property relationships of the 

synthesized PU foams. 
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CHAPTER 2 Materials and Methods 

2.1 Materials 

Lignin samples were provided by Fortum, West Fraser, Sweetwater Energy, Advanced 

Biochemical Thailand, Ingevity, and Greenvalue Enterprises. 1,8-Diazabicyclo(5.4.0)undec-7-

ene (DBU) was purchased from Tokyo Chemical Industry (TCI). Propylene carbonate, Rubinate 

M polymeric methylene diphenyl diisocyanate (pMDI), XC3000 amine gelation catalyst, 

XC1000 amine blowing catalyst, XC7000 balance catalyst, and XS068 siloxane surfactant were 

provided by Huntsman. A polyether polyol, with functionality 3 and Mn = 4000 Da, was 

provided by Woodbridge Foam. 

For 31P-NMR analysis and GPC analysis, cyclohexanol (99% purity), pyridine (HPLC 

grade), and 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP) were purchased from 

Sigma-Aldrich. Chromium(III) acetylacetonate, deuterated chloroform, HPLC-grade 

tetrahydrofuran, and acetic anhydride were obtained from Fisher. 
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2.2 Computational Methods 

 

Figure 8. Materials Studio 3D models of phenyl isocyanate, methanol, and three lignin model 

compounds containing H, G, and S units 

Density functional theory (DFT) calculations, using Biovia Materials Studio software, 

were used to investigate how the different types of lignin hydroxy (OH) groups react affect the 

reaction profile of the urethane formation reaction. As shown in the Figure 8, derivatives of 1,3-

diarylpropan-1,2-diol were used as lignin model (LM) compounds; this compound is derived 

from two guaiacyl (G) units and contains both aliphatic and phenolic OH groups. These 

compounds are dimers of lignin monomers; the three lignin monomers were not used because 

they contain unsaturated double bonds, while natural lignin mostly contains saturated bonds. 

Similar lignin model compounds were used by Zieglowski et al.52 when using DFT to investigate 
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lignin’s reaction with various isocyanates. By modifying the amount of methoxy groups on the 

ortho position of the phenolic ring, 3 different model compounds, with G,  H, and S units were 

created. The G-unit model compound was also used to investigate reactions of phenyl isocyanate 

with lignin’s primary and secondary aliphatic hydroxy groups. Methanol was also used as a 

model hydroxy compound, for comparing our results with previously published papers. Phenyl 

isocyanate was used as the model isocyanate compound because it has an aromatic structure that 

is similar to the diisocyanates (TDI and pMDI) commonly used in PU foam applications).  

Simulations were carried out using the DMol3 program within Biovia Materials Studio88, using a 

Pardew-Burke-Ernzerhoff (PBE) functional, which is based on the general gradient 

approximation (GGA). A double-numerical + polarization (DNP) basis set was used because it 

adds “d” polarization functions to all non-hydrogen atoms and a “p” orbital polarization function 

to H-atoms. This is important for accurately modeling hydrogen bonding,88
 which plays a critical 

roles in PU reactions.84   

 Six total simulations were performed, corresponding to reactions of phenyl isocyanate 

with methanol and the lignin model compound’s primary aliphatic, secondary aliphatic, p-

hydroxyphenyl (H), guaiacyl (G) and syringyl (S) hydroxy structures. 3D atomistic documents 

were created with a urethane linkage between phenyl isocyanate and the relevant hydroxy groups 

for each compound. A geometry optimization algorithm was applied to phenyl isocyanate, 

methanol, the 3 lignin model compounds, and the 6 different urethane-containing structures to 

determine the ground state energy for each structure; the collected data was used to calculate the 

reaction energy released during the formation of each urethane linkage. To predict the activation 

energy barriers, one 3D atomistic document was created with phenyl isocyanate positioned near 

the relevant hydroxy group, and paired with the corresponding urethane structure document 
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using the reaction preview tool in Materials Studio, to create a reaction trajectory document. 

Lastly, a transition state search was run for each reaction trajectory in Dmol3, using linear and 

quadratic synchronous transit methods (LST/QST).89 This algorithm works to find the saddle 

point of the potential energy surface of the predicted reaction trajectory, which corresponds to 

the transition state. To achieve comparable results with literature84,90, an implicit solvent model, 

using acetonitrile as the simulated solvent, was used during the transition state search. 

2.3 Lignin Characterization 

All lignin samples used in this study were characterized to understand their chemical 

structure and physical properties.  

2.3.1 Ash Content 

The ash contents of lignin samples were measured according to a standard method 

described in TAPPI T 212 om-9.91 Briefly, each oven-dry lignin sample (1–2 g) was added to a 

pre-weighed crucible and heated in a muffle furnace. The temperature was gradually increased 

from room temperature to 525 °C at a ramp rate of 5 °C min−1 and then kept at 525 °C for 4 h. 

After cooling in a desiccator, the ash content was determined as the ratio of residual mass in the 

crucible compared to the initial mass of the dry lignin. 

𝐴𝑠ℎ 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (𝑤𝑡%) =
𝑚𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒,𝑓 − 𝑚𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒,𝑖

𝑚𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒,𝑖
× 100% [1] 

2.3.2 Elemental Analysis 

Lignin samples were dried overnight at 100-105 °C, ground with a Wiley Mill, and sieved 

through a number 10 sieve (2 mm). All lignin samples were prepared according to Association of 

Official Analytical Chemists (AOAC) Official Methods 922.02 and 980.03, and sent to an external 

laboratory to perform Inductive-Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) with 

a Thermo Scientific iCAP 6000 series 6500 Duo. 
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2.3.3 Phosphorous 31 Nuclear Magnetic Resonance Spectroscopy (31P-NMR) 

The hydroxy contents and chemical structure of lignin and synthesized lignin polyols 

were analyzed according to an established procedure.92–95 A solution of HPLC grade pyridine 

and chloroform-d (1.6:1, v/v) was prepared as a solvent. Approximately 22 mg (precisely 

measured) of cyclohexanol was dissolved in 1 mL of the solvent to prepare an internal standard 

solution. 5-7 mg of chromium (III) acetylacetonate was dissolved in 1 mL of the solvent, and 

approximately 35 mg of the lignin sample was dissolved in 500 μL of the prepared solvent. All 

prepared solutions were mixed for 30 s in a vortex at 3000 rpm. 100 μL of the chromium (III) 

acetylacetonate solution and 100 μL of the internal standard solution were added to the lignin 

solution. Next, 100 μL TMDP was added to the lignin solution, and mixed for 30 s in a vortex at 

3000 rpm. The samples were then transferred to a 5mm Wilmad NMR tube. The NMR solution 

was analyzed in an Agilent DDR2 500 MHz NMR spectrometer equipped with 7600AS, running 

VnmrJ 3.2 A. Data was collected using a 90° pulse angle with a relaxation delay of 5 s, and 128 

scans. Hydroxy contents were quantified using MNova software (Mestrelab),  by computing 

ratios of integrated areas around the cyclohexanol peak (145.3-144.9 ppm) to the various lignin 

hydroxy moieties: aliphatic (149.1-145.4 ppm), condensed phenolic (144.6-143.3 and 142.0-

141.2 ppm), syringyl phenolic (143.3-142.0 ppm) guaiacyl phenolic (140.5-138.6 ppm), p-

hydroxyphenyl phenolic (138.5-137.3 ppm) and carboxylic acids (125.9-134.0 ppm). Equation 2 

describes the calculation of the internal standard integrated peak area; 0.1 is the dilution factor, 

0.99 is the purity of the internal standard, and 100.158 refers to the molar mass of cyclohexanol. 

𝐼𝑆 𝑎𝑟𝑒𝑎 (𝑚𝑚𝑜𝑙/𝑔) = 0.1 × 0.99 ×
𝑚𝐼𝑆(𝑚𝑔)

𝑚𝑙𝑖𝑔𝑛𝑖𝑛(𝑚𝑔)
×

1000(𝑚𝑚𝑜𝑙/𝑚𝑜𝑙)

100.158(𝑚𝑜𝑙/𝑔)
[2] 
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2.3.4 Gel Permeation Chromatography (GPC) 

The molecular weight distributions of the lignin samples were measured by performing 

gel permeation chromatography (GPC), using tetrahydrofuran (THF) as the mobile phase. To 

completely solubilize lignin in THF, the samples were acetylated by mixing 1 g lignin in 40 mL 

of a pyridine-acetic anhydride solution (50-50 v/v%) for 24 hours at room temperature. The 

samples were precipitated with 0.1 M hydrochloric acid, washed with deionized water 3 times, 

and dried in a vacuum oven. The samples were then dissolved in HPLC grade THF at a 

concentration of 5 mg/mL, and the solution was filtered using a 0.45 μm syringe filter.  

The filtrate was injected into the GPC system (Waters, Milford, MA, USA), including a 

separations module (Waters e2695). The mobile phase was THF (HPLC grade), with a 1 

mL min−1 flow rate. Three 300 mm×7.8 mm Ultrastyragel columns from Waters (100–10 K, 

500–30 K, and 5 K–600 K Å) with THF as the mobile phase were used. Polystyrene standards 

with molecular weights of 162, 370, 474, 580, 945, 1440, 1920, 3090, 4730, 6320, 9520, 16700, 

and 42400 Da were used for calibration. The molecular weights of samples were calculated using 

Empower GPC Software. 

2.4 Comparative Analysis of Liquid Lignin Polyols from Different Lignin Varieties 

2.4.1 Synthesis of Lignin Polyols 

Eleven  different lignin polyols, using lignins from various biomass sources and isolation 

processes were synthesized to gain a better understanding of the relationship between lignin and 

polyol properties. Polyols were synthesized by reacting propylene carbonate with lignin, using a 

1:10  molar ratio of lignin hydroxy groups per propylene carbonate (PC) molecule. 

Diazabicyclo(5.4.0)undec-7-ene (DBU) was used as a catalyst, with a molar ratio of 0.05 moles 

DBU per 1 mole of lignin hydroxy groups.73 Table 2 displays the synthesis parameters for each 
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lignin polyol. 50 grams of lignin and the calculated amounts of DBU and propylene carbonate 

were charged into a 600 mL Parr Reactor, which was purged with dry nitrogen gas for 30s. The 

reactions proceeded for 6 hours at 150 °C in a nitrogen atmosphere, mixing with a propeller at 

300 rpm. After the reaction finished, the reactor vessel was quenched in cold water and lignin 

polyols were stored in polypropylene flasks.  

Table 2. Synthesis Parameters of Liquid Lignin Polyols 

Lignin ID Sources Processing Lignin OH 

Content 

(mmol/g) 

1-K-SW Softwood Kraft 5.77 

2-O-SW Softwood Organosolv 4.12 

3-O-HW Hardwood Organosolv 4.88 

4-O-CS Corn Stover Organosolv 3.89 

5-S-WS Wheat Straw Soda 5.46 

6-K-HW Hardwood Kraft 5.92 

7-S-HW Hardwood Soda 6.56 

8-O-WS Wheat Straw Organosolv 3.53 

9-K-HW Hardwood (Eucalyptus) Kraft 6.66 

10-K-SW Softwood Kraft 4.66 

11-O-WS Wheat Straw Organosolv 3.73 

 

2.4.2 Characterization of Lignin Polyols 

2.4.2.1 Hydroxy Value Determination 

The hydroxy contents of lignin polyols were measured using 31P-NMR spectroscopy, 

using a method identical to that used for lignin characterization. The hydroxyl value (OHV), a 

measure of the free hydroxy groups in a substance, which is normally determined via titration 

with potassium hydroxide of an acetylated sample, was computed using 31P-NMR data by using 

by equation 3; the active hydrogen equivalent weight (AHEW), was computed as the inverse of 

the total hydroxy content (equation 4).  
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𝐻𝑦𝑑𝑟𝑜𝑥𝑦 𝑉𝑎𝑙𝑢𝑒 (𝑂𝐻𝑉) = 𝑇𝑜𝑡𝑎𝑙 𝐻𝑦𝑑𝑟𝑜𝑥𝑦𝑙 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (𝑚𝑚𝑜𝑙/𝑔) × 56.1 [3] 

𝐴𝐻𝐸𝑊 =
1000

𝑇𝑜𝑡𝑎𝑙 𝐻𝑦𝑑𝑟𝑜𝑥𝑦𝑙 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (𝑚𝑚𝑜𝑙/𝑔)
[4] 

2.4.2.2 Viscosity 

The viscosity of the lignin polyols were measured using a Discovery HR-1 hybrid 

rheometer from TA Instruments, using a 40 mm stainless steel Peltier plate geometry, with a 1 

mm gap. Samples were placed between the plates and trimmed prior to measurement. The 

viscosity was measured at a constant shear rate of 50 s-1, taken as the average viscosity over a 5 

second interval.  

2.4.2.3 Unreacted Propylene Carbonate (PC) Content 

The unreacted PC content of the lignin polyols were measured gravimetrically to 

determine the proportions of modified lignin and residual propylene carbonate after the reaction. 

The mass of a dry 50 mL beaker and a Pyrex ASTM 10-15 M Gooch Crucible were measured. 1 

g of each polyol was dropped into a beaker with 20 mL water and vigorously stirred for 1 

minute; the precipitated lignin and solution were then vacuum filtered using the filter crucibles. 

The samples (both in the beaker and Gooch crucible) were then left to dry overnight at 105 °C, 

and placed in a desiccator to cool. The unreacted PC content of the polyols was determined by 

equation 5. 

𝑈𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑃𝐶 (𝑤𝑡%) = (1 − 
Δ𝑚𝑏𝑒𝑎𝑘𝑒𝑟 + Δ𝑚𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒

𝑚𝑙𝑖𝑔𝑛𝑖𝑛 𝑝𝑜𝑙𝑦𝑜𝑙
) × 100% [5]  
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2.5 Synthesis and Characterization of Flexible PU Foams with Liquid Lignin Polyols 

2.5.1 Liquid Lignin Polyol and Foam Synthesis 

Three lignins from different biomass sources and isolation processes were used to prepare  

lignin polyols with lower ratio of lignin to PC for  partially replacing  the petroleum-based polyol  

in flexible PU foams designed for automotive seating applications.  

Table 3. Lignins used to synthesize flexible PU foams 

Sample 

ID 

Isolation 

Method 

Lignin 

Source 

Supplier Lignin 

(g) 

Propylene 

Carbonate 

(g) 

DBU 

(g) 

O-WS Organosolv Wheat Straw Fortum 100 199 3 

K-SW Kraft Softwood West Fraser 100 238 3.5 

H-HW Acid 

Hydrolysis 

Hardwood Sweetwater 

Energy 

100 277 4.1 

 

First, lignin samples were all oven-dried at 80 °C for 24 hours. Lignin was reacted with 

propylene carbonate in the presence of 1,8-Diazabicyclo(5.4.0)undec-7-ene (DBU) catalyst. 5 

moles of propylene carbonate were reacted with every one mole of lignin OH groups, with 0.05 

moles of DBU per lignin OH group. To make each polyol, 100 g lignin, and the calculated 

amounts of propylene carbonate and DBU were charged into a Model 4524 Parr Reactor (2L 

capacity). The reactor was then sealed and purged with nitrogen gas for 30 s to remove 

atmospheric moisture The temperature was then increased to 150 °C and the reaction proceeded 

for 90 minutes, mixing at a speed of 300 rpm; the pressure was periodically released during the 

course of the reaction to avoid excess carbon dioxide build-up. Once the reaction had completed, 

the reactor vessel was quickly quenched with cold water, and the samples were removed. The 
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lignin polyol properties (hydroxy value, viscosity, and unreacted PC) were characterized by the 

methods described earlier in section 2.4.2.  

Foams were prepared according to the formulation in Tables 4 and 5. In PU foam 

production, isocyanates are typically referred to as the “A-side”, while polyols, catalysts, and 

surfactants are typically mixed separately and called the “B-side”. The B-side is typically 

quantified by parts per hundred polyol (pphp), which refers to the mass in grams of each 

component per 100 grams of polyol.2 For each type of lignin, 10, 20, and 30 pphp of 

petrochemical polyols were  replaced with the lignin polyols to synthesize flexible PU foams. 

Due to the high hydroxyl value and crosslinked polyphenolic structure of the lignin-polyol,  it is 

not possible to fully replace polyether polyol in flexible foam formulations.   

Table 4. Polyol and isocyanate compositions of synthesized flexible PU foams 

Sample ID Lignin Type Lignin-

Polyol 

(pphp) 

Polyether 

Co-polyol 

(pphp) 

pMDI 

(pphp) 

Control - 0 90 53 

O-WS 10 Organosolv Wheat Straw 10 80 54.4 

O-WS 20 Organosolv Wheat Straw 20 70 55.9 

O-WS 30 Organosolv Wheat Straw 30 60 57.4 

K-SW 10 Kraft Softwood 10 80 55.1 

K-SW 20 Kraft Softwood 20 70 57.3 

K-SW 30 Kraft Softwood 30 60 59.5 

H-HW 10 Acid Hydrolysis Hardwood 10 80 55.5 

H-HW 20 Acid Hydrolysis Hardwood 20 70 58.1 

H-HW 30 Acid Hydrolysis Hardwood 30 60 60.7 

Optimized Kraft Softwood 20 70 50.2 
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Table 5. Minor components, including co-polyols, blowing agents, and catalysts used in flexible 

PU foam formulations 

Component Composition (pphp) 

SAN Grafted Co-Polyol 10 

Water (Blowing Agent) 4 

Gelation Catalyst 0.3 

Blowing Catalyst 0.08 

Balance Catalyst 0.5 

Silicone Surfactant 0.5 

 

The isocyanate (NCO) index, which is the stoichiometric ratio of isocyanate groups per 

100 hydroxyl groups in a PU formulation, was set to 80 for all foams (except the optimized 

foam) to account for the high functionality and hydroxyl content of the lignin polyols.46,54 Thus, 

the mass of isocyanate used was computed by Equation 1. The isocyanate used was, a polymeric 

methylene diphenyl diisocyanate (pMDI) with an equivalent weight of 133.4 g/eq.  

𝑚𝐴−𝑠𝑖𝑑𝑒 = 𝑚𝐵−𝑠𝑖𝑑𝑒 × 0.8 × 𝑁𝐶𝑂 𝐸𝑞. 𝑊𝑡 × ∑
𝑝𝑝ℎ𝑝𝑖

𝑂𝐻 𝐸𝑞. 𝑊𝑡.
[6]  

Additionally, after these foams were synthesized and tested, another foam was created 

with a  slightly modified formulation that was designed to meet all the required mechanical 

property standards for automotive seating. The collected data, as discussed in the results section, 

indicated that the foam with 20 pphp K-SW lignin polyol had mechanical properties that best 

matched those of the control formulation, but had a lower ultimate elongation than required for 

automotive seating locations. To alleviate this issue, an “optimized” foam with a reduced 

isocyanate index of 70 was synthesized and tested.  

To prepare foam samples for mechanical testing, 120 g polyol (including both polyether 

polyol and lignin polyol) and the calculated amount of catalysts and surfactants were mixed for 2 

min at 3000 rpm in a 12 oz paper cup. Then, the calculated amount of isocyanate was added 
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using a needle-less plastic syringe, and mixed with the B-side at 3000 rpm for 3-5 seconds. The 

polyol-isocyanate mixture was then quickly poured into a 30 x 30 x 5 cm silicone mold that had 

been heated to 65 °C. After 2 minutes of curing, the foams were removed from the mold and left 

to cure for 48 hours. After post-curing, a band saw was used to remove 1 cm of skin from the 

foam and to cut the foam into mechanical testing specimens. 

 

Figure 9. Foam samples partially synthesized with various lignin polyols  
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2.5.2 Characterization of Flexible PU Foams 

 

Figure 10. ASTM 3574 mechanical property testing specimens 

2.5.2.1 Reaction Profile 

The relative reactivity of each foam was compared using cup tests as specified in ASTM 

standard D7487-18.96 Foams were prepared according to the prescribed formulation, using 15 g 

of polyol per cup, and 3 replicates per sample. A timer was started when the isocyanate and 

polyol began mixing. The cream time (when gas bubbles begin appearing), gel time (when long 

strings of tacky material can be pulled from the foam surface), end of rise time, and tack free 

time of the foams were recorded.  

2.5.2.2 Apparent Density 

Using a band saw equipped with scallop blades, foam samples were cut into 50 x 50 x 25 

mm blocks. Four replicates were used for this test. Their dimensions were precisely measured to 

the nearest 0.1 mm with calipers. The samples were weighed on a high precision Mettler-Toledo 

Tear 

Tensile 
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balance to nearest 0.001 g, and apparent density was calculated by dividing the samples’ mass by 

its volume.  

2.5.2.3 Compression Force Deflection 

 

Figure 11. Mechanical testing of flexible PU Foams: a) Tensile Test b) Tear Resistance Test c) 

Compression Force Deflection (CFD) Test 

The same 50 x 50 x 25 mm foam samples used for measuring the apparent densities were 

used to measure the load bearing properties of the foam. The samples were placed on an Instron 

universal testing machine equipped with compression platens. The platen separation was set to 

the foam height (~25 cm). The samples were then compressed to 75% of their initial height as 

part of  “pre-flex” to break any residual closed cells. Then  allowed to recover for at least 6 

minutes, before pressing them again.  

After recovery, the samples were then compressed to 25% strain, and the stress was 

measured after 1 minute of relaxation. This test was repeated at 50% and 65% strain. The 

compression force deflection (CFD) was reported as the stress after 1 minute of relaxation at 

50% strain. The CFD is directly proportional to foam density, so a density-normalized CFD was 

also reported. The support (sag) factor was reported as the ratio of the stress at 65% strain to the 

stress at 25% strain (equation 7) 
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𝑆𝑢𝑝𝑝𝑜𝑟𝑡  𝐹𝑎𝑐𝑡𝑜𝑟 =
𝐶𝐹𝐷 𝑎𝑡 65%  𝑆𝑡𝑟𝑎𝑖𝑛

𝐶𝐹𝐷 𝑎𝑡 25%  𝑆𝑡𝑟𝑎𝑖𝑛
[7] 

2.5.2.4 Tensile Test 

The tensile strength and elongation of samples were measured according to ASTM 

D3574-17, part E. Foam samples were cut to approximately 10 mm in thickness in the rise 

direction. Then, a hydraulic press was used with a die to cut dog-bone shaped sample specified in 

ASTM D412A. The width and thickness of the samples were precisely measured with calipers. 

The samples were then placed into an Instron 5585H universal testing machine, with a 10 kN 

load cell, and secured with hydraulically controlled rubber grips. The grip separation was 80 

mm; this dimension was considered to be the “initial length” for strain calculations. The samples 

were pulled at a rate of 500 mm/min, and the tensile strength, elastic modulus, and ultimate 

elongation at break were recorded.  

2.5.2.5 Tear Resistance Test 

The tear resistance was measured according to ASTM D3574-17 Test F. Foams prisms 

were cut with dimensions 25.4 x 25.4 x 152.4 mm (1” x 1” x 6”), using at least 4 replicates. A 40 

mm slit was cut into the long dimension of the foam, parallel to the foam rise direction; the foam 

thickness was recorded parallel to this slit. The foam was then placed into an Instron universal 

testing machine, with each grip holding about 1 cm of each tab made by the slit, as shown in 

Figure 11b.The sample was then pulled apart at 500 mm/minute, until the tear propagated 120 

mm or the tear cut through the foam. The tear strength was computed using equation 8.  

𝑇𝑒𝑎𝑟 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ (𝑁/𝑚) =
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐹𝑜𝑟𝑐𝑒

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
[8] 
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2.5.2.6 Fourier-Transform Infrared (FTIR) Spectroscopy 

The infrared spectra of control foams and a 30 pphp foam for each lignin type was 

measured with a PerkinElmer Spectrum Two FT-IR Spectrometer, in Attenuated Total 

Reflectance (ATR) mode. 10 mm thick foam samples were compressed at the same force-level 

during measurement to ensure that the ATR crystal maintained adequate contact with the foam. 

The spectrum was processed with a baseline correction and noise-reduction algorithm after data 

collection. 

2.5.2.7 Thermogravimetric Analysis (TGA) 

The thermal degradation of the control foam and optimized foam samples  were 

investigated using a TGA55 (TA Instruments) thermogravimetric analyzer. 7-10 mg of each 

foam sample was placed in a platinum pan and heated to 800 °C at a rate of 10 °C/min. The 

weight loss % thermogram and its derivative were recorded.  

2.5.2.8 Scanning Electron Microscopy 

The morphology of the control foam, optimized foam, and the 30 pphp foam for each 

lignin type were investigated using scanning electron microscopy (SEM). Samples were cut with 

a razor blade perpendicular to the foam rise direction. Then, the samples were mounted using 

carbon tape and sputter coated with gold nanoparticles in an argon atmosphere to allow the 

samples to be conductive. Images were collected on a JEOL 6610LV SEM, with an accelerating 

voltage of 10 kV and a spot size set to 30. Images were collected at 50x, 100x, and 1000x 

magnification. Low magnification images were taken with SEM instead of optical microscopy 

because the 3D structure of foam requires a much larger depth of field than can be provided with 

optical microscopy.97  
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2.5.2.9 Dynamic Mechanical Analysis (DMA) 

Foam samples were subjected to dynamic mechanical analysis (DMA) in compression 

mode. The main purpose of this test was to examine how the lignin-polyols affect the soft-

segment glass transition. Cylindrical samples with diameters of 20 mm and thicknesses of 10 

mm were cut from bulk foam samples. The test parameters were a 50 μm amplitude test 

(confirmed to be in the linear elastic regime by a linear-oscillation test), a 0.044 N preload force, 

and a 1 Hz frequency. Samples were cooled to 100 °C and the storage modulus, loss modulus 

and tan δ were collected over a temperature range of -90 to 100 °C.  

2.5.3 Partial Least Squares-Regression Modeling 

Partial least squares regression (PLS-R) modeling was used to model relationships 

between lignin, polyol properties, and foam performance. A four component model was 

developed using SIMCA 18 chemometric modeling software, with lignin and polyol properties 

as the predictor variables, and the mechanical properties of the foam as the response variables. 

Several of the predictor variables were crossed (meaning the factors were multiplied together) 

with the lignin-polyol content in each foam. The idea was that because the foams were collected 

with 10, 20, and 30 pphp, crossing the LP content of the foam with another variable (like the 

lignin Mn) would indicate if that variable affected the foam performance.  
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CHAPTER 3 Results and Discussion 

The results of the three main experiments are presented here. First, the computed 

activation and reaction energies of the lignin-isocyanate reaction were tabulated and compared to 

experimental results. Then, the properties of lignin-polyols made with propylene carbonate and 

different lignin varieties were investigated. Lastly, 3 lignin polyols, made using lignins from 

different biomass sources and isolation processes, were used to partially replace the polyol 

portion of flexible polyurethane (PU) foams, and the structure and mechanical properties of these 

foams were extensively investigated.  

3.1 Computational Modeling of the Lignin-Isocyanate Reaction 

Density Functional Theory (DFT) modeling was used to predict the reaction-energy 

profile of the lignin-isocyanate reaction. Both the reaction energy and activation energy were 

calculated when phenyl isocyanate reacted with various types of hydroxyl (OH) groups present 

in lignin. Figure 29 in the Appendix demonstrates how the Linear Synchronous Search (LST) 

algorithm extrapolates a reaction trajectory from the product and reactant files, and probes the 

energies at different points to approximate an activation energy.  

 

Figure 12. Reaction trajectory document showing phenyl isocyanate reacting with a lignin 

model compound 
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Figure 12 demonstrates the geometry of the transition state for the reaction between a 

lignin model compound and phenyl isocyanate. The transition state is a four atom complex, 

evolving from a hydrogen bond between the nitrogen of the isocyanate and the hydrogen on the 

hydroxy group, while the oxygen of the hydroxy group performs a nucleophilic attack on the 

carbon in the isocyanate group. This structure is very close to the one demonstrated by other 

computational studies.84,98 In fact, the computed energy barrier for the methanol-phenyl 

isocyanate reaction (130 kJ/mol) was very close to that of a computational study from literature 

(128 kJ/mol),84 indicating that the developed model can reasonably predict activation energies 

for the urethane formation reaction.  

 

Figure 13. Reaction energy and activation energy for reactions of lignin model compounds with 

phenyl isocyanate 

The results of the transition state searches generally matched expectations. Experimental 

studies have shown that lignin OH groups’ reactivity towards isocyanates is in the order aliphatic 
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> H > G > S.52,99 According to kinetic theory, the reaction rate is inversely proportional to the 

activation energy by the Arrhenius law; thus, one would expect  that the activation energy barrier 

for the hydroxy-isocyanate reaction follows the trend methanol < aliphatic < H < G < S. This is 

generally observed, and the addition of methoxy groups to the phenolic ring of lignin appears to 

significantly increase the activation energy. Simultaneously, the reaction energy (ΔErxn) showed 

the opposite trend, which indicates that the steric hindrance of the lignin molecules makes 

urethane linkages less thermodynamically stable. Interestingly, secondary aliphatic hydroxy 

groups show a much higher activation energy compared to aliphatic primary hydroxy groups; in 

fact, the activation energy for the reaction at secondary aliphatic hydroxy groups is higher than 

that for phenolic H-units. This could be because the additional steric hindrance of the lignin 

molecule near the  secondary hydroxy groups negates the less nucleophilic nature of the OH 

group on the phenolic H-unit. If anything, the data collected here suggests that lignin varieties 

with a greater amount of H units, which are mainly found in herbaceous plants, would be best 

suited for  PU applications that require a high crosslinking density between lignin and 

isocyanates.  

Currently, no other computational study has attempted to model the reaction profile of 

lignin with isocyanates. Overall, these simulations are a good first step towards modeling the 

activation energy of the urethane formation reaction in lignin, but they need to be further 

optimized, and computed at a higher level of theory (using hybrid orbitals), to accurately model 

the system. Additionally, the clearly higher activation energies of G and S units provide 

motivation for developing lignin polyols through oxyalkylation with propylene carbonate, which 

will replace the sterically hindered S and G units in lignin with secondary aliphatic hydroxy 

groups.  
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3.2 Comparative Analysis of Lignin Polyols 

Eleven different lignin varieties were used to synthesize lignin polyols, and their 

properties, including molecular weights, viscosity, and hydroxy contents were measured. The 

properties of the synthesized lignin polyols are shown in tables 6 and 7. Overall, this study 

showed that the OH values of the lignin polyols were relatively similar; in fact, analysis of 

variance between the organosolv and kraft pulping methods showed that the OHV of the polyols 

did not significantly vary between isolation processes ( p > 0.05).  

Table 6. Properties of eleven different lignin polyols 

Lignin 

ID 

Sources Processing Lignin 

OH 

Value 

(mg 

KOH/g) 

Lignin 

Polyol 

OH 

Value 

(mg 

KOH/g) 

Lignin 

Polyol 

Viscosity 

(cP) 

Unreacted 

PC 

Content of 

Polyol 

(wt%) 

1-K-SW Softwood Kraft 324 102 42 78 

2-O-SW Softwood Organosolv 231 82 60 74 

3-O-HW Hardwood Organosolv 274 96 17 78 

4-O-CS Corn Stover Organosolv 218 85 27 79 

5-S-WS Wheat Straw Soda 306 87 26 81 

6-K-HW Hardwood Kraft 332 99 22 80 

7-S-HW Hardwood Soda 368 80 12 85 

8-O-WS Wheat Straw Organosolv 198 96 324 66 

9-K-HW Hardwood Kraft 374 98 10 84 

10-K-

SW 

Softwood Kraft 261 123 93 74 

11-O-

WS 

Wheat Straw Organosolv 209 114 71 75 

 

The main observation from this experiment was that only a small amount of propylene 

carbonate was actually grafted onto the lignins to make lignin polyols; unreacted PC 

measurements indicated that 66-85 wt% of the propylene carbonate remained in solution, 

resulting in a relatively low viscosity. Additionally, there was a correlation (Pearson’s r = 0.80) 
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between lignin hydroxy content and unreacted PC content; this is unsurprising as the amount of 

PC added was stoichiometrically balanced with the lignin hydroxy content. As a result, the  

the remaining experiments using these lignin polyols significantly reduced the amount of 

propylene carbonate used in the synthesis of lignin polyols, from a 1:10 lignin OH:PC molar 

ratio to a 1:5  molar ratio. 

Table 7. Molecular weight distributions of lignins and liquid lignin polyols 

Lignin ID Unmodifie

d Lignin 

Mn (Da) 

Lignin 

Mw (Da) 

Lignin 

Dispersity 

Lignin 

Polyol Mn 

(Da) 

Lignin 

Polyol Mw 

(Da) 

Lignin 

Polyol 

Dispersity 

1-K-SW 2002 7998 4 3590 13630 3.8 

2-O-SW 1433 5758 4 2300 7540 3.3 

3-O-HW 1555 4089 2.6 2440 9280 3.8 

4-O-CS 2303 9348 4.1 2790 11240 4 

5-S-WS 1607 4458 2.8 3110 11700 3.8 

6-K-HW 2676 12554 4.7 5440 30130 5.5 

7-S-HW 1844 6465 3.5 4980 20040 4 

8-O-WS 1914 5409 2.8 3640 12980 3.6 

9-K-HW 1344 3122 2.3 2560 7490 2.9 

10-K-SW 1910 14670 7.7 5160 26410 5.1 

11-O-WS 1800 4950 2.8 3080 8910 2.9 

 

One interesting observation from the GPC data visible in Table 7 and Figure 14 is that 

lignins synthesized with the soda and kraft processes tended to have a higher conversion into 

high molecular weight fractions, compared to organosolv lignins. This can be attributed to a 

variety of reasons. In general, kraft and soda processes increase the amount of phenolic hydroxy 

groups in lignin by breaking aryl-ether linkages, resulting in more places for propylene carbonate 

to react with lignin. For instance, in this study, kraft and soda lignins had an average hydroxy 

content of 5.7 ± 0.9 mmol/g, compared to 4.0 ± 0.5 for organosolv lignins. Additionally, these 
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processes often leave elemental impurities like sodium which can catalyze the reaction between 

lignin and cyclic carbonates.100  Additionally, it possible that some of the lignin molecules 

formed crosslinked with each other through carbonate linkages, increasing weight average 

molecular weight and dispersity. Such a reaction was also reported by Kuhnel et al.72 This 

crosslinking reaction occurs at lignin’s hydroxy groups, so it is likely that kraft and soda lignins, 

with higher hydroxy contents than organosolv lignins, would experience more of this 

crosslinking side reaction, leading to higher molecular weights and dispersities. 

 

Figure 14. Comparison of molecular weight (Mn) before and after lignin oxypropylation 
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Figure 15. Polyol viscosity vs lignin concentration of lignin polyols  

Figure 15 shows that the lignin concentration (inverse of unreacted PC content) has an 

excellent correlation (p = 0.89) with polyol viscosity. However, there were no clear correlations 

between lignin polyol viscosity and molecular weight. This is likely because there was a large 

difference in lignin concentrations in each polyol. For instance, the organosolv lignins tended to 

have higher viscosities because they have a lower hydroxy value, and thus used less propylene 

carbonate to react with each lignin hydroxy group. Future studies could prepare lignin polyols at 

various concentrations and use GPD data to fit Mark-Houwink parameters to the lignin polyols 

and obtain a better understanding of each lignin polyols macromolecular structure.  

3.3 Flexible PU Foams Synthesized with Lignin Polyols 

The computational study and comparative analysis of lignin polyols respectively 

provided insights into the nature of lignin-based PUs and PC-oxypropylated lignin. The 

remainder of this project is focused on applying the developed lignin polyols into flexible PU 

foam formulations. To that end, three different lignins, each from a different biomass source and 
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isolation process, were used to make liquid lignin polyols that subsequently replaced up to 30 

wt% of the petroleum-based polyol portion of  a flexible foam formulation. One goal of this 

project was to use these foams in automotive seating applications, and the mechanical properties 

of these foams were compared to standards listed for automotive upholstery.  

3.3.1 Lignin Properties 

Table 8. Properties of lignins used for flexible polyurethane foam synthesis 

Lignin ID O-WS K-SW H-HW 

Source Wheat Straw Softwood Hardwood 

Isolation Method Organosolv Kraft Acid 

Hydrolysis 
Ash Content (wt%) 0.2 1.9 2.3 

Na (ppm) 0.01 0.49 0.56 

Mn (Da) 1580 1910 1110 

Mw (Da) 6240 14670 5480 

Dispersity 4 7.7 4.9 

Tg (°C) 163 161 166 

Aliphatic OH Content (mmol/g) 1.82 1.65 2.66 

Condensed Phenolic OH (mmol/g) 0.13 0.59 0.43 

Syringyl OH Content (mmol/g) 0.54 - 1.46 

Guaiacyl OH Content (mmol/g) 0.74 1.64 0.48 

Hydroxyphenyl OH (mmol/g) 0.32 0.18 0.12 

Carboxylic Acid OH (mmol/g) 0.35 0.6 0.28 

Total OH Content (mmol/g) 3.9 4.66 5.43 

OH Functionality (f) 6.2 8.9 6.0 

 

Table 8 shows basic compositional properties of the lignins used in this study. The 

organosolv-wheat straw (O-WS) lignin showed a much lower ash and sodium content compared 

to the kraft-softwood (K-SW) and hydrolysis-hardwood (H-HW) lignins, which is expected as 
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organic solvents are less likely to dissolve inorganic minerals.62 While all lignins displayed a 

similar glass transition temperature, there were significant differences in molecular weight, with 

the K-SW having the highest Mn and Mw, followed by the O-WS lignin and H-HW lignin.  

Table 8 also displays the hydroxy contents of the lignins used in this study. As expected, 

the O-WS lignin has H, G, and S moieties, while the K-SW consists mainly of guaiacyl groups, 

and while the H-HW lignin is rich in syringyl units, but has comparatively few G units and only 

a few H units.93,101 Overall, the O-WS lignin had the lowest total hydroxy content, which might 

indicate that it would be well suited to flexible foams the lower OH value would result in a lower 

crosslinking density54 

The 31P-NMR spectra of the lignin polyols shows that the phenolic OH groups in K-SW 

lignins were completely converted to aliphatic OH groups, represented by the broad peak at 

145.5-146.2 ppm. However, it should be noted the O-WS lignin polyols showed some residual 

phenolic hydroxy moieties, indicating that longer reaction times are required to achieve complete 

conversion (see Figure 16). This could inhibit foam performance, as isocyanates will 

preferentially react with aliphatic isocyanates. Additionally, several narrow peaks occur in the 

aliphatic OH region of the 31P-NMR spectra. These are likely glycols, such as propylene glycol 

that formed from side reactions as the reaction progressed.72,77,102 These glycols will generally 

act as a chain extender in PU foams, extending the length of the hard segment, and affecting the 

degree of phase separation within the cured polymer.103–105 Thus, the liquid lignin polyol is 

actually a mixture of PC-modified lignin, low molecular weight glycols, PC-oligomers, and 

excess PC acting as solvent.81 These spectra were then integrated to compute the total hydroxy 

content and hydroxyl value (OHV) of the polyols, shown in Table 9. As shown, the polyol total 

OH value generally corresponds with the total hydroxy content of the unmodified lignin.  
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3.3.2 Lignin Polyol Properties 

 

Figure 16. Phosphorous-31 (31PNMR) spectra: a) Unmodified lignins. b) Lignin Polyols. Key: 

O-WS: Organosolv-Wheat Straw, K-SW: Kraft Softwood, H-HW: Acid Hydrolysis-Hardwood 
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As the lignin-polyol screening study showed, the viscosity of a polymer solution will 

increase with concentration and molecular weight of lignin.106 However, despite having a slightly 

higher unreacted PC content compared to the other lignin polyols, the K-SW lignin polyol had a 

much higher viscosity compared to the other lignins. This could be due to a variety of reasons, 

including the comparatively high molecular weight of the K-SW lignin or a high amount of side 

reactions that led to crosslinking of lignin and propylene carbonate oligomers via carbonate 

linkages.72 In contrast, the H-HW lignin polyol had a very low viscosity, which can be attributed 

to the low molecular weight of that lignin sample.  

Table 9. Properties of synthesized lignin polyols 

Lignin 

Used 

Viscosity (cP) at 

25 °C and 50 s-1 

OH Value                 

(mg KOH/g) 

Unreacted 

PC 

Content 

O-WS 6000 105 53 

K-SW 20000 142 62 

H-HW 900 163 60 

3.3.3 Foam Reaction Profile 

Figure 17 shows how the addition of lignin polyol tends to catalyze the curing reaction of 

PU foams. The cream time of the foams, which corresponds to the beginning of gas nucleation in 

the reacting mixture, is slightly larger for the lignin containing foams; this could be attributed to 

the higher viscosity of lignin polyols which could impede visible bubbles from nucleating.107 
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Figure 17. ASTM D7487 polyurethane foam cup test. Key: O-WS: Organosolv-Wheat Straw 

lignin; K-SW: Kraft-Softwood Lignin; H-HW: Acid Hydrolysis-Hardwood lignin. Control: 

Foam without lignin polyol, Optimized: Foam with 20 pphp K-SW lignin polyol and a reduced 

isocyanate index 

  The catalytic effect of the lignin polyols, which is made most evident by drastic 

reductions in the “tack-free” time as lignin polyol increased for the K-SW and H-HW lignins, 

can be attributed to the increased sodium content of those lignins and residual 1,8-

Diazabicyclo(5.4.0)-undec-7-ene (DBU) catalyst remaining in the lignin polyol. In addition to 

catalyzing the reaction between lignin and cyclic carbonates, DBU is a highly effective catalyst 

of the polyol-isocyanate reaction,84 causing a great reduction in reaction times with a high lignin-

polyol content. Additionally, recent research by Maiuolo et al.108 has indicated that sodium 

cations form a coordination structure with polyether polyols that catalyzes the reaction of polyols 

with isocyanates. Figure 16 showed that O-WS lignin polyol experienced incomplete conversion 
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of its phenolic hydroxy groups to aliphatic hydroxy groups. This reduced the O-WS lignin 

polyol’s reactivity towards isocyanates, increasing reaction profile times.52  

3.3.4 Scanning Electron Microscopy of Foams 

Scanning electron micrographs of the control foam, optimized foam, and foams 

synthesized foams with 30 pphp lignin polyol were taken to observe how liquid lignin polyol 

affects the morphology of PU foams. Using these low magnification images, ImageJ software 

was used to measure the average pore size of each foam, using 50 replicates per sample. The 

results in Table 10 indicate that at 30 pphp loading of lignin polyol, the pore size is much lower 

than in the control foam. This can be attributed to the higher crosslinking density of the foams 

made with lignin polyol (as all lignin polyols have a higher total hydroxy content than the 

polyether co-polyol), and the faster cure time of these foams, as evidenced by their reaction 

profiles, which could prevent cell opening from occuring before the foam fully cures.109 In 

contrast, the optimized foam made with 20 pphp K-SW lignin polyol and a lower isocyanate 

index has a similar average pore size to the control formulation, which can be attributed to the 

slightly slower curing times due to the lower concentration of isocyanate. The decreased pore 

sizes can partially explain the higher moduli and reduced elongation to failure of the lignin-

containing foams.  
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Figure 18. Scanning Electron Micrographs (SEM) of Synthesized Foams  
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Table 10. Average Pore Sizes of Flexible PU Foams 

Foam Sample Average Pore Size (μm) Standard Deviation 

Control 210 97 

O-WS 30 151 64 

K-SW 30 180 81 

H-HW 30 180 79 

Optimized (K-SW 20) 204 107 

  

High magnification SEM micrographs at 100x and 1000x indicate that there are no 

agglomerated lignin particles in the PU matrix at a loading concentration of 30 pphp lignin 

polyol, and that the morphology of the foams is similar to the control. This indicates that lignin 

was successfully incorporated as a polyol into the foam matrix, and not as a filler particle, which 

often occurs when solid lignin powders mixed into a flexible foam mixture and can result in 

reduced mechanical properties.54,110 
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3.3.5 Fourier-Transform Infrared Spectroscopy 

 

Figure 19. FTIR Spectra of selected polyurethane foams synthesized with 30 pphp lignin polyol: 

(a) Full Spectra (b) Carbonyl stretching region 

As Figure 19 shows, the infrared spectra of the foams made with 30 pphp lignin appear 

very similar to each other, but with slight differences compared to a foam made without lignin 

polyol. First, the isocyanate peak centered at 2270 cm-1 is still visible in the control foam, but has 

completely disappeared in foams made with lignin polyol. This could be due to the more reactive 

nature of the lignin polyol, as evidenced by the foam’s reaction profile, due to the presence of 

residual DBU catalyst within the lignin polyol, or alternatively due to glycols and other PC-

oligomers with primary OH groups that quickly react with isocyanates. Furthermore, the lignin-

containing foams have a reduced intensity in the C-H stretching region (3000-2840 cm-1). 

Additionally, the carbonate linkages within the lignin polyol appear at a small peak at 1790 cm-1. 

In PUs, the ratio of the carbonyl peak intensities at between 1710-1715 cm-1 (free urea) and 

1650-1700 cm-1 (monodentate hydrogen bonded urea) can be used to interpret the degree of 

microphase separation in PUs.46,47 The diminished hydrogen bonded urea peaks in the samples 
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with 30 pphp lignin polyol, indicate that the lignin polyol disrupts the ordering of the hard 

domains, reducing the degree of microphase separation.111 Microphase separation plays a critical 

role in determining the mechanical properties of PU materials; for instance, the tensile strength 

and toughness of PU elastomers can be greatly improved by high degrees of microphase 

separation.112 All foams exhibited only weak signals at 1640 cm-1, which indicates a lack of 

bidentate urea linkages, indicating that overall, hard domain ordering was limited for all foams. 

This could partly explain the limited elastomeric activity of the lignin-containing foams. Other 

studies of lignin-PUs have indicated that lignin tends to disrupt the ordering of the hard 

domains.46 It was more difficult to resolve the free urethane (1730 cm-1) and hydrogen-bonded 

urethane (1700-1705 cm-1) compared to the urea units, which can be attributed to the high water 

content used for synthesis of these foams compared to other studies.45,113  

3.3.6 Mechanical Properties of Foam 

The following figures display the measured mechanical properties of the foams partially 

made with lignin polyols. The dotted red lines on the graphs indicate standard mechanical 

property ranges for automotive seating applications. Error bars represent one standard deviation.  

The densities of the foams (Figure 20) were generally within the acceptable range for 

automotive seating applications of 40-65 kg/m3, but they tended to vary based on the type of 

lignin polyol used. Foams made with O-WS and H-HW showed higher densities compared to the 

foam without lignin. This can be attributed to the higher hydroxy content of the lignin polyol and 

the accelerated curing reaction which prevents adequate time for gas bubbles to expand in the 

polymer matrix. Interestingly, the foams made with K-SW lignin polyol showed a similar density 

to the control foam at loading percentages of 10 and 20 pphp, but with an increased density at 30 

pphp loading; this could be due to partial foam collapse.  
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Figure 20. Apparent Densities of Flexible PU Foams synthesized with liquid lignin polyols. 

Key: O-WS: Organosolv-Wheat Straw lignin; K-SW: Kraft-Softwood Lignin; H-HW: Acid 

Hydrolysis-Hardwood lignin. Control: Foam without lignin polyol, Optimized: Foam with 20 

pphp K-SW lignin polyol and a reduced isocyanate index 

 

Figure 21. Elastic moduli, measured in tension, of flexible PU foams 
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Figures 21 and 22 summarize the results of tensile testing on the PU foams. The additions 

of O-WS and K-SW lignin polyol clearly increase the elastic modulus of the foams. This is 

expected, as lignin increases the hard segment content of the foams. Additionally, these lignins 

have a highly branched structure with many terminal OH groups which will increase the 

crosslinking density of the foams. Surprisingly, the foams synthesized with H-HW lignin polyol 

did not show this trend; the foam synthesized with 30 pphp H-HW lignin polyol actually had a 

lower elastic modulus compared to the foam synthesized with 20 pphp lignin polyol. 

 

Figure 22. Tensile strength (a) and ultimate elongation (b) of flexible PU foams synthesized 

with liquid lignin polyols 

Additionally, it is clear to see that the foams synthesized with lignin polyols had severely 

reduced ultimate elongations compared to the control sample. This in turn contributes to the 

lower tensile strengths of some lignin-based foams, as they fracture at lower strains. This can be 

attributed to multiple issues. First, because the hydroxy content of these lignin polyols (90-150 

mg KOH/g) is higher than the long-chain polyether polyol used as a co-polyol (28 mg KOH/g), 

more isocyanate is used to obtain the same isocyanate index. This increases both the crosslinking 
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density of lignin, and increases the amount of hard segment present in the foam. As a result, the 

elastomeric activity of the soft segment is hindered by the addition of lignin polyol.  

Notably, the K-SW lignin polyol produced foams with the highest tensile strengths and 

moduli. Reasons for the comparatively superior performance of the K-SW lignin are not entirely 

clear, and require further study. Previous studies have shown that for lignins of the same type, 

but fractionated to obtain different molecular weight distributions, intermediate molecular 

weights (Mn = 900) and lowest dispersities (Ð = 1.8) produced the best tensile strength and 

elongation when directly incorporated into flexible foams.57 A separate study of lignin-PU 

elastomers also indicated that lower molecular weight lignin resulted in higher moduli, strength, 

and elasticity.110 It is possible that the higher hydroxy functionality of the K-SW lignin (f =8.9) 

resulted in a greater crosslinking density for the foams made with K-SW lignin polyol. Overall, 

this highlights the biggest challenge in using lignin in flexible PU foam formulations: lignin’s 

rigid, highly branched structure means that it cannot fully replace the soft segment in PU foams. 

However, this also means that lignin can effectively replace some of the hard-segments in PU 

foams, requiring less isocyanate, which is petroleum-derived and considered a toxic substance. 

For instance, the optimized foam formulation was made with an isocyanate index of 70, and 20 

pphp of the K-SW lignin polyol, whereas all the other foams had an isocyanate index of 80. The 

optimized foam had an ultimate elongation of 61%, matching the required flexiblity for 

automotive seating applications while still maintaining a high tensile strength. 

Figure 23 displays the results of compression force deflection (CFD) measurements. To 

run this test, rectangular foam samples were compressed to a certain strain level and left to relax 

for one minute, as shown in Figure 23d. The compression force deflection (CFD) was recorded 

as stress after one minute relaxation at 50% strain, while the support factor is this ratio of these 
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stresses at 65% strain and 25% strain. The CFD value is an important measure of load bearing 

ability. Additionally, CFD values have been shown to be linearly proportional to density,46 and 

so Figure 23b, which shows CFD normalized by foam density, gives a better estimate of how the 

polymer matrix of the foam actually performs. 

 

Figure 23. Compression testing results: a) Compression Force Deflection (CFD) values, b) 

Density-normalized CFD, c) Support Factor, d) Stress relaxation during a CFD test 

The compressive properties indicate that the K-SW lignin polyol produces foams with the 

highest load-bearing properties, even when corrected for density. The higher hydroxyl 

functionality (f = 8.9) of K-SW lignin compared to that of O-WS (f = 6.2) and H-HW (f = 6.0), 
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and the polyether polyol (f =3) could result in more urethane crosslinks per lignin molecule, 

increasing the crosslinking density of the foams and resulting in better load bearing properties. 

As discussed earlier, the O-WS lignin polyol had some residual aromatic hydroxyl groups that 

did not react with propylene carbonate, leaving it with phenolic hydroxy groups that are less 

reactive towards isocyanates; this could explain its worse load-bearing properties compared to 

the K-SW foam. The H-HW lignin polyols produced foams with particularly poor compressive 

properties, with CFD values lower than those of the control foam. This is surprising, given 

lignin’s rigid structure and the H-HW lignin’s high hydroxyl content; one would expect it to 

provide more load bearing compared to the control foam. One hypothesis for the poor 

mechanical properties of this foam are its high residual sugar content and low molecular weight. 

 Additionally, it was generally observed that addition of lignin to the foams increased the 

support factor. This empirical parameter is related to the compression modulus, but is also 

widely used by industry to measure how much cushioning a piece of foam would provide. For 

instance, a foam cushion with higher support factors would be less likely to “bottom out” when 

someone sits on it.114 Thus, lignin can play a critical role in improving foam performance in 

seating applications. 

The tear strength corresponds to the maximum force required to propagate a tear through 

the foam; it is analogous to the fracture toughness of a bulk material, and serves as an empirical 

measurement of foam durability in real-world applications. A foam with high tear strength would 

ideally have both high tensile strength and elongation at break. 
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Figure 24. Tear strength of flexible PU foams made with liquid lignin polyols 

The tear strength shows a similar trend to the other mechanical properties, in that the 

foams made with K-SW lignin polyol clearly outperform those made with the O-WS and H-HW 

lignin polyols. In fact, with addition of K-SW lignin polyol, the tear strength showed an 

increasing trend, while addition of O-WS and H-HW lignin polyols showed a decreasing trend in 

tear strength. All foams made with the K-SW lignin polyol met the minimum 100 N/m standard 

required for automotive seating applications. 

The “optimized” foam demonstrated that a foam with 20% of its petroleum polyol 

portion replaced with a K-SW lignin polyol can meet the standard mechanical property 

requirements for automotive seating application, with a reduction in the isocyanate index. 

Because isocyanates are toxic and volatile petroleum-derived materials, this has the added bonus 

of increasingly the sustainability of the final foam. The optimized foam had a low density, a 

comparable tear strength to the control foam, and a noticeably improved ultimate elongation 

compared to the other lignin-based foams. However, it should be noted that tear strength 
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decreased significantly when the isocyanate index was reduced, although it still met the 

minimum 100 N/m required for automotive seating applications. Thus, while reducing the 

isocyanate index can be an effective method for improving the flexibility and bio-based content 

of lignin-based PU foams, it can also negatively affect some critical performance parameters.115 

3.3.7 Thermogravimetric Analysis 

 

Figure 25. Thermogravimetric analysis of flexible PU foams in nitrogen. a) Weight loss 

thermogram. b) Derivative of weight loss. Key: Control: Foam made with 0 pphp lignin polyol. 

Optimized: Foam made 20 pphp K-SW lignin polyol and an NCO Index of 70 

Thermogravimetric analysis (Figure 25) of the synthesized foams revealed that foams 

with lignin polyols exhibited about 5% weight loss from 100-200 °C. This can be attributed to 

evaporation of small molecules of unreacted PC and PC-oligomers (formed as side-products 

during polyol production) that did not react with lignin or isocyanates and were not incorporated 

into the polymer matrix.116 At 250 °C, irreversible degradation of the urethane linkage begins, 

peaking at a shoulder around 313 °C; interestingly, the lignin-containing foam appears to have a 

more well defined shoulder peak at 310 °C compared to the control foam. The polyol soft 
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segment of the foams then pyrolyzes near 370 °C. Additionally, the lignin containing foams all 

generated more residual char following degradation of the urethane linkage and pyrolysis of the 

polyols; this can be attributed to the more complex molecular structure of the lignin which is 

more difficult to volatilize.  

3.3.8 Dynamic Mechanical Analysis 

 

Figure 26. Dynamic mechanical analysis (DMA) of foams, collected at 1 Hz: a) Storage 

modulus and b) tan δ between -90 to 100°C 

Despite the large amount of noise present in the data, which can largely be attributed to 

the low moduli of the foams compared to bulk materials, DMA analysis of the foams (Figure 26) 

is very revealing with regard to mechanical properties. Below Tg, the control foam had a higher 

storage moduli than all foams with 30 pphp lignin. This result is somewhat surprising, especially 

because the control foam had a lower density than the other measured samples, and can be 

potentially attributed to the closer packing among soft-segments in the glassy state, compared to 

the highly branched lignin structure. DMA studies on bio-based rigid PU foams indicated that 

higher degrees of phase separation tend result in higher storage moduli in the glassy state.117 
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FTIR spectra (Figure 19) of these foams indicated that the control foam had a higher degree of 

phase separation than the lignin-containing foams, which could explain why the control foam 

had a higher storage modulus in the glassy state compared to the foams made with 30 pphp 

lignin polyol. Above Tg, the O-WS and K-SW based foams showed a clearly higher storage 

modulus than the control foam, which can be attributed to the aromatic structure of the lignin 

backbone, and a greater crosslinking density among the lignin-containing foams.  

Table 11. Soft-segment glass transition temperature of synthesized foams, as measured by DMA 

Foam Tg (C) 

Control -47.8 

O-WS 30 -49.6 

K-SW 30 -48.8 

H-HW 30 -47.7 

Optimized -51.7 

 

Additionally, the collected DMA data shows that the soft-phase glass transition is lower 

in most of the lignin based foams. This is surprising, because a previous study on lignin-based 

flexible foams, which contained 6.7 wt% soda-herbaceous lignin modified with propylene oxide, 

used DMA to show that lignin either does not affect the soft-segment glass transition 

temperature, or partially mixes with soft-segment molecules and slightly increases the Tg.
45 The 

surprising decrease in Tg seen in these foams can be attributed to the presence of residual 

propylene carbonate, which acts as a plasticizer, reducing the glass transition temperature and 

making the foam more flexible.20 Finally, the optimized foam, which has a higher proportion of 

soft segment because it only contains 20 pphp lignin polyol and has a lower isocyanate index, 
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shows a higher intensity tan δ peak at the soft phase transition, as well as a higher storage 

modulus than the control foam both above and below Tg.  

3.4 Partial-Least Squares Regression Modeling 

A partial least squares regression model was developed to better understand relationships 

between lignin, lignin polyol, and foam properties. Lignin and polyol properties serve as the 

predictor variables, while the foams’ mechanical properties are the response variables. Figure 27 

shows that the fitting accuracy of this model is about R2 = 0.78, while the prediction ability (Q2 

is about 0.69). For a small model with only 10 samples, this is an low, but acceptable level of 

fitting. 

 

Figure 27. Cumulative fitting accuracy (R2Y) and prediction ability (Q2) of the PLS-R model 

The PLS-R loadings plot in Figure 28 clarifies several relationships between lignin 

properties, foam synthesis parameters, and the properties of the flexible PU foams. Loadings 

plots allow easy interpretation of correlations between variables in a large data set. Predictor and 

response variables that are near each other and towards the edge of the plot will be strongly 

correlated. Variables that are highly negatively correlated will appear on oppositive sides of the 
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graph with respect to the origin, while variables that tend to not be relevant will be plotted near 

the origin of the graph.  

 

Figure 28. Partial Least Squares Regression (PLS-R) loadings plot 

As  expected, one of the strongest predictors of foam properties was the NCO content (by 

wt%) of the foams. While the synthesized foams were stoichiometrically balanced to have an 

isocyanate index of 80, the actual amount of isocyanate in the foam increased with lignin polyols 

that had higher hydroxy value. This can affect several of foam properties by increasing the foam 

crosslinking density and the amount of hard domains within the foam microstructure, leading to 

higher elastic moduli and load bearing properties. Additionally, Figure 28 shows that NCO 
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content is highly negatively correlated with the end-of-rise and tack-free time of the foams. This 

was not immediately apparent in the original dataset, but can be rationalized that the higher 

concentration of NCO and OH groups in the reacting foam mixture will result in faster reaction 

rates, decreasing the rise and tack free times. Mn, Mw, and viscosity, when crossed (multiplied) 

with lignin-polyol (LP) content, appeared to be decently correlated with the tensile strength and 

load-bearing properties of the foams, suggesting that for flexible foams, lignin polyols 

synthesized with higher molecular weight lignins tend to improve mechanical properties. 

However, because only three lignins were used in this study, this relationship cannot be stated 

definitively and requires additional study.  
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CHAPTER 4 Conclusions and Future Work 

4.1 Conclusions 

Lignin is the most  abundant  aromatic  polymer and is produced as a byproduct of 

chemical pulping and biorefineries. Currently, lignin is mostly burned to produce energy for 

those plants, but it can be easily extracted from pulping liquor and be used as a feedstock in  bio-

based products, in which it acts as a carbon sink. Because lignin is a natural polyol, there have 

been extended efforts to incorporate it into polyurethane (PU) materials. That said, there have 

been relatively few studies on using lignin as a polyol in flexible PU foam formulations. This 

thesis discussed efforts to develop flexible PU foams using lignin as a natural polyol to partially 

replace petrochemical polyols. 

First, it was shown  that  that density functional theory (DFT) modeling can be used as a 

tool for evaluating lignin-based PU  systems. Lignin’s structure contains a variety of aliphatic 

and phenolic hydroxyl (OH) groups with different electronic environments. These phenolic 

hydroxy groups are further divided into p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S), 

that respectively have 0, 1, and 2 methoxy units at the ortho position of their phenolic rings. 

Transition state searches executed using Dmol3 indicated that the activation energy for reactions 

between lignin model compounds and phenyl isocyanate changed significantly based on the type 

of lignin hydroxy functional groups that reacted with phenyl isocyanate. Specifically, it was 

observed that the computed activation energy increased in the order primary aliphatic < H-unit < 

secondary aliphatic < G-unit < S-unit. Furthermore, this result indicated that lignins with higher 

amounts of H-units, which are mainly found in herbaceous plants, would be well suited for  PU  

applications. Additionally, these findings serve as a motivation for oxyalkylating lignin with 

propylene carbonate (PC), because this process converts lignin’s phenolic hydroxy groups to 
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aliphatic hydroxy groups. Thus, oxyalkylating lignin with PC will result in lower activation 

energies, much faster reaction times and higher crosslinking densities when these lignins are 

incorporated into PU materials.  

On a more general level, this study demonstrated the effectiveness of using 

computational chemistry to model lignin-PU systems; the results collected generally correlated 

with experimentally observed data collected by earlier studies. This indicates that density 

functional theory DFT can be applied to understand reaction kinetics in other lignin polymeric-

based systems, including epoxies, and phenolic resins.  

While there has been some success in using solid powdered lignin as a polyol in flexible 

PU foam formulations, previous studies have indicated that powdered lignin largely acts as a 

filler in PU foams, and most PU production facilities require liquid polyols. Thus, the remainder 

of this project focused on using propylene carbonate to oxyalkylate lignin to synthesize liquid 

lignin polyols for  PU foam preparations. Propylene carbonate is a green solvent, which is non-

toxic, VOC-exempt, and can be produced by the uptake of carbon dioxide, a greenhouse gas. 

Thus, unlike other lignin-based technologies that use toxic petroleum-derived propylene and 

ethylene oxide  to develop lignin polyols, this process is significantly greener and more 

sustainable.  

First, eleven different lignins were used to synthesize lignin polyols, using a 1:10 molar 

ratio of lignin hydroxy groups to PC molecules. It was observed that the OH values of these 

polyols were not significantly different, and all were in the range of 80-120 mg KOH/g. Since 

the ratio of lignin to PC was very high (1:10), the lignin-polyol samples had shown similar 

viscosity ranging from 10-300 cP. This is due to the high amount of unreacted PC acting as a 

solvent. Molecular weight analysis of lignin-polyol samples showed a slight increase in 



67 

 

molecular weights, confirming  grafting of PC to lignin.  As a result, for the liquid lignin polyols 

used for foam synthesis, the molar ratio lignin hydroxy groups to PC was reduced to 1:5.  

The last part of this study focused on using three different types of lignin to make lignin 

polyols and then incorporating them into flexible foams, such that 10-30% of the polyol portion 

was replaced with lignin-polyols. Liquid lignin polyols, using a 1:5 molar ratio of lignin OH 

groups to PC, were synthesized by oxyalkylating three lignins from different biomass sources 

(softwood, hardwood and wheat straw) and isolation processes (kraft, acid hydrolysis and 

organosolv). It was found that the addition of the lignin polyols to the foams accelerated the 

reaction of the polyols towards isocyanates, resulting in smaller cell sizes, likely due to the 

lignin’s sodium content (acts as catalyst) and presence of residual 1,8-Diazabicyclo[5.4.0]undec-

7-ene (DBU) catalyst in the lignin polyol solution. Future work thus should find methods to 

remove or neutralize the DBU catalyst from the polyol prior to foam synthesis, or lower the 

amount of other catalysts added to the foam formulation. Interestingly, the type of lignin used to 

make the polyols significantly affected the mechanical properties of the foams. Foams made with 

a Kraft-Softwood (K-SW) lignin polyol resulted in a stiffer foam with higher tensile strength and 

load-bearing properties compared to foams made with an Organosolv-Wheat Straw (O-WS) and 

Acid-Hydrolysis Hardwood (H-HW) lignin. This is likely due to the comparatively higher 

molecular weight and functionality of the Kraft-Softwood lignin than the other two lignins.  

More advanced characterization methods elucidated how the lignin polyol affects the 

structure of the foam matrix. Interestingly, TGA analysis indicated that there was a small amount 

of propylene carbonate that remained in the foam. DMA suggested that the presence of this 

residual propylene carbonate acts as a plasticizer, resulting in a decrease of the soft segment 

glass transition temperature. Thus, while PC acts as an effective green solvent and 
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oxypropylation agent, further work will focus on removing the excess unreacted PC in the lignin 

polyol and substituting it with other bio-based co-polyols, which would further reduce the 

hydroxyl value of the lignin-polyol, while minimizing the plasticizing effect of propylene 

carbonate. Furthermore, FTIR analysis of the carbonyls peaks from 1640-1730 cm-1 suggested 

that the addition of lignin into the foam disrupted the hard-phase ordering and decreased the 

degree of microphase separation in the PU foam matrix, which can have adverse effects on foam 

mechanical properties. 

Mechanical performance of  foams made with 10-30 pphp lignin polyol and an 

isocyanate index of 80 showed that the addition of lignin polyol resulted in poor ultimate 

elongation. To increase the flexibility of the foams, an “optimized” foam formulation was 

created using 20 pphp of the Kraft-Softwood lignin polyol and a lower isocyanate index of 70. 

This optimized foam showed comparable density, load bearing performance, and tensile strength 

to those of a commercial polyether-based flexible foam. Moreover, the optimized foam with 

lower isocyanate content met the standard requirements for automotive seating applications. In 

fact, using lignin polyols as a replacement for petrochemical polyols also allowed a 5-10% 

reduction in the amount of isocyanate. this indicates that lignin can be used to partially substitute 

fossil-fueled based polyols while at the same reducing the isocyanate usage. Flexible foams are 

one segment of the PUs where lignin has struggled to be used effectively. Using PC to prepare 

lignin polyols with higher aliphatic OH contents that are more reactive toward isocyanates and in 

a liquid state enabled us to formulate lignin-based PU flexible foam designed for the largest 

segment of PUs used in the cars. This is a great step towards helping automotive producers to 

reach their goals of having more sustainable, biobased materials. Additionally, the principal 

chemical used to make this polyol, propylene carbonate, is a VOC-exempt sustainable solvent 
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and oxyalkylation reagent. Undoubtedly, a great deal of work is required to improve the 

properties of these lignin polyols and foams, but these preliminary results indicated that for the 

first time that foam with 14 wt.% of the lignin polyol can meet the standard mechanical 

properties required for automotive seating applications. 

4.2 Future Work 

The first part of this study showed that DFT modeling can effectively be used to model 

lignin-PU systems. In the future, a combined computational-experimental studies can be 

executed to give better insight into the fundamentals of a wide variety of reactions for applied 

lignin chemistry. For instance, DFT modeling could be applied to reactions of lignin with 

propylene carbonate to predict which catalysts are most effective for lignin oxyalkylation, aiding 

further development of the lignin polyol technology. Overall, applying computational chemistry 

to lignin has the potential to provide new insights into lignin’s structure and can better inform 

chemists and engineers working on lignin-based polymer systems.  

In addition, this work identified several issues with the development of liquid lignin 

polyols. Namely, these were the limited flexibility of the foam and the high amount of unreacted 

PC  in the lignin polyols.  Future studies will aim to further reduce the amount of  unreacted 

propylene carbonate in lignin-polyol as it can act as a plasticizer and negatively affect foam 

performance.. Furthermore, more in-depth characterizations can be carried out on the lignin 

polyol, such as 2D HSQC NMR and GPC analysis  to precisely identify the structure of the 

lignin polyol, and Mark-Houwink parameter fitting could be used to understand the branching 

and rheology of the lignin-based polyols. Additionally, this project identified that kraft-softwood 

lignin polyols resulted in the best-performing flexible PU foams. Still, it was not entirely clear 

whether it was due to the unique structure of softwood lignin or due to that particular lignin's 
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high molecular weight. Making foams of the same lignin, but with different molecular weight 

fractions, could give excellent insight into the properties of the polyols. 

One key part of this project was to use propylene carbonate as a “green” oxyalkylation 

agent for the production of polyurethane foams. However, a more in-depth life cycle assessment 

should be completed to better understand how the use of lignin and propylene carbonate actually 

impacts the total emissions and cost of flexible foams and polyols. For instance, the fact that 

propylene carbonate can be synthesized from bio-based materials and carbon dioxide could 

significantly reduce the greenhouse gas emissions of this lignin polyol compared to similar 

technologies. Another aspect that could be investigated would be how differences in density and 

mechanical properties between lignin based foams affect the total emissions and cost during the 

end use of the product in automobiles.  

Additionally, more advanced characterization techniques can be used to better understand 

the PU foam morphology. These include transmission electron microscopy, small-angle x-ray 

scattering, and atomic force microscopy. Knowing precisely how lignin polyol interacts with the 

hard and soft domains of the polymer matrix would enable a much better understanding of how 

the lignin polyol affects the mechanical properties of flexible PU foams.  
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APPENDIX 

 

Figure 29. Dmol3 Linear Synchronous Transit  Transition State Search, demonstrating how the 

algorithm first interpolates a reaction pathway, then uses conjugate gradients (CG) to determine 

the position and energy of the transition state 

 

 

Figure 30. Model compounds used to computationally study lignin-isocyanate reaction 
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Figure 31. Thermogravimetric analysis of foams made with different lignin polyols, including 

samples from different lignin polyols 

 

Figure 32. Loss Modulus of Flexible PU Foams with Lignin 
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Figure 33. 10 lignins and corresponding lignin polyols used during the comparative analysis of 

lignin polyols 

 

Table 12. Processing parameters for a comparative analysis of eleven lignin polyols  

Lignin 

ID 

Sources Processing Lignin 

OH 

Content 

(mmol/g) 

Lignin 

(g) 

Propylene 

Carbonate 

(g) 

DBU (g) 

1-K-SW Softwood Kraft 5.77 50 294 2.20 

2-O-SW Softwood Organosolv 4.12 50 210 1.57 

3-O-HW Hardwood Organosolv 4.88 50 249 1.86 

4-O-CS Corn Stover Organosolv 3.89 50 198 1.48 

5-S-WS Wheat Straw Soda 5.46 50 278 2.08 

6-K-HW Hardwood Kraft 5.92 50 302 2.25 

7-S-HW Hardwood Soda 6.56 50 335 2.50 

8-O-WS Wheat Straw Organosolv 3.53 50 180 1.34 

9-K-HW Hardwood 

(Eucalyptus) 

Kraft 6.66 50 340 2.53 

10-K-

SW 

Softwood Kraft 4.66 50 238 1.77 

11-O-

WS 

Wheat Straw Organosolv 3.73 50 190 1.42 
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Figure 34. 31P-NMR spectra of samples measured during lignin-polyol comparative analysis 
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Figure 35. Density-corrected elastic moduli of synthesized PU foams. In theory, foam stiffness 

is inversely proportional to the square of density, so this represents the actual mechanical 

properties of the polymer matrix  
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Figure 36. Model accuracy (R2VY) and prediction ability (Q2VY) for a four-component PLS 

model of flexible PU Foam 


