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Abstract 
 
 

Polymeric resins (PRs) are one of the most versatile materials, with a wide range of application 

fields. However, the synthesis of these polymeric resins predominantly relies on the precursor 

derived from the petroleum refinery that utilizes crude oil as feedstock, posing environmental, 

economic, and human health concerns at various points of its life cycle. Biorefinery offers the 

potential to replace fossil fuel-based products by converting renewable biomass into multiple 

products, hence maximizing biomass's value. Lignocellulosic biomass derived from plant re-

sources and municipal solid waste has been proven as the most abundant one among the diverse 

biomass resources. The present research aimed to develop biobased polymeric resins by replac-

ing or substituting conventional monomers/chemicals with biorefinery-derived biomass for ap-

plications such as wood adhesives, 3D printing of structural materials, and functional coating for 

controlled release of fertilizers. 

In Chapter 2, lignin recovered from kraft biorefinery (L-KB) and two bio-oils, prepared from la-

boratory scale solvent liquefaction of lignin (BO-SL/L) and fast pyrolysis of pinewood (BO-

FP/PW), respectively, have been used to substitute 50% (w/w) of phenol in novolac phenol-

formaldehyde (NPF) resin system. The adhesive derived from lignin showed the highest tensile 

strength (3.46 ± 0.55 MPa). This indicates that the lignin derived from kraft biorefinery is a po-

tential substitute for phenol in NPF resin systems for wood adhesive applications. 

In Chapter 3, biobased novolac phenol-formaldehyde (BNPF) resin was developed by partially 

replacing petroleum-based phenol and formaldehyde with lignin derived from kraft biorefinery-

and modified kraft biorefinery-derived lignin, respectively. The chemical modification of lignin 
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was performed through a periodate oxidation process using sodium periodate (NaIO4) as an oxi-

dizing agent. The bonding performance tests indicated that BNPF resin adhesives have high ad-

hesion strengths (>0.7 MPa). The outcome of this research provides a new way to utilize bio 

feedstock such as lignin for synthesizing biobased wood adhesives. 

In Chapter 4, bio-oils produced from hydrothermal liquefaction (HTL) of municipal sewage 

sludge (MSS) at different processing conditions have been utilized as a natural filler for pMDI 

wood adhesive formulation. For each MSS bio-oils, three different loading levels (MSS Bio-

oil/pMDI weight ratio: 0.18, 0.33, and 0.54) were selected as a treatment to understand better the 

chemical interaction of the MSS-Bio-oil/pMDI adhesive formulation with the wood substrate. 

Overall, the bio-oil produced under a nitrogen atmosphere demonstrated significant potential to 

reduce the usage of petroleum-derived pMDI while maintaining good bonding performance. 

In Chapter 5, a biobased novolac phenol-formaldehyde (BNPF) resin was successfully developed 

by partially substituting phenol with a bio-oil obtained by fast pyrolysis of pinewood biomass. 

The curing kinetics of BNPF resin cured with hexamethylenetetramine (HMTA) was studied us-

ing the differential scanning calorimetry (DSC) method. The thermal curing kinetics were stud-

ied through model-fitting approaches. The Kamal model is employed and proved a best-fitting 

model in describing the curing behavior of the BNPF/HMTA resin. 

In the final chapter, biobased polyurethane (BPU) was synthesized out of lignin derived from 

kraft biorefinery. Then, BPU coatings were utilized to coat urea fertilizer to achieve a controlled 

release of nutrients. The nutrient-release behavior of developed coated fertilizers was systemati-

cally studied in water and soil environments. The experimental results indicated that the coating 
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material derived from all lignin was beneficial for slowing down the nutrient release. This study 

highlights the potential of lignin in developing controlled-release fertilizers for sustainable agri-

culture. 

Keywords: Kraft Lignin, Solvent Liquefaction, Fast Pyrolysis, Bio-oil, Structural Characteriza-

tion, Polymerization, Curing, Adhesion Strength, Periodate Oxidation, Oxidized Lignin, Munici-

pal Sewage Sludge, Hydrothermal Liquefaction, Biobased Novolac Phenol-formaldehyde Resin, 

Differential Scanning Calorimetry, Curing Reaction Kinetics, Polymeric methylene diphenyl 
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1 Chapter 1 

Introduction 

 

1.1 Polymeric Resins 

Polymeric resins (PRs) have achieved popularity in the world of materials since the introduction 

of the first commercial synthetic resin, Bakelite, in the early 1900s.1–3 The usage of polymer res-

in materials has expanded to the point that they can be found in almost every product, from criti-

cal to nonessential.4 Several properties of polymeric resin materials, such as being lightweight, 

structure, and functionality that can be tailored to specific applications, a high strength-to-weight 

ratio, and relatively low cost, have made them a material of choice and replaced traditional met-

als, ceramics, and glass-based materials.5–7 Moreover, this variety of advantageous characteris-

tics makes them ideal for various applications, including adhesives, coatings, 3D printing of 

structural materials, electrical/electronic laminates, automotive and aerospace parts, molding 

compounds, flooring and paving high-performance composites, and many more.8,9 The demand 

for polymeric resins has increased for manufacturing adhesives, coatings, and 3D printing of 

structural materials. 

1.2 Application of Polymeric Resins in Adhesives, Coatings, and 3D Printing of Structur-

al Materials 

1.2.1 Adhesives 

One of the polymeric resin's well-known and prominent applications is adhesives, which join or 

hold two substrates, similar or different, in contact either temporarily or semi-permanently, or 

permanently by adhesive bonding.10,11 Polymeric resin usually forms an adhesive bond by a 
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chemical reaction involving crosslinking triggered by external stimuli such as temperature or 

solvent evaporation.10,12 Owing to the structural integrity of adhesive bonds, the polymeric resin 

adhesives show a diverse range of applications13 such as construction,14 packaging materials,15,16 

aerospace,17 automobile,18 medicine and healthcare,19–22 textile23–28 industries. 

1.2.2 Coatings 

Polymeric resins have gained much attention in coating technology and surface chemistry.29,30 

As many coating technologies involve the application of a coating layer made of polymeric resin 

on the surface of the material or substrate to enhance the resistance of the substrate to environ-

mental factors, introduce specific functions into the system by changing surface properties, or 

even add design factors for an aesthetic look.31,32 Polymeric resin-based coating shows distinct 

advantages such as tunable physical and chemical properties, lower material and processing 

costs, and over serval other materials such as metal, ceramics, and glass.33,34 As this polymeric 

resin coating imparts desirable characteristic properties to the engineering substrates,35 they are 

widely used in applications including anti-corrosion protection,36–38 self-healing or self-cleaning 

capabilities,39–41 antifogging,42–44 anti-icing,45,46 anti-fouling,47,48 water/oil repellency,49,50 

scratch-resistant,51,52 non-stick surface53 and controlled release fertilizer54–57 coatings. 

1.2.3 Three-dimensional (3D) Printing of Structural Materials 

Three-dimensional (3D) printing, also known as additive manufacturing, is an advanced manu-

facturing technique that holds the potential for the customized and on-demand production of 

parts without needing molds.58–60 The 3D printer utilizes polymeric resins and fibers, ceramics, 

metals, and composites to produce three-dimensional models via layer-by-layer or continuous 

deposition using computer-assisted design (CAD).59 Due to the versatile polymer chemistry, the 
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polymeric resin-based 3D printing technique has attracted particular attention in the material 

world.61–64 Stereolithography (SLA) and digital light processing (DLP) are the two most com-

mon resin 3D printing techniques.62,65,66 Polymeric resin-based technology has opened applica-

tions in various fields such as construction, automobiles, biomedical devices, tissue engineering 

and drug delivery, soft robotics, electronics, and others.66–68 

1.3 Common Polymeric Resins used in Adhesives, Coatings, and 3D Printing of Structur-

al Materials 

Polymeric resins are of increasing interest in the field of adhesives and coatings because they 

provide the best properties. Based on their nature, polymeric resins can be classified into two 

main groups, thermoplastic, and thermoset systems. A full details description of the chemistry 

and properties of polymeric resin can be found in the following section. 

1.3.1 Phenol-formaldehyde Resin 

Phenolic resin or phenol-formaldehyde (PF) resin is the first synthetic polymer produced com-

mercially from a low molecular weight compound.69,70 Bakelite is the first synthetic phenol-

formaldehyde resin and became commercialized in 1907.69 PF resin was obtained by adding and 

condensing phenol with formaldehyde.70 Depending on the nature of the catalyst and phenol-to-

formaldehyde molar ratio (P/F ratio), there are usually two main categories of phenol-

formaldehyde resins, such as resole and novolac. The reaction of phenol with an excess of for-

maldehyde (P/F molar ratio falls between 1:1.1 and 1:3) in alkaline conditions yields the resols 

known as heat-reactive PF resin.71 Therein, the reaction in a basic medium involves the addition 

of formaldehyde with phenoxide ion, which leads to the formation of o- or p-monomethylol phe-

nol, and they can be cured thermally.72 Novolac PF resin is typically prepared by the addition 
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and condensation of molar excess of phenol reactant with formaldehyde (P/F molar ratio falls be-

tween 1:0.75 and 1:0.85) in the presence of an acid catalyst.71–74 The reaction between phenol 

and formaldehyde under acidic conditions proceeds through initial protonation of hydrated for-

maldehyde followed by electronic substitutions in the electron-rich ortho and para position, 

which results in the formation of novolac with phenolic moieties predominantly connected by 

methylene bridges.72,73 The general reaction scheme for synthesizing resole and novolac PF resin 

is presented in Figure 1.1. Whereas the formed novolac PF resin is linear or only slightly 

branched thermoplastic polymer, which can be cured by heating in the presence of hardener, 

mostly hexamethylenetetramine (HMTA). The curing of the novolac PF resin system leads to in-

soluble and infusible products with crosslinked structures.7,70,72,74 The crosslinking of PF resin 

has high solvent and chemical resistance and thermal stability. 

 

Figure 1.1 General reaction scheme for the synthesis of resole and novolac PF resins.75 [Adapted 

by permission from Springer Nature: Springer eBook, Nanofibrillated Cellulose Based Bio-

phenolic Composites, Copyright 2021] 
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1.3.2 Polyurethane Resin 

Polyurethane (PU) is one of the most versatile polymers in the world.76 Polyurethane was first 

synthesized by Otto Bayer and his co-workers in 1937 in Germany.77,78 Polyurethanes (PUs) are 

widely used in adhesives, coatings, and many other important applications such as rigid foams, 

elastomers, and insulating materials due to high-performance properties including flexibility, 

toughness, strength, durable finish, and resistance to chemicals, corrosion, abrasion, and stain.79–

81 PUs are mainly prepared through polyaddition (exothermic reaction) of isocyanate groups 

(−NCO) of polyisocyanates (or diisocyanates) with other polynucleophiles such as polyols with 

other terminal hydroxyl groups (−OH) results in the formation of urethane linkage in the back-

bone, also called carbamate (−NH−(C=O) −O−).82 Figure 1.2 represents the general reaction 

scheme of PU synthesis. The isocyanates are usually difunctional and aromatic, aliphatic, or acy-

clic in structure.82 The most important polyisocyanates are methylene diphenyl diisocyanate 

(MDI), and toluene diisocyanate (TDI), which possess rigid aromatic rings in their chemical 

structure and hence improve the mechanical strength of the material.77 On the other hand, hexa-

methylene diisocyanate (HDI) and isophorone diisocyanate (IPDI) are aliphatic polyisocyanates 

with alkyl chain in the structure.77,82 Polyols is the second important component in polyurethane 

synthesis, the most commonly used polyols with longer alkyl chains are typically polyether, pol-

yester or polycarbonate, with molecular weights ranges between 300 – 4000 g/mol, which make 

up the soft block or segment in PUs that provides flexibility and elasticity to the material.4,77,82,83 

Whereas polyols with shorter alkyl chains, such as a 1,4-butane diol or 1,6-hexane diol, provide 

rigidity to materials and are used to control hard segments.4,77,82,83 Apart from the polyols, using 

chain extenders such as glycerol, diethanolamine, 2-(methylamino) ethanol, and 1,2-ethylene di-

ol helps to increase the molecular weight, functionality as well as soft/rigid segment ratio.4,77,82,83 
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Theoretically, the polyurethanes are synthesized from the equimolar ratio of polyisocyanate and 

polyol to achieve the degree of polymerization, whereas, in practice, little excess of isocyanate is 

utilized to compensate its losses due to the reaction of isocyanate with a water molecule (gener-

ally present in the polyol or water).82 Considering the combination and composition of the soft 

and hard segments, the PU polymeric material possesses rigid, semirigid, or flexible properties 

that found promising applications in adhesives and coatings.4,77,81–83 

 

Figure 1.2 General reaction scheme for the synthesis of polyurethane resins.84 [Adapted by per-

mission from RSC Publishing: RSC Advances, Polyurethane types, synthesis and applications – 

a review, Copyright 2021] 

1.3.3 Epoxy Resin 

The epoxy (EP) resin is another important type of polymeric resin that was first discovered in 

1909 by Prileschajew85,86, and their first commercial production started in the late 1940s.86,87 

Two scientists, Pierre Caston and Sylvan Greenlee filed patents for the synthesis of diglycidyl 

ether of bisphenol A (DGEBA) with the same process but different molecular weights of DGE-
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BA in 1938 and 1943, respectively, which accounts for more than 70% of all epoxy resin usage 

.88,89 Epoxy resins (EPRs) are composed of two or more 3-membered cyclic structures, the organ-

ic chemistry of cyclic structure is also referred to as oxirane (ethylene oxide or epoxide), which 

is the representative unit of an epoxy polymer.88,90–92 The epoxide structure consists of one oxy-

gen atom and two carbon atoms, forming a ring-like structure by bonding to each other, as shown 

in Figure 1.3, whereas carbon and oxygen possess different electronegativity, which makes car-

bon atoms electrophilic.85,88,91 This atomic arrangement makes them highly reactive, which un-

dergoes ring opening reactions with nucleophilic functional groups such as −COOH, −OH, 

−NH2, sulfone etc.91 There are three different types of epoxy resins such as cycloaliphatic, epox-

idized and glycated epoxy resins, in this first two types of epoxy resins are prepared by the direct 

oxidation of the corresponding olefin.93 The glycidated epoxy resin i.e., diglycidyl ether of bi-

sphenol-A (DGEBA) is most commonly used and prepared by the coupling reaction of polyhy-

dric compounds having at least two active hydrogen atoms, for instance, bisphenol A with 

epichlorohydrin in an alkaline medium followed by dehydrohalogenation as presented in Figure 

1.4.85,89,93,94 The curing of epoxy resins is carried out by chemical reaction of epoxide groups 

with several curing agents (hardener system), the curing agents are selected based on the desired 

properties needed for the intended applications, they are typically cured in the presence of 

amines and anhydrides.83,89,93 The unique abilities of epoxies, such as their excellent mechanical 

properties, high adhesiveness to many substrate, good heat and chemical resistance, and low 

shrinkage during cure, they are intensively used across wide range of fields as high performance 

adhesives and coatings, high performance materials for automobile, aerospace and building con-

struction.85,88,91,93 
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Figure 1.3 Chemical representation of epoxy or oxirane group93 [Adapted by permission from 

American Chemical Society: Industrial & Engineering Chemistry Research, Additive Manufac-

turing of Epoxy Resins: Materials, Methods, and Latest Trends, Copyright 2020] 

 

Figure 1.4 General reaction scheme for the synthesis of DGEBA from bisphenol A and epichlo-

rohydrin.93 [Adapted by permission from  American Chemical Society: Industrial & Engineering 

Chemistry Research, Additive Manufacturing of Epoxy Resins: Materials, Methods, and Latest 

Trends, Copyright 2020] 

1.3.4 Acrylic Resin 

Acrylic polymers are commonly known as acrylics95, and the first acrylic polymeric resin pre-

pared to be commercially was poly (methyl acrylate). Their industrial production began in 1927 

by Rohm and Hass AG in Germany.96,97 The acrylic polymeric resin is prepared by the addition 
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polymerization technique using a variety of hard and soft monomers (Figure 1.5).98,99 The acrylic 

soft monomer most commonly used are N-butyl acrylate, ethyl acrylate, 2-ethyhexyl acrylate. In 

contrast, the hard acrylic monomer includes methyl methacrylate and isobutyl acrylate, which 

tend to be brittle.98,100,101 The proper composition and type of monomer yield desirable flexibility 

and hardness polymeric resin.95 Acrylic polymeric resins are extensively employed in the coating 

and adhesive industries because of their excellent chemical, thermal and mechanical properties, 

good weather resistance, good adhesion to various substrates, and durability.81,98,102,103 

 

Figure 1.5 General reaction scheme for the synthesis of acrylic resin.97 [Adapted by permission 

from Springer Nature: Applied Microbiology and Biotechnology, Current status on the biodegra-

dability of acrylic polymers: microorganisms, enzymes and metabolic pathways involved, Copy-

right 2021] 

As stated in the previous section (Figure 1.1−1.5), the synthesis and development of these poly-

meric resins can be achieved with the functionality and nature of the coreactive centers of the 

monomers. The monomers with functional groups (hydroxyls, acids, amines, and isocyanates) in 

the structural units are the precursors of choice for synthesizing high-performance engineering 
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polymeric materials. To enable the resin to form polyurethane chains, the monomer molecules 

should have isocyanate (−NCO) and hydroxyl functionality (−OH) in the structure. Furthermore, 

the hydroxyl functionality is offered by some commercially available polyols (polyester or poly-

ether), for instance, 2,2-dimethylolpropionic acid and 2-amino-1,3-propanediol.104,105 

However, these polyols and many other key monomers/chemicals such as phenol, formaldehyde, 

styrene, and isocyanate employed in synthesizing polymeric resins have predominantly relied on 

the petroleum hydrocarbon, which is derived from the petroleum biorefinery.106 If the current re-

liance on petrochemical feedstocks for the generation of monomers continues, then pessimistic 

estimates suggest that 20% of the total fuel consumed every year could be utilized to produce 

plastic within 2050.105,107–109 In the following section, we address the potential consequences in 

the utilization of petroleum refinery derived monomers. 

1.4 Petroleum Refinery 

The petroleum refinery is a highly integrated industry and the largest source of energy products 

in the world, which heavily depends on crude oil as its primary feedstock to produce 

chemicals.110,111 Petroleum is the most important crude oil that consists of a complex mixture of 

hydrocarbon compounds (organic compounds composed of carbon and hydrogen atoms), includ-

ing paraffins, naphthenes, and aromatics with small amounts of other (hetero) elements such as 

sulfur, nitrogen, oxygen, as well as certain metals.110,112–114 A wide range of products, especially 

ethylene, propylene, and the mixture of C4 and C5 molecules, can be produced by the cracking 

of naphtha.108,115,116 Additionally, aromatics such as benzene, toluene, xylene, and naphthalene 

are produced through a catalytic reforming process.108,117 The resultant platform chemicals are 

the precursor for the production of chemicals. For example, phenol is produced from the oxida-
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tion of cumene and benzene, which is further used as a precursor chemical for synthesizing phe-

nol-formaldehyde resin.108,118,119 The manufacturing flow chart of some common polymeric resin 

from petroleum resources is shown in Figure 1.6.120 

Alarmingly, considering that almost 98% of polymeric resins are produced from monomers de-

rived from petroleum refinery-based chemicals, their intensive usage has led to significant issues 

and concerns.121 The world's heavy reliance on these resources introduces the concept of petrole-

um scarcity, as petroleum is nonrenewable due to the geological limitations of petroleum produc-

tion.122 From the economic point of view, petroleum scarcity refers to a gap between finite petro-

leum resources on the one hand and unlimited needs and wants of consumers, on the other hand, 

corresponding to the rapid growth of the world population and rising demands for commodity 

plastics.122,123 Therefore, if the trend is moving towards overusing petroleum-based products, 

then it will increase scarcity by depletion of resource supply and continuous price fluctuation of 

nonrenewable resources, affecting the stability of plastic production costs.105,122,124 This is al-

ready happening in some sectors of the petroleum market.125  

Beyond the economic consequences posed by using petroleum-based precursors for synthesizing 

materials, there are growing concerns over long-term detrimental environmental impacts due to 

the continuous production and use of these petroleum-based polymeric resin products.8,126 

The vigorous production and use of polymeric resin products lead to an unprecedented waste 

management crisis as the percentage of plastic waste ending up in landfills is very high. This is 

because these materials possess low biodegradability and persist in the environment for decades 

and centuries.127,128 Some predict that the amount of plastic waste will increase by 155-265 mil-

lion tons per annum by 2060.129 One promising approach to reducing the environmental impacts 

of plastic waste accumulation is plastic recycling. Still, only 2% of plastic packaging materials 
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are recycled into similar-value products, whereas approximately 40% of plastic is landfilled, and 

one-third end up dispersed or released in the terrestrial environment.128 About 8 million tons of 

plastic waste is dumped into the oceanic environment, and more than 150 million tons of plastic 

debris is currently floating on the ocean surface.127 Within maritime environments, the sub-

merged plastic pieces, and microplastic particles (<1–5 mm in size) are potentially harmful to 

marine life.130,131 Also, these waste leach out toxic chemicals that can eventually pollute the envi-

ronment.121,130 

Additionally, the petroleum refining process and their corresponding material production release 

large amounts of toxic gases into the environment, causing air pollution and the greenhouse ef-

fect.132–134 According to the National Aeronautics and Space Administration (NASA) website, 

there have been 10% increments of carbon dioxide (CO2) in the atmosphere from the year 2005 

to 2021.127 The continuous rise of carbon footprint into the atmosphere contributes to environ-

mental concerns and shows negative influence on human lives.133,135 The petroleum-based mon-

omers that produce polymeric resins such as phenol, formaldehyde, polyols, isocyanates, styrene, 

and several others are carcinogenic, mutagenic, or reprotoxic (CMR) as classed by European 

Chemical Agency.8,136 Hence, it will show serious health concerns if humans are exposed to it 

during production.137,138 

To combat these consequences, intensive efforts and essential strategies are being carried out to 

utilize renewable and sustainable energy to develop biobased chemicals and materials with 

unique advantages and functionality that are alternatives to petro-derived compounds. 
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Figure 1.6 Manufacturing flow chart of common polymeric resins from petroleum resources. [Adapted by permission from Elsevier: 

Elsevier Book, Selection of Polymeric Materials, Polymeric Materials and Properties, Copyright 2008) 
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1.5 Biorefinery: Emerging Opportunities for the Sustainable Development of Polymeric 

Resin 

Biorefinery is a sustainable and effective alternative to the petroleum refinery industry. The bio-

refinery began to evolve during the late 1990s and is considered somewhat analogous to the pe-

troleum refinery, except that it utilizes biomass feedstock instead of crude oil to produce market-

able products and energy, including materials, the bulk of fine chemicals, transportation fuels, 

heat, and power.139,140 According to the National Renewable Energy Laboratory (NERL), the bi-

orefinery is an industrial facility that integrates biomass conversion processes and equipment to 

produce a spectrum of products and energy.139,141  

Taking a step further, biorefineries can be described in three different phases: phase I, phase II, 

and phase II.139,142,143 Therein, each phase indicates the prowess of biorefining 

operations.139,143,144 A phase I biorefinery focuses on the utilizes only one kind of biomass feed-

stock material, has fixed processing capability, and gives a single primary product.143 Examples 

of phase I biorefinery are ethanol from grain, pulp, and paper mills and biodiesel from vegetable 

oil.139 Next is the phase II biorefinery which integrates various processes that facilitate the pro-

duction of different end products using single biomass feedstock.143 Examples include the pro-

duction of multiple carbohydrate derivatives and bioethanol from cereal grains.139 Phase III is the 

most advanced and developed biorefineries, which will be the powerhouse of the biobased econ-

omy.143 This type of biorefinery utilizes various types of biomass feedstocks and processing 

technologies and yields multiple types of products. This biorefinery is further classified into four 

types of phase III biorefinery systems and can be identified as (1) whole crop biorefinery (2) 

green biorefinery (3) lignocellulosic biorefinery, and (4) Integrated biorefinery.139,144,145  
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1.5.1 Biomass as Feedstock for Biorefinery 

Biomass is organic matter and the only renewable organic carbon resource in nature, which can 

be recognized as a most promising substitute for crude oil.146 Besides, it should be noted that bi-

omass generates heat and power, accounting for about 14% of the world's energy supply. It is the 

fourth most significant energy source after oil, coal, and natural gas.146,147 Examples of such re-

newable biomass include woody biomass (or plant biomass), starch, chitin, chitosan, pectin, hya-

luronic acid, terpenes, vegetable oils, proteins (keratin, silk, gelatin, gluten, albumin, etc.), and 

natural rubber.148 Among this potential renewable biomass, lignocellulosic is the most abundant 

form of biomass resource on earth, with an annual production of around 150 – 170 billion metric 

tons.146,149 Lignocellulosic (LC) biomass is mainly categorized into three types: virgin LC bio-

mass (plants: tree, brushes, and grasses), waste LC biomass (agricultural residue, municipal and 

industrial waste), and energy crops LC biomass.150 The plant-based LC and waste LC biomass 

produce bulk raw material for biorefineries. 

1.5.1.1 Plant LC Biomass as Feedstock 

The plant biomass is chemically known as lignocellulosic biomass, comprising cellulose (40-

60%), hemicellulose (10-40%), and lignin (15-30%), which makes up about 99% of the composi-

tion of wood material.8,140,151 However, the varying composition of these biopolymers (cellulose, 

hemicellulose, and lignin) can be observed between biomass types and species, as shown in Fig-

ure 1.7. 
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Figure 1.7 Structure of lignocellulosic biomass and its major components 

Cellulose 

Cellulose is one of the significant components of lignocellulosic biomass.140 It is a linear homo-

polysaccharide, which is linked through the β-1,4-glycosidic bonds of glucose units, that develop 

strong inter-molecular and intra-molecular hydrogen bonding in the cellulose structure.140,152,153 This 

internal organization pattern is known as microfibrils/microfiber, which can be found in crystalline 

and amorphous structures.140 The cellulose linearity, crystallinity, and fibrous structure impart me-

chanical strength to the plant cell that protects the internal structure of the plant cell.140,153 

Hemicellulose 

Hemicellulose is a branched polysaccharide formed from five to six sugar monomers, such as pentose, 

hexoses, glucose, xylose, mannose, and galactose.140,151,152 These hemicellulose sugars are held to-

gether by glycosidic linkages.140,153 Unlike cellulose, the hemicellulose structure displays side groups 

and shorter chains and, in some cases, branched.140,153 
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Lignin 

Lignin is a three-dimensional amorphous polymer and the largest natural source of aromatic mole-

cules. In raw lignocellulosic biomass, lignin acts as a binding material that fills the spaces between 

cellulose and hemicellulose by holding the lignocellulosic matrix together and providing structural in-

tegrity to cell walls. It is composed of three basic hydroxy phenylpropane units such as p-coumaryl al-

cohol (H), coniferyl alcohol (G), and sinapyl alcohol (S), also called monolignols having 0, 1, and 2 

methoxy groups at ortho position to the hydroxyl group, respectively.154 These monolignols go 

through radical polymerization to form lignin polymer-forming various interunit linkages like α-O-4 

(aryl ether), β-O-4 (aryl ether), β-β (resinol), β-5 (phenylcoumaran), 5-5 (biphenyl), β-1 (1,2-diaryl 

propane) shown in Figure 1.8. The lignin can be extracted from different biomass sources, such as 

softwood, grass, and hardwood. The structure and physical properties depend strongly on the biomass 

sources and the extraction process. 
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Figure 1.8 Chemical structure of lignin, lignin model compounds, and their composition in the 

three different types of plant biomass: H, G, and S units.155 [Adapted by permission from Ameri-

can Chemical Society: Journal of Agricultural and Food Chemistry, Recent Studies on the Prepa-

ration and Application of Ionic Amphiphilic Lignin: A Comprehensive Review, Copyright 2022] 

1.5.1.2 Waste Lignocellulosic Biomass as Feedstock 

The agricultural LC residues and municipal/industrial waste generate significant quantities of bi-

omass waste every day worldwide.156 The agricultural residue is generated as a byproduct during 

the harvest and processing of crops, estimated to be 150 Gt annually globally.149 This waste LC 

biomass has tremendous potential energy, fertilizer, and materials if used appropriately.157 Mu-

nicipal and industrial waste is produced by wastewater treatment plants (WWTPs) through bio-

logical and chemical treatment.158,159 
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1.5.2 The Pulp and Paper Industry as Lignocellulosic Biorefineries Platform 

Today's traditional pulp and paper manufacturing facilities represent the world's largest woody 

biomass utilization system.160–162 Kraft pulping technology has gained considerable attention in 

paper industries covering more than 80% of pulping capacity.163 In the pulping industries, ligno-

cellulosic plant biomass (wood chips) is first mechanically broken down into small pieces.164 

Next, the cellulose pulp (a slurry of cellulose fibers in water) is produced by dissolving lignin 

and hemicellulose (which cleaves the β-O-4 linkages between the C9 units in lignin) from ligno-

cellulosic biomass in an alkaline medium (sodium hydroxide and sodium sulfide) at a tempera-

ture around 170 °C.163,165 At the end of the pulping process, a high solid concentration liquor is 

produced as a byproduct, also referred to as "black liquor," that contains a significant amount of 

lignin in addition to hemicellulose and other chemicals.165,166 processes have been developed to 

extract lignin from black liquor by acidification.165,167 These include an existing kraft lignin bio-

refinery by Westvaco (now called Ingevity) which produces high-purity lignin (e.g., Indulin-

Westvaco's trade name).165,168 

1.5.3 Thermochemical Conversion Process for the conversion of Lignocellulosic Biomass 

Bio-oil is a multi-component mixture produced by the thermochemical processes of biomass.169 

Thermochemical technologies (combustion, gasification, liquefaction, and pyrolysis) are an effective 

method for biomass conversion.170,171 Bio-oil contains numerous organic compounds like phenols 

(e.g., guaiacols, cresols, dimethyl phenol), aldehydes (e.g., benzaldehydes and furfurals), acids (e.g., 

acetic and propanoic acids), ketones (e.g., cyclopentanones) and levoglucosan and complex oxygenat-

ed derived from biomass components such as carbohydrates, hemicellulose, and lignin.169,172,173 Nitro-

gen and sulfur-containing compounds are also present in the bio-oil, depending on the biomass 
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source.172 It typically contains about 15 – 30% of the water from dehydration reactions, and very 

little ash and char (a few ppm) can be found in the bio-oil.174 Two basic thermochemical processes, 

i.e., pyrolysis and hydrothermal liquefaction, are the most advantageous methods for converting wet 

and dry lignocellulosic biomass to produce high-quality bio-oil, considered a promising feedstock for 

value-added products.169,175 

1.5.3.1 Pyrolysis of Lignocellulosic Biomass 

Pyrolysis is a thermochemical process for the thermal decomposition of lignocellulosic biomass in the 

absence of molecular oxygen.169,176 Pyrolysis is usually carried out at a reactor's temperature ranging 

from 300 to 700 °C at atmospheric pressure.177 Fixed-bed, fluidized-bed, microwave, or solar pyroly-

sis reactors are used.178 The heating rates employed during the pyrolysis process can be classified into 

fast and slow pyrolysis (conventional pyrolysis). Fast pyrolysis has been widely employed and studied 

because it is a productive method that converts biomass to high-yield bio-oil at high temperatures in a 

very short residence time. This offers advantages in transport and storage, leading to low investment 

costs.165,178 The main pyrolytic products include organic liquid (crude oil), solid (char), and a low calo-

rific value gas (pyrogas).177 The liquid fraction of bio-oil shows two different phases. The upper phase 

has a higher affinity to water which is derived from the deconstruction of carbohydrates. Whereas the 

lower phase originated from lignin compounds (pyrolytic lignin).165,179 The lower organic phase pyro-

lytic lignin is an attractive platform for producing value-added materials.170,179 

1.5.3.2 Liquefaction of Lignocellulosic Biomass 

The liquefaction can be defined as a physical and chemical conversion of biomass in an aqueous envi-

ronment (hydrothermal liquefaction) or organic solvents (solvent liquefaction) at modest temperatures 

(105−400 °C) and elevated pressures (2−20 MPa).165,169,180 The main product of the liquefaction pro-
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cess are liquid biocrude, gaseous stream, and solid residue byproduct.177,178 Liquefaction shows an ad-

vantage over pyrolysis in that the former has the potential to process wet biomass feedstock directly 

without energy-intensive drying operations.169,180 

1.5.4 Chemical and Catalytic Upgrading of Lignin 

Finally, let's take a look at possible opportunities regarding the use of lignocellulosic biomass. 

The simplified summary of processes for lignin conversion is presented in Figure 1.9.146 The hy-

droprocessing of lignin involves thermal reduction at temperatures ranging from 100 to 350 °C in 

the presence of a hydrogen source (Figure 1.9).146 This process has the potential to create simple bulk 

aromatic compounds such as phenols, benzene, toluene, and xylene through hydrogen participated 

upgrading.146 The oxidation process has been carried out at lower temperatures, from 0 to 250 °C, 

which can produce aromatic alcohols, aldehydes, and acids.146 The depolymerization of lignin cata-

lyzed by both acid and base at a temperature ranges from 0 to 200 °C and 100 to 300 °C, 

respectively.146 Depolymerization occurs by breaking the C−O or C−C linkages between lignin units, 

producing small fragment molecules, including monomeric phenols.146 Hydrogen and light gas have 

been produced from the liquid-phase reforming at a temperature ranging from 250 to 400 °C.146 The 

gasification process of lignin produces synthesis gases such as CO and H2.146 The pyrolysis of lignin 

performed in the temperature range of 450 to 700 °C produces bio-oil.146 Several academic groups are 

researching using these lignin-derived compounds for new products for a wide range of applications in 

favor of renewable and safer compounds. 
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Figure 1.9 Summary of processes for conversion of lignin (abscissa represents the typical temperature 

range of the lignin conversion processes) [Reprinted by permission American Chemical Society: ACS 

Chemical Review from Author of Catalytic Transformation of Lignin for the Production of Chemicals 

and Fuels,146 Copyright 2015] 

1.6 Research Objectives 

The current research focuses on utilizing biomass derived from biorefinery processes for synthesizing 

phenol-formaldehyde and polyurethane resins. Different characterization methods have been em-

ployed to examine the detailed chemical structures of biorefinery-derived biomass kraft lignin and 

bio-oils. The developed biobased polymeric resins have been used to replace traditional polymeric res-

in in applications such as wood adhesives and functional coatings for fertilizers in the following re-

search objectives. 
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Chapter 2: Synthesis of Biobased Novolac Phenol-Formaldehyde Wood Adhesives from Bi-

orefinery Derived Lignocellulosic Biomass 

In chapter 2 of this dissertation, lignin recovered from kraft biorefinery (L-KB) and two bio-oils 

prepared from laboratory-scale solvent liquefaction of lignin (BO-SL/L) and fast pyrolysis of 

pinewood (BO-FP/PW), respectively, have been used to substitute 50% (w/w) of phenol in a no-

volac phenol−formaldehyde (NPF) resin system. The L-KB, BO-SL/L, and BO-FP/PW molecu-

lar structures were characterized via FTIR, 13C−1H HSQC 2D-NMR, GCMS, and carbohydrate 

analysis. The obtained resin adhesive structures were examined by FTIR and 1H NMR spectros-

copy, which confirmed the formation of methylene bridges during the resin preparation. Subse-

quently, DSC analysis was performed to understand the curing behavior of each NPF resin with a 

hexamethylenetetramine (HMTA) curing agent, which helped optimize the bonding process. At-

tempts have been made to determine the bonding strength of each developed resin adhesive by 

tensile shear strength analysis. The objective of the current chapter is to synthesize biobased NPF 

resins from potential biomass by verifying their functioning as an adhesive. 

Chapter 3: Kraft Lignin Functionalization through Periodate Oxidation for the Develop-

ment of Biobased Novolac Phenol-formaldehyde Resins for Wood-based Panels 

In chapter 3 of this dissertation, biobased novolac phenol-formaldehyde (BNPF) resins were de-

veloped by partially replacing petroleum-based phenol and formaldehyde with lignin derived 

from kraft biorefinery and modified kraft biorefinery-derived lignin, respectively. The lignin's 

chemical modification was performed through the periodate oxidation process using sodium pe-

riodate (NaIO4) as an oxidizing agent, aiming to oxidize the aromatic hydroxyl groups in lignin 

into quinoid groups and further oxidize them into muconic acid. The structure of oxidized lignin 
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was validated by the FTIR, elemental analysis, solid-state 1H−13C 2D HETCOR NMR, and alde-

hyde content analysis. In addition, the adhesion strength of the adhesive was determined using 

the tensile shear strength analysis and compared with commercially available lab-made NPF res-

in. This modification is expected to add new functionality to the lignin structure with the inten-

tion of sustainable PF resin wood adhesive, which is the objective of this chapter. 

Chapter 4: Application of Hydrothermal Liquified Municipal Sewage Sludge as a Func-

tional Reactive Filler in pMDI Wood Adhesive 

In chapter 4 of this dissertation, we explore the possibility of bio-oils derived from the hydro-

thermal liquefaction (HTL) of municipal sewage sludge at different processing conditions as a 

natural filler for polymeric methylene diphenyl diisocyanate (pMDI) resin systems for wood ad-

hesive applications. Several characterizations have been performed to analyze the chemical com-

position of municipal sewage sludge bio-oils. The bonding performance showed that the MSS 

Bio-oil usage allows pMDI to become a more versatile wood adhesive. This research aims to de-

velop an eco-friendly and economical wood adhesive. 

Chapter 5: Non-isothermal Curing Kinetics of Novolac type Phenol-Formaldehyde Resin 

for 3D Printing of Sustainable Building Design 

In chapter 5 of this dissertation, the curing kinetics of the resins synthesized in chapter 1 were 

investigated, which was aimed to use in 3D printing manufacturing. The curing kinetic analysis 

of both NPF and BNPF resins cured with hexamethylenetetramine (HMTA) curing agent was 

studied and assessed using the differential scanning calorimetry (DSC) method. In addition, the 

thermal curing kinetics were studied through model-fitting, and model-free (iso-conversional) 
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approaches. This chapter aims to provide valuable curing kinetic information for applying BNPR 

resins developed from renewable resources, promoting sustainability. 

Chapter 6: Biobased Polyurethane Derived from Lignin as a Coating Material for Urea 

Fertilizer to achieve Controlled Release of Nutrients 

In the final chapter of this dissertation, biobased polyurethane was synthesized from lignin as the 

primary polyol, the most abundant aromatic biopolymer with potential hydroxyl group function-

alities. At the same time, DIOL and TRIOL were selected as secondary polyols. At a fixed 

NCO/OH ratio (1:1), biobased polyurethanes were prepared for coating urea prills from the poly-

addition reaction between polyol and isocyanate (p-MDI), with a typical urethane linkage char-

acterized by FTIR. The morphology of the coated fertilizers was examined by SEM analysis. The 

mechanical properties of the coated particle were determined in terms of crushing strength. The 

nutrient release behavior of developed coated fertilizers was systematically studied both in water 

and soil environment. We hope this chapter can offer a sustainable approach by using lignin bi-

omacromolecule to design and develop controlled-release fertilizer with desired nutrient-release 

properties. 
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2 Chapter 2  

Synthesis of Biobased Novolac Phenol-Formaldehyde Wood Adhesives from Biorefinery 

Derived Lignocellulosic Biomass 

This chapter is reused under license from ACS Publications1 

 

2.1 Introduction 

The large-scale production and use of adhesives to develop wood-based composites have been 

rapidly expanding over the years.1 These adhesives are mainly produced from petroleum-derived 

monomers. However, the utilization of these monomers and their corresponding materials are 

growing concerns owing to environmental pollution and future shortages of energy supplies.2 In 

this context, integrated biorefineries have been proposed at the industrial and laboratory scale to 

facilitate the production of sustainable chemicals and fuels through renewable feedstocks.3 Lig-

nocellulose is one of the most desirable renewable feedstocks, composed of three biopolymers: 

cellulose, hemicellulose, and lignin. These biopolymers are generally derived from residues of 

industrial (e.g., black liquor), agricultural (e.g., wheat straw), forestry waste (e.g., sawdust) as 

well as energy crops.4,5 

 
1 Bansode, A.; Barde, M.; Asafu-Adjaye, O.; Patil, V.; Hinkle, J.; Via, B. K.; Adhikari, S.; 

Adamczyk, A. J.; Farag, R.; Elder, T.; Labbé, N.; Auad, M. L. Synthesis of Biobased Novolac 

Phenol-Formaldehyde Wood Adhesives from Biorefinery Derived Lignocellulosic Biomass, 

ACS Sustainable Chem. Eng. 2021, 9, 10990−11002. 
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In the quest to utilize lignocellulosic biomass (LCBM), the kraft biorefinery represents cost-

effective and zero-waste strategies.6 Kraft is a pulping process of transforming wood into wood 

pulp; during this operation, cellulose is separated by dissolving lignin from lignocellulosic bio-

mass in an alkaline medium (NaOH and Na2S). At the end of the process, a high solids concen-

tration called black liquor is generated as a byproduct, which contains a significant lignin con-

centration in addition to hemicellulose and other chemicals.7 In this line, several technically fea-

sible processes have been pioneered to extract lignin from black liquor by acidification. For in-

stance, Westvaco (now called Ingevity) is the most established technology for kraft lignin recov-

ery at a commercial scale, enabling high-purity lignin (e.g., Indulin-Westvaco's trade name) pro-

duction.8,9 This lignin  is a highly functionalized biomacromolecule that contains various reactive 

groups such as acidic, aliphatic, and aromatic hydroxyl, whose relative chemistry is applicable in 

the synthesis of bio-based materials.10 

Thermochemical conversion processes are another explicitly endorsed biorefinery strategy to 

convert biomass to energy. Intensive reaction conditions are employed to break the bonds of or-

ganic matter and provide a wide range of chemical compounds that can be used to produce bi-

obased materials.11 This includes technologies such as pyrolysis, liquefaction, gasification, and 

combustion. Whereas liquefaction and pyrolysis are considered high-efficiency conversion tech-

nologies, which produces bio-oil (a mixture of oxygenated compounds) as a predominant prod-

uct with a high energy density compared to solid biomass.12 Liquefaction is performed in an 

aqueous environment (hydrothermal liquefaction) or organic solvents (solvent liquefaction). 13 

Usually, solvent liquefaction can be performed at modest temperatures (105−400 °C) and elevat-

ed pressures (2−20 MPa) in the presence of a suitable solvent.14 The performance of the liquefac-

tion process depends on the selection of a suitable solvent. In this case, alcohols are proved to be 
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a suitable solvent as it suppresses side reactions by providing hydrogen sources during the reac-

tion.15 With that regard, research work in the literature reported that solvent liquefaction of lig-

nin, using alcohol as a solvent, showed a higher conversion efficiency. This is important in the 

case of lignin as there can be a chance of getting a high amount of solid fraction recoupling of 

phenolic compounds.16  

Aforementioned, pyrolysis is a robust thermochemical process of materializing biomass into val-

uable and flexible bio-liquids, which is commonly performed at moderate temperatures 

(450−600°C) under oxygen-free conditions.17 According to the pyrolysis process parameters, 

two main pyrolysis processes are listed: slow pyrolysis (conventional pyrolysis) and fast pyroly-

sis. Fast pyrolysis is a productive method in which the biomass is rapidly heated to high tempera-

tures for a very short residence time, leading to the low investment cost and high-yield bio-oil.18 

The obtained fast pyrolysis liquid fraction shows phase-separated bio-oil. The lower phase is 

classified as organic and mainly originates from pyrolytic lignin, while the upper phase is more 

of aqueous fractions.19 The main reason for phase separation is excess water, which resulted in a 

byproduct of condensation and esterification reactions at elevated temperatures. 

Interestingly, the organic phase of bio-oil can be practically useful in producing aromatic chemi-

cals due to the high concentration of phenolic compounds. However, the chemical composition 

of bio-oil depends on the feedstock used during fast pyrolysis.20,21 For the explained reasons, 

these noteworthy biorefinery materials (kraft recovery lignin and thermochemical conversion 

bio-oils) hold the potential to replace the petroleum-based monomer in conventional adhesive 

production. 

Phenol-formaldehyde (PF) resin is a widely used adhesive in various wood industries and syn-

thesized via condensation polymerization of phenol and formaldehyde using either acid (oxalic 



54 

 

acid or hydrochloric acid) or base (sodium hydroxide) catalyst to produce novolac or resol PF 

resin, respectively.22 However, novolac PF resins are produced with an excess of phenol, classi-

fied as a hazardous substance derived from petroleum sources.23 Therefore, the substitution of 

phenol with biobased phenolic structures becomes an alternative sustainable strategy to produce 

biobased novolac PF wood adhesives. Several studies have reported biobased resole PF resins 

from lignocellulosic biomass (LCBM) for wood adhesive application.24–27 However, limited lit-

erature has reported the substitution of phenol by LCBM in novolac PF resin preparation.28,29 A 

wide variety of lignocellulosic biomass has been proposed in the literature for producing bi-

obased wood adhesives. Among these, the softwood and grass containing LCBM considered as a 

prime choice for PF adhesive, as they possess more guaiacyl (G) and p-hydroxyphenyl (H) units 

into their structure, which can react with formaldehyde in PF resin synthesis.24  

In this study we have selected phenolic structures from three different biorefineries: lignin from 

kraft biorefinery (L-KB), bio-oil produced from solvent liquefaction of industrial lignin (BO-

SL/L), and bio-oil obtained from fast pyrolysis of pine wood (BO-FP/PW) for the synthesis of 

NPF resin adhesive. The first two sources are lignin powder and bio-oil from lignin, so they are 

lignin-based. In contrast, the BO-FP/PW is obtained from the organic phase of bio-oil, mainly 

pyrolytic lignin, as demonstrated by previous work from this group.30 In addition, kraft lignin (L-

KB) and the BO-FP/PW are produced from softwood sources. All of the biobased sources were 

characterized and compared in the first part of this work. We then use these phenolic sources to 

substitute 50% (w/w) of phenol in the Novolac phenol-formaldehyde (NPF) resin system. Final-

ly, these biobased NPF resins are compared to 100-NPF resin (lab-made novolac PF) as a refer-

ence. The adhesion properties were determined using tensile shear strength analysis on the wood 
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sample under dry and wet conditions using the proper standard method. The performance of ad-

hesives was discussed with the help of two-way ANOVA followed by Tukey's post hoc test. 

2.2 Experimental Section  

2.2.1 Materials 

The kraft lignin (Indulin AT) used in this work was generously provided by Ingevity Corpora-

tion, South Carolina, USA. Deuterated dimethyl sulfoxide (DMSO-d6, with TMS 0.1 vol % deu-

teration degree min. 99.9%), pyridine (99+%), acetic anhydride (≥97.0%), tetrahydrofuran (THF, 

99.0%),  glucose, sulfuric acid (70%), phenol (99%), formalin solution (37% formaldehyde in 

water with 10-15% methanol as stabilizer), hexamethylenetetramine (HMTA, 99+%) and ace-

tone (99.5%) were purchased from VWR International, USA. Oxalic acid (anhydrous crystal, 

98.0%) was supplied by Spectrum Chemical Mfg. Corp., USA. Southern yellow pine (Pinus 

spp.) wood was used in the adhesion properties studies. The solvent liquefaction bio-oil (BO-

SL/L) and fast pyrolysis (BO-FP/PW) were obtained from lignin and pine wood, respectively. 

The relevant biorefinery processes were performed in our Biosystems Engineering Laboratory, 

Auburn University, and the Center for Renewable Carbon Laboratory, University of Tennessee, 

USA, as described in the Methods section. 

2.2.2 Solvent Liquefaction Methodology 

The lignin used for solvent liquefaction was provided by Renmatix Incorporation, USA. The lig-

nin was made using a proprietary supercritical water extraction technology. The details of feed 

biomass were not provided by the supplier. A 1.8 L capacity high-pressure Parrr® 4680 reactor 

was used for solvent liquefaction to produce bio-oil from lignin. 100 g of lignin thoroughly 

mixed with 500 mL ethanol (reagent grade, 95%, VWR International, USA) was loaded into the 
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reactor vessel.31  The reactor was then pressurized and depressurized with 300 psi nitrogen (ul-

tra-high purity, 99.999%) thrice and then heated to 250 °C with stirring at 500 rpm. The maxi-

mum pressure attained by the reactor was ~1400 psi at 250 °C. The reactor was then washed with 

ethyl acetate (VWR International, USA) to remove any product stuck on the impeller, and this 

mixture was added to the product.32 The product mixture was filtered with Whatman filter paper 

(#42) to separate the char. The filtrate was subjected to rotary evaporation at 40 °C under vacu-

um to remove ethyl acetate and ethanol. The resulting bio-oil was removed from the round bot-

tom flask by mixing it with dichloromethane (≥99.5%, VWR International, USA) and then keep-

ing it under vacuum at room temperature for 24 hours. The bio-oil was obtained in ~55 wt% 

yields (based on the initial dry mass of lignin). The exact process was repeated twice, and the 

bio-oil was combined. 

2.2.3 Fast Pyrolysis Methodology 

A semi-pilot scaled auger reactor was used for the fast pyrolysis experiment, and the details 

about reactor design are explained previously.33 For the experiment, pinewood biomass with par-

ticles less than 4 mm in size was fed into a pyrolyzer reactor at a rate of 7.3 kg/h. The pyrolysis 

reaction occurred at 500 °C under oxygen-free conditions by continuously passing N2 at a flow 

rate of 50 L/min. After condensation of pyrolysis vapors in the quench system, the liquid prod-

ucts were allowed to settle down, to separate the organic phase of bio-oil from the aqueous 

phase. The related properties of bio-oil are reported in previously published articles from our re-

search group.30,34 
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2.2.4 Characterization of L-KB, BO-SL/L, and BO-FP/PW 

2.2.4.1 FTIR Spectroscopy 

FTIR measurements were performed using a Thermo Scientific Nicolet 6700 FTIR instrument 

equipped with attenuated total reflection (ATR). Each spectrum was collected with 64 scans in 

the wavenumber range of 4000 cm-1 - 400 cm-1 at a resolution of 4 cm-1. Background spectra 

were recorded before every sampling. The spectra were analyzed using the OMNIC 7.3 software. 

2.2.4.2 13C-1H HSQC 2D-NMR 

For the 2D HSQC-NMR experiment, around 156.6 mg of the sample was fully dissolved in 1 mL 

of DMSO-d6 solvent. The spectra were recorded on Bruker UltrashiedTM 500 MHz plus spec-

trometer using hsqcetgpsisp 2.2 pulse program with other parameters: 90° pulse angle, 0.11 s ac-

quisition time, 1.5 s pulse delay, and 16 number of scans. The 1JCH used was 145 Hz. The num-

ber of collected complex points was 1024 for the 1H-dimension, and 256 increments were rec-

orded in 13C-dimension. The spectral width of 13.02 and 220.00 ppm used for 1H and 13C, re-

spectively. Data processing was performed using Mnova V.14 software. 

2.2.4.3 Py-GCMS/GCMS 

Pyrolysis of the lignin (L-KB) sample was performed using a CDS Pyroprobe® 5200 (CDS Ana-

lytical LLC, Pennsylvania, USA) micro-pyrolyzer. This was done by loading 1 mg of the sample 

into a glass pyroprobe. The pyroprobe was initially heated to 100 °C and held at that temperature 

for 5 seconds, followed by heating at 10 °C/mS to 750 0C with a 5-second hold. For GC/MS 

analysis, an Agilent 7890A GC/ 5975C gas chromatography unit was used, and the separation 

was made using 30 m X 0.25 mm i.d. X 0.25 mm film thickness DB-1701 mass spectroscopy 

column with an injection temperature of 300 °C and 70eV electron impact. The MS scan range 
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of m/z (mass to charge ratio) was 30-550, and the split ratio of 10:1 was used for the analysis. 

The GC oven temperature was held at 60 °C for 1 min and then heated to 280 °C at 15 °C /min, 

and the final temperature was maintained for 10 minutes. Helium gas was used as the carrier gas 

with a flow rate of 3 ml/min. The identification and analysis of the peaks were performed using 

the MS NIST library. 

The GC-MS/FID analysis of BO-SL/L was carried out with the same instrument but without 

connecting the Pyroprobe. About 20 mg of bio-oil was dissolved in ~2 g of ethanol to achieve 

100x dilution, and the solution was filtered. Agilent 7890A GC/ 5975C gas chromatography-

mass spectrometry unit was used for the analysis, with an initial temperature of 60 °C held for 1 

min, and then ramping up to 280 °C at 15 °C/min, which was held for 10 minutes. 3 ml/min of 

helium was used as a carrier gas in a DB-1701 column (30 m X 0.25 mm i.d. X 0.25 mm film 

thickness). The GCMS analysis of BO-FP/PW was mentioned in a previously published article.30 

2.2.4.4 Colorimetric quantification of carbohydrates in bio-oils 

The amount of carbohydrates was determined by phenol-sulfuric acid assay. Dubois et al.35 men-

tioned this as a well-known colorimetric method for carbohydrates. The procedure of this method 

is referred to from literature 36,37 as follows. A 0.5 mL of bio-oil (each bio-oil diluted with ace-

tone as 0.01 g/ml) sample was mixed with 0.5 mL of 4% aqueous solution of phenol in a sample 

tube. The mixture was shaken for 30 seconds. Subsequently, 2.5 mL concentrated H2SO4 was 

added to the mixture and allowed to stand for 10 minutes at room temperature. After that, the 

mixture was placed in a static water bath for another 10 minutes. Bio-oil samples were hydro-

lyzed in triplicate. Glucose standards of 0, 20, 40, and 60 µg/ml were prepared, and each stand-
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ard was subjected to the hydrolysis procedure outlined above. A Genesys 150 UV-Visible spec-

trophotometer was used for the measurement of absorbance. 

2.2.5 Synthesis and Characterization of NPF Resins 

The NPF resins used as wood adhesives were synthesized using a 1:0.8 molar ratio of phenol to 

formaldehyde with 0.05 moles of oxalic acid per mole of phenol as a catalyst. Oxalic acid was 

selected to avoid potential corrosion to the system as it is a weak acid.38,39 The synthesis was 

conducted at 90 °C for 3 hours in a four-necked flask equipped with a dropping funnel at one end 

for dropwise addition of the formaldehyde solution (37% formalin solution) and a condenser at 

another neck to prevent formaldehyde escape through the system at high temperature. The whole 

assembly was placed in a silicone oil bath to maintain a constant temperature throughout the re-

action under continuous stirring. After 3 hours of synthesis, the water generated as a byproduct 

in the reaction was removed using a rotary evaporator at 60 °C under reduced pressure to recover 

the PF resin. The obtained resin was labeled as 100-NPF. A similar procedure was used to syn-

thesize resin from L-KB, BO-SL/L, and BO-FP/PW by substituting 50% (w/w) of phenol by 

each of the phenolic sources as described above. The synthesized resins were labeled as 50-NPF-

L-KB, 50-NPF-BO-SL/L, and 50-NPF-BO-FP/PW, respectively. Further, the resins were charac-

terized by FTIR and 1H NMR spectroscopy. 

2.2.5.1 1H NMR spectroscopy 

The chemical structures of NPF resins were analyzed through 1H NMR spectrometry using a 

Bruker 600 MHz NMR spectrophotometer equipped with a triple resonance cryoprobe and an 

automatic sample changer. Spectra were acquired by dissolving 100 mg of the sample in 1 mL of 

deuterated DMSO-d6 containing 0.03% tetramethylsilane (TMS), which is used as an internal 



60 

 

standard for referencing the chemical shifts. 1H NMR spectra were recorded using 16 scans with 

2.7262 sec acquisition time, 1 sec delay time, and 65536 transients. Spectral data were analyzed 

using the Mnova V.14 software. 

2.2.6 Crosslinking of NPF resins and Thermal study by DSC 

For the crosslinking reaction, NPF resin samples were ground with the HMTA curing agent us-

ing mortar and pestle in the desired proportion (9% w/w HMTA/NPF resin) to achieve a homog-

enous mixture. The subsequent mixture was then used for DSC analysis to study the curing prop-

erties. The combinations of each resin with HMTA were labeled as 100-NPF adhesive, 50-NPF-

L-KB adhesive, 50-NPF-BO-SL/L adhesive and 50-NPF-BO-FP/PW adhesive, respectively. 

The DSC measurements were performed using a TA Q2000 (TA instruments, DE, USA) with ni-

trogen purge gas at 50mL/min. 5-6 mg of samples were measured in DSC standard aluminum 

pans with a small hole punctured in the aluminum lid, the purpose of doing that to collect the 

blown-out sample in the upper lid. The modulated DSC experiment was performed for each 

sample between 25 °C to 200 °C at a heating/cooling rate of 10 °C/min with two heating and 

cooling cycles with modulation of +/- 1 °C every 60 seconds. The first heating cycle was used to 

interrogate the curing phenomenon by using TA instrument analysis software. 

2.2.7 Preparation of glued wood specimens 

The board of southern yellow pine (Pinus spp.) wood was cut into eight panels of dimensions 40 

× 7 × 0.035 cm3 (L × W × H). After that, these panels were conditioned at 62% relative humidity 

(RH) and 22 °C temperature for 24 hours. Then, the adhesive was spread uniformly to one side 

of the wood panel with a glue spread rate of 200 g/m2, and the other wood panel was placed on 

top of it. Before application, the NPF resin was grounded with HMTA (9% on weight of NPF 
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resin), then the homogenous mixture was dissolved in the desired amount of acetone for ease of 

application on wood substrate. In total, four glued panels were prepared corresponding to each 

NPF resin adhesive type using the same procedure. Afterward, all the four glued wood panels 

were pressed at 150 °C for 15 minutes with 2 MPa pressure and then allowed to cool and condi-

tioned as before. From each bonded panel, eight wood specimens were produced according to 

standard procedure ASTM D906-98 (2017), as illustrated in Figure 2.1a-b, out of which four 

wood specimens were used for wet shear bonding strength and physical analysis of each adhe-

sive. The wood specimens were placed underwater using a metal grid at room temperature for 24 

hours. After 24 hours, the wood specimens were removed from the water and wiped using a pa-

per towel. 

Water Absorption (WA) and Thickness Swelling (TS) 

The weight and thickness of the wood specimen before immersing and after immersing in water 

were measured using electric balance and vernier caliper, respectively, to calculate water absorp-

tion and thickness swelling. 

The water absorption (WA %) was calculated according to equation 2.1.40 

WA % = W24−W0
W0

× 100                                                                                                            [2.1] 

Where W0 is the weight of the wood specimen before immersion, and W24 is the weight of the 

wood specimen after immersing for 24 hours. 

The thickness swelling (TS %) of the wood specimen was calculated using equation 2.2.40 

TS % = T24−T0
T0

× 100                                                                                                                [2.2] 
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Where T0 is the average thickness taken at three different places across the wood specimen be-

fore immersion, and T24 is the average thickness measured after immersion for 24 hours. 

Tensile Shear Strength 

The dry and wet shear strength tests for each NPF resin adhesive were carried out following 

ASTM D 906-98 (2017)41 standard using universal testing machine INSTRON 5565 at a con-

stant loading speed of 1.0 mm/min and loading capacity of 10 kN.  

The tensile shear strength is calculated according to equation 2.3.40 

τ = FMax
l2b

                                                                                                                                      [2.3]  

Where τ is the tensile-shear strength (MPa), Fmax is the maximum loading force recorded at the 

breaking point (N), l2 is the length of the shear area (mm), and b is the width of the shear area 

(mm). 

 

Figure 2.1 (a) Schematic illustration for the dimension of the wood specimen (ASTM D906-98 

2017)41 (b) wood specimens glued with NPF resin adhesives. 
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2.2.8 Statistical Analysis 

Statistical analysis of water absorption and thickness swelling was performed using one-way 

analysis of variance (ANOVA) in conjunction with Tukey's post-hoc test. The results were ex-

pressed as means ± standard deviations. Two-way ANOVA followed by Tukey's post-hoc test 

was conducted for tensile shear strength analysis of each of the adhesive and at the dry and wet 

conditions. All data were analyzed using Minitab 19 software. 

2.3 Results and Discussion 

2.3.1 Characterization of L-KB, BO-SL/L, and BO-FP/PW 

In this study, we used lignin and bio-oils obtained from three different biorefineries. So, to un-

derstand their chemistry and structural reactivity, selective characterization was performed and 

presented further in the following sections. 

The functional groups present in the L-KB, BO-SL/L, and BO-FP/PW were analyzed by FTIR as 

shown in Figure 2.2. The representative peaks were assigned as per previously reported litera-

ture. 42,43 Each of them exhibited a broad peak in the region of 3500−3300 cm-1 which are related 

to −OH stretching vibrations from phenolic and aliphatic –OH presents in lignin and polysaccha-

rides (cellulose and hemicellulose). 43 The absorption bands in the region (2900−2800 cm-1) rep-

resenting symmetric (νs) and asymmetric (νas) C−H stretching vibrations in CH2 (methylene) 

and CH3 (methyl) groups: 2934 cm-1 (νasCH2, L-KB), 2872 cm-1 (νsCH3, L-KB), 2970 cm-1 

(νasCH3, BO-SL/L), 2935 cm-1 (νasCH2, BO-SL/L), 2845 cm-1 (νsCH2, BO-SL/L), 2928 cm-1 

(νasCH2, BO-FP/PW), 2855 cm-1 (νsCH2, BO-FP/PW). The BO-FP/PW and BO-SL/L have high-

intensity CH2 and CH3 peaks, which indicates the highest proportion of CH group than L-KB. 

The peaks at 1703 cm-1 for BO-SL/L and 1705 cm-1 for BO-FP/PW are more likely associated 
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with C=O stretching vibration of unconjugated ketones and carboxyl groups. The appearance of 

these peaks for bio-oils shows the depolymerization of lignin during the liquefaction and pyroly-

sis process, which generate more carbonyl functional groups. The absorption peaks at 1590 and 

1515 cm-1 were assigned to aromatic skeleton vibrations (guaiacyl units in LCBM). The intensity 

of 1270 cm-1 is related to the C−O stretching in guaiacyl. 44 The characteristic band for C−O−C 

asymmetric stretching has been seen at 1152 cm-1 (weak) in the case of BO-FP/PW and BO-

SL/L. The band detected at 1033 cm-1 is linked to aromatic C−H in-plane deformation in G units. 

A band at 732 cm-1 can be ascribed to the C−H out of a plane in p-hydroxyl phenolic unit.  

 

Figure 2.2 FTIR spectra of (a) L-KB, (b) BO-SL/L, and (c) BO-FP/PW. 
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2D HSQC NMR experiment was run for L-KB, BO-SL/L and BO-FP/PW sample and their spec-

tra with designated peaks and structures according to previously published articles45 are dis-

played in Figure 2.3, which shows informative peaks in the aromatic (δC/δH 90.0-150.0/4.0-8.0), 

interunit aliphatic lignin (δC/δH 52.5-90.0/2.8-5.7) and aliphatic (δC/δH 8.0-52.5/0.5-4.5) re-

gion. Figure 2.3a represents the spectrum of L-KB. Lignin is a complex macromolecule consist-

ing of the p-coumaryl, coniferyl, and sinapyl alcohol. These monolignols undergo  radical 

polymerization forming various interunit linkages,  α-O-4 (aryl ether), β-O-4 (aryl ether), β-β 

(pinoresinol), β-5 (phenylcoumaran), 5-5 (biphenyl), β-1 (1,2-diaryl propane).46 The aromatic re-

gion of kraft lignin (Figure 2.3a) shows strong signals related to guaiacyl (G) unit at C2–H2 

(δC/δH 109.5-112.8/6.7–7.2 ppm) and C6–H6 (δC/δH 118.7–121.8/6.5–7.3 ppm). This is be-

cause the kraft lignin used in this study was originated from softwood. Whereas, in the case of 

BO-SL/L (Figure 2.3b), both guaiacyl (G) and p-hydroxyphenyl (H) units related peaks were ob-

served. In Figure 2.3c (BO-FP/PW), mainly guaiacyl (G) units are observed. Also, signals related 

to carbohydrates C1−H1 in 4−O−methyl−β−D−gluconic acid at δC/δH 97.50/4.56 detected, 

which may be associated with carbohydrates present in bio-oil. 
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Figure 2.3 13C-1H HSQC 2D-NMR spectra of (a) L-KB, (b) BO-SL/L, (c) BO-FP/PW, and pos-

sible structure presents in the compounds: (A) β−O−4 (aryl ether) (R) Resinol (C) Coumarate 

(H) p-Hydroxyphenyl (G) Guaiacyl (S) Syringyl (PCA) p-Coumarate (FA) Ferculate. 

The monomeric components present in the L-KB, BO-SL/L, and BO-FP/PW were identified us-

ing GCMS analysis as depicted in Figure 2.4. The L-KB lignin was subjected to pyrolysis to 

shows GCMS peaks (Figure 2.4a). However, the peaks were generated through light vapors pro-

duced during pyrolysis that is the reason why we did not observe any peaks after 15 minutes of 

retention time. The main diagnostic products shown through pyrolysis vapors are G units be-

cause the kraft lignin originated from softwood species.47 The GCMS spectrum of BO-SL/L 

(Figure 2.4b) shows peaks of compounds produced during the depolymerization of lignin using 
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ethanol solvent under the thermal environment. The compounds identified are alcohols, ketones, 

substituted phenols, nitrogen-containing compounds.48,49 The ester-containing compounds are 

generated from the esterification reaction between ethanol and acids. The substituted phenols are 

G and H (p-hydroxyphenyl) type. The bio-oil (BO-FP/PW) yield from fast pyrolysis of pinewood 

contains a majority of aromatic and few nonaromatic compounds, as presented in Figure 2.4c 

(GCMS spectra of BO-FP/PW). It could be seen that the phenolic compounds are mostly 2-

methoxy phenol, also denoted as G units, which can be derived from pyrolytic lignin (lignin-

derived fragments) present in the organic phase of bio-oil, and is also known to be prevalent in 

pine from softwood species.50 Whereas, the oxygenated compounds such as acids, esters, and 

heterocyclic organics also detected due to breakage of side chains in lignin and decomposition of 

cellulose and hemicellulose. 
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Figure 2.4 GCMS spectra of (a) L-KB, (b) BO-SL/L, (c) BO-FP/PW, and compounds observed 

in the structures. 

Quantitative analysis of the carbohydrates present in the BO-SL/L and BO-FP/PW was carried 

out using the phenol-sulfuric acid colorimetric method. Here, in the study, glucose was used as a 

calibration standard because, after acid hydrolysis, the polymeric/oligomeric sugars present in 

the bio-oils are converted into glucose.51,52 The absorbance maximum for glucose measured by 

UV-visible spectrophotometer was observed at 488 nm (Figure 2.5a). The generated calibration 

curve (Figure 2.5c) showed a linear relationship between absorbance and glucose concertation. 

Further, the calibration curve was used to measure the amount of carbohydrates in bio-oil using 

the maximum absorbance at 488 nm shown in Figure 2.5b. 

Table 2.1 summarizes the carbohydrate content resulting from two bio-oils. The BO-FP/PW has 

an average of 24.05% of sugars in the structure. As outlined in the method, BO-FP/PW was pro-

duced from the fast pyrolysis of pine wood. During pyrolysis of biomass (pine wood), a high 

yield of anhydrosugars was generated through the cleavage of glycosidic bonds in cellulose.53 
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However, the organic phase of bio-oil was used having high polarity compounds such as sugars. 

Therefore, carbohydrates in the organic phase of BO-FP/PW could be associated with the water-

insoluble sugars linked to the pyrolytic lignin. An average of 33.61% carbohydrate (sugar) was 

obtained for BO-SL/L, which was produced from solvent liquefaction of lignin. The authors are 

unaware of the source of the lignin, but the 2D HSQC spectrum (Figure 2.3b), provided infor-

mation on the presence of ferculate units in the lignin structure. According to Ghaffar et al.54, 

lignin crosslinked with the carbohydrates via ferculate, and during liquefaction, the carbohy-

drates entered the bio-oil. 
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Figure 2.5 Carbohydrates measurement by phenol-sulfuric acid assay (a) Ultraviolet spectra of 

different concertation of glucose sugar (b) ultraviolet spectra of bio-oils: BO-SL/L and BO-

FP/PW (c) ultraviolet calibration curve of glucose sugar.  

Table 2.1 Carbohydrate in bio-oil analyzed by the phenol-sulfuric acid assay 

 

 

Bio-oils 

BO-SL/L BO-FP/PW 

Carbohydrate content (%) 33.61 ± 6.79  24.05 ± 2.71 

 

2.3.2 Characterization of NPF Resins 

The four different NPF resins were prepared by polymerization reaction between reactive sites in 

phenol or substituted phenol and formaldehyde under the influence of temperature and catalyst. 

This forms methylene bridges between ortho and para sites of phenolates in the NPF resin struc-

ture. Thus, the chemical structures of the synthesized NPF resins were investigated by FTIR and 

1H NMR techniques. 
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The FTIR spectra for 100-NPF, 50-NPF-L-KB, 50-NPF-BO-SL/L and 50-NPF-BO-FP/PW res-

ins are shown in Figure 2.6 with the respective assignment according to literature data.55,56  The 

peaks between 3500−3300 cm-1 belonged to stretching vibrations of –OH presents in aromatic 

and aliphatic hydroxyl. The peaks in the C–H stretching region were assigned to me-

thyl/methylene (CH3/CH2) groups. The carbonyl peak was observed in biobased NPF resin spec-

tra (Figure 2.6b-d). This was expected since the biobased NPF resins were synthesized from lig-

nin and bio-oils. The peaks that appeared at 1600 cm-1 and 1515 cm-1 corresponds to the aro-

matic ring vibrations of phenyl units.57  

The presence of signals in the region of 1470−1430 cm-1 confirmed the formation of a methylene 

bridge (CH2) in the phenolic rings.58 In the biobased NPF resin spectra, a peak at 1020 cm-1 can 

be seen related to the C–H deformation for the guaiacyl unit. The absorption peaks at 815 cm-1 

and 750 cm-1 were attributed to para and ortho position addition in the phenolic rings, respective-

ly. Whereas the ortho position signal is more prominent in all the spectra with oxalic acid cata-

lyst system as proposed by Jing et al.59   
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Figure 2.6 FTIR spectra of (a) 100-NPF, (b) 50-NPF-L-KB, (c) 50-NPF-BO-SL/L, and (d) 50-

NPF-BO-FP/PW. 

1H NMR spectra of synthesized NPF resins are presented in Figure 2.7. Each resin spectrum was 

segmented and integrated. The signal with the chemical shift of 2.5 ppm related to the DMSO-d6 

solvent. The peaks between 7.34−6.5 ppm are attributed to the aromatic protons of all benzene 

rings and unconjugated alkene protons. Signals at 5.45−4.45 ppm arose from the aliphatic and 

aromatic hydroxyl protons. At the same time, the high-intensity signals in this region for bi-

obased NPF resins (Figure 2.7b-d) suggest the presence of aliphatic hydroxyl groups. The pro-

tons related to the methylene linkages (o-o, o-p and p-p) formed during resin synthesis were no-

ticed between 4.2−3.2 ppm. A similar observation was found in the literature for phenol-
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formaldehyde resins.60–64 However, the peaks in this region overlapped with the protons from the 

methoxyls functional group attached to phenolic rings of G, S, and H units of LCBM.65 The 

peaks in 50-NPF-BO-SL/L are more crowded as it comes from the methoxy H of syringyl units. 

The 2D HSQC NMR spectrum confirms the presence of syringyl units in BO-SL/L. The 50-

NPF-BO-SL/L and 50-NPF-BO-FP/PW show high-intensity signals at 1.5−0.8 ppm, which 

might be due to the H of aliphatic side chains. The integral area ratio (peaks at 7.34−6.5 ppm to 

that 4.2−3.2 ppm) for all the NPF resins are 1:0.79 (Figure 2.7a), 0.99:0.71 (Figure 2.7b), 

0.99:1.15 (Figure 2.7c) and 0.98:0.98 (Figure 2.7d). The discrepancy between the aromatic-H 

and methylene-H ratios was due to the overlapping of peaks.  

The results from FTIR and 1H NMR suggested that methylene linkages have formed during the 

polymerization of the respective NPF resins. 
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Figure 2.7 1H NMR spectra of (a) 100-NPF, (b) 50-NPF-L-KB, (c) 50-NPF-BO-SL/L, and (d) 

50-NPF-BO-FP/PW. 

2.3.3 Crosslinking of NPF resins and Thermal study by DSC 

In general, NPF resin needs to be crosslinked by adding a curing agent, hexamethylenetetramine 

(HMTA). This curing process happened in two stages.  In the first stage, NPF resin reacts with 

HMTA and forms initial intermediates such as benzoxazines and benzylamines. Further thermal 

decomposition of these curing intermediates generates methylene bridge for phenolic rings.66,67 

The DSC data in Table 2.2 reported exothermic heat (∆Hc) developed during the curing process 

NPF resins, which attributed to the formation of methylene bridges.  

The biobased NPF adhesive exhibited different curing properties from the 100-NPF adhesive. 

The decrease in ∆Hc (31.85 J/g, 14.51 J/g and 19.68 J/g)) were evident when 50% (w/w) of phe-

nol is replaced by L-KB, BO-SL/L, and BO-FP/PW, respectively, which could be due to the 



78 

 

lower chemical reactivity of the phenolic rings in the LCBM structure causing steric hindrance 

during the curing process. The same observation may be connected with curing peak temperature 

(Tp) of biobased NPF adhesive. However, compared to the data in Table 2.2, the 50-NPF-L-KB 

adhesive has similar values of ∆Hc and Tp as 100-NPF adhesive, which suggests that L-KB has 

more accessible sites in the structure for the curing process compared to the bio-oils, which the 

previous characterization has confirmed. The endothermic peak (Figure 2.8) observed during the 

curing process might be due to the condensation reaction of methylol group with phenol.  

 

Figure 2.8 DSC thermograms of the NPF resin adhesives. 
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Table 2.2 DSC Data for NPF resins ɑ 

Adhesives ∆Hc (J/g) Tp (°C) 

100-NPF adhesive 36.31 137.53 

50-NPF-L-KB adhesive 31.85 138.59 

50-NPF-BO-SL/L adhesive 14.51 141.31 

50-NPF-BO-FP/PW adhesive 19.68 140.98 

ɑ∆Hc = curing exotherm enthalpy and Tp = curing peak temperature 

2.3.4 Bonding Performance of NPF resin Adhesives on Wood Substrates 

2.3.4.1 Water Absorption and Thickness Swelling 

One of the main concerns in applying wood adhesives for exterior applications is the impact of 

water or humid environment on the wood bonding. To understand the effect, we have measured 

the mass and thickness gain of the wood panels after soaking them in water for 24 hours, and the 

values are listed in Table 2.3. The result showed that the WA values of the biobased NPF resins 

are relatively high. Among them, the wood samples glued with 50-BO-FP/PW adhesive absorbed 

more water compared to other adhesives (p < 0.05, Table 2.3). This behavior may be correlated 

with carbohydrates (sugar) in the structure (as evidenced by Table 2.1). The same observation 

can be valid for 50-NPF-BO-SL/L adhesive glued wood. At the same time, the 43.96% of WA in 

50-NPF-L-KB was due to the hydroxyl group in the lignin. Similar results were also observed in 

another biobased adhesive in the literature.68,69  

The thickness swelling data in Table 2.3 displays clear evidence of dimensional change of the 

wood matrix due to interaction of the hydrophilic group present in the adhesive with the water 

molecule. In contrast, the wood sample bonded with the 100-NPF adhesive showed a high TS 



80 

 

value (p < 0.05, Table 2.3), this might have been due to the penetration of water into the voids of 

the wood itself.70  

Table 2.3 Water Absorption (WA %) and Thickness Swelling (% TS) of the wood specimens 

prepared with different adhesivesɑ 

 

Adhesives 

Mean ± Standard Deviation 

Water Absorption (%) % Thickness Swelling 

100-NPF adhesive 42.80 ± 1.25 b 11.15 ± 2.94 a 

50-NPF-L-KB adhesive 43.96 ± 2.72 b 07.95 ± 1.08 b 

50-NPF-BO-SL/L adhesive 43.06 ± 2.55 b  09.01 ± 2.53 ab 

50-NPF-BO-FP/PW adhesive 49.00 ± 1.64 a 11.04 ± 1.71 a 

ɑWater absorption (WA %) and thickness swelling (% TS) of the glued wood specimens were 

analyzed with one-way ANOVA followed by Tukey's post-hoc test. Different letters for each 

column represent significantly different water absorption and thickness swelling respectively (p 

< 0.05). 

2.3.4.2 Tensile Shear Strength 

Tensile shear strength (wet and dry) has been conducted on each glued wood sample and pre-

sented in Figure 2.9. There was no significant difference found between the wood specimens 

bonded with 100-NPF and 50-NPF-L-KB adhesive (p > 0.05, Figure 2.9). This suggests that 

there is a benefit in replacing 50% of phenol with kraft biorefinery obtained lignin. The 50-NPF-

L-KB adhesive glued wood product gave the highest strength (3.46 ± 0.55 MPa) among all the 

tested adhesives. This high adhesion strength could be ascribed to the functional macromolecular 

structure of lignin having high molar mass, which facilitates the bonding with the wood substrate 



81 

 

during the curing process. This observation is in good agreement with the literature reported for 

lignin-based wood adhesives.24,71,72 Furthermore, the bonding strength of wood samples pressed 

with 50-NPF-BO-SL/L and 50-NPF-BO-FP/PW adhesive were significantly lower than 50-NPF-

L-KB adhesive (p < 0.05, Figure 2.9). The possible reason should be that along with phenolic 

compounds (H, G, and S units), other compounds such as aliphatic fractions and carbohydrates 

are detected in the bio-oils as discussed in characterization, limiting the reactivity and interaction 

between functional groups in the resin.73,74  

Regarding the wet strength, after water soaking in water for 24 hours, the strength of all glued 

samples drastically decreased (p < 0.05, Figure 2.9). This would be because the cohesion within 

the adhesive is destroyed by absorbed moisture. Overall, the shear strength values obtained at dry 

and wet conditions can meet the standard specified by the Engineering Wood Association (APA) 

except for 50-NPF-BO-SL/L adhesive at the wet condition.  
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Figure 2.9 The dry and wet shear bonding strength of the wood specimens bonded with different 

adhesives: 100-NPF adhesive, 50-NPF-L-KB adhesive, 50-NPF-BO-SL/L adhesive, and 50-

NPF-BO-FP/PW adhesive. Four wood samples per adhesive for each strength measurement were 

prepared. The data are the means of five replicates, and the error bars represent standard devia-

tion (SD). The obtained adhesion data was analyzed using two-way ANOVA followed by Tuk-

ey's post-hoc test. Different letters on the bar represent significantly different adhesion strengths 

(p < 0.05). 

2.4 Conclusions 

This experimental work represents different biorefinery approaches to produce phenolic sources 

(L-KB, BO-SL/L, and BO-FP/PW) substitution to develop wood adhesives. The structure of 
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these LCBM phenolic sources was analyzed using FTIR, 13C-1H HSQC 2D-NMR, GCMS, and 

carbohydrate analysis techniques. The 2D-NMR and GCMS results demonstrate that most 'G-

type' units are present in every structure which makes them suitable for NPF resin synthesis. Us-

ing FTIR and 1H-NMR, it was possible to explain that the NPF resins are successfully synthe-

sized, forming methylene linkages in their structures. DSC analysis was used to investigate the 

curing process of the NPF resin, and with the generated data, we designed an optimized curing 

temperature for wood bonding. The ANOVA analysis clarified a statistically significant differ-

ence between the bonding strength of biobased NPF resin adhesives. The dry bonding strength of 

all NPF resins was significantly higher than the wet bonding strength. Overall, lignin-derived 

from kraft biorefinery (L-KB) was the appropriate substitute for petroleum-based phenol in NPF 

resin synthesis because it shows high bonding strength with moderate curing energy. 
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3 Chapter 3 

Kraft Lignin Functionalization through Periodate Oxidation for the Development of  

Biobased Novolac Phenol-formaldehyde Resins for Wood-based Panels 

This chapter is being prepared for submission2 

 

3.1 Introduction 

Engineered wood-based panels show a wide range of applications in internal wall partitioning, 

sheathing, roofing, ceilings, furniture, and structural insulated panels due to their design flexibil-

ity, durability, strength, and cost-effectiveness.1,2 Laminated veneer lumber, plywood, particle 

boards, medium density boards (MDF), and oriented strand board (OSB) used mainly wood-

based panels (WBPs).3,4 In addition, wood adhesives have contributed to the fabrication and 

preparation of WBPs, accounting for nearly 65% of the total world adhesives.5–7 Various wood 

adhesives on the market are thermoplastics and thermoset resins, such as phenol-formaldehyde 

(PF), melamine-formaldehyde (MF), urea-formaldehyde (UF), polyurethane and polymeric 

methylene diphenyl diisocyanate (pMDI).8,9 Moreover, most of these resins are aldehyde-based 

adhesives, which have long dominated the wood adhesive industry owing to their high adhesion 

 
2 Bansode, A.; Portilla Villarreal L.; Auad, M. L.; Asafu-Adjaye O.; Via B. K.; Farag, R.; Vega 

Erramuspe I. B.; Kraft Lignin Functionalization through Periodate Oxidation for the Develop-

ment of Biobased Novolac Phenol-formaldehyde Resins for Wood-based Panels, In Preparation, 

2022 

 

 



96 

 

strength and low cost.10 Among them, phenol-formaldehyde resins are predominantly used due to 

the broad range of commercially available phenol and formaldehyde; therefore, PF resins have 

gained more potential.11,12 Depending on the structure and curing process, the PF resins are clas-

sified as resol type PF resin or novolac type PF resin. Resole-type PF resin is produced by the 

polycondensation reaction of phenol with the molar excess of formaldehyde (P/F molar ratio of 

1:1.1 or more) under an alkaline catalyst. In contrast, the reaction of excess phenol with formal-

dehyde (P/F molar ratio 1:0.75 or less) in acidic conditions yields novolacs.13–15 

However, the formation of these resins still relies on nonrenewable petrochemicals such as phe-

nol and formaldehyde, which would release formaldehyde and other complex toxic substances at 

high concentration levels identified as hazardous to humans and pollute the environment during 

their production and use process. Thus, extensive research is being conducted in academia and 

industry for replacing phenol and formaldehyde with potential biobased renewable resources to 

produce greener wood adhesives.14,16 

Within this context, “lignin” have acquired significant interest as a promising sustainable alterna-

tive for replacing phenol in PF resin due to their structural similarities of having active H from 

the aromatic hydroxyl-containing group (Ar–OH).16 Lignin is one of the three polymers of ligno-

cellulosic biomass, which is primarily composed of cellulose, hemicellulose, and lignin, found 

principally in the middle lamella that “glue” the cell wall of plants.  This polyphenolic and 

amorphous macromolecule is the second most abundant resource after cellulose, and it is formed 

through radical polymerization of phenylpropane units: p-hydroxyphenyl (H), guaiacyl (G), and 

syringyl (S). The monomeric units H, G, and S are randomly linked through different linkages, 

including ꞵ-O-4, ꞵ-ꞵ and ꞵ-5 covalent bonds, depending upon the botanic origin and extraction 

process, resulting in versatile functionality.17,18 In the pulp and paper mills, lignin is generated as 
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a waste byproduct (black liquor) during the delignification of the lignocellulosic biomass by im-

mersing it in an aqueous solution with alkaline chemicals at elevated temperatures (cooking).19 

However, the lignin-containing black liquor, separated from the fibrous material after the cook-

ing process, is underutilized and usually combusted for energy and heat production.20 To this 

end, some processes are employed to recover lignin from black liquor. In this respect, Ingevity 

(formerly known as Westvaco) has been recovering lignin (marketed as INDULIN® trademark) 

from black liquor.21 Also, an industrial kraft lignin marketed by Stora Enso (Finland) under the 

name Lineo™ used as a sustainable material for replacing a variety of phenol-resins and oil-

based binders in asphalt.22  

In recent decades, numerous research studies have been reported on exploiting lignin as a phenol 

replacement in PF resin synthesis for wood adhesives applications.16,19,23–28 In our prior work, we 

successfully used kraft lignin (Indulin AT from Ingevity) as a partial replacement for phenolic 

monomer synthesis of biobased Novolac PF (BNPF) resin for wood bonding. The work showed 

that synthesized lignin-based PF resin exhibited the highest adhesion strength compared to the 

standard Novolac PF resin (NPF).29 Despite these achievements in reducing phenol consumption 

in PF resin synthesis, using the second primary ingredient, i.e., formaldehyde, has remained a 

significant concern due to its high toxicity.30 Hence, to further enhance the sustainability of the 

PF resin and broaden the utilization of lignin, the substitution of formaldehyde with a chemical 

modification of lignin has become an exciting area of research to explore different strategies.31 

Among the various chemical modification routes, oxidation is a promising technique that selec-

tively cleaves the chemical bonds and allows the addition of new functionalities (i.e., aldehydes 

and carboxylate groups). In this regard, periodate oxidation processes have been reported where 

highly reactive aldehyde groups are introduced into the structure by oxidizing the hydroxyl 
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groups. In the past, the cellulose is subjected to a reaction with the sodium periodate (NaIO4), 

leading to a highly oxidized form of dialdehyde cellulose (DAC) through oxidation on C2 and 

C3 positions of the anhydroglucose units.8,32,33 Considering the diversity of functional groups, 

specific oxidation of lignin has been carried out under mild conditions. Therein, ꞵ-O-4 linkages 

present in the lignin are selectively cleaved by a periodate oxidant, thereby adding aldehyde 

functionality to the lignin structure.34 Zhang et al.35 reported a two-step periodate oxidation of 

carbohydrate-enriched hydrolysis lignin leading to the formation of muconic functional groups in 

the lignin structure. Further, the periodate oxidized network can react with the hydroxyl and acti-

vates reactive phenolic sites during respective synthesis to yield environmental friendly biobased 

wood adhesives.34,36 

Herein, this work intends to develop more sustainable PF resin wood adhesives. We describe the 

oxidation of hydroxyl vicinal to ꞵ-O-4 bond in the lignin structure using sodium periodate 

(NaIO4) as an oxidizing agent under mild conditions. To better understand the chemical structure 

of the oxidized lignin, FTIR, elemental analysis, aldehyde content, and solid-state 1H−13C 2D 

HETCOR NMR techniques were used to investigate the structural features. A series of BNPF 

resins were synthesized by first replacing phenol with lignin (BNPLF), then by replacing formal-

dehyde with oxidized lignin (BNPFOL), and later by replacing both phenol and formaldehyde 

with lignin and oxidized lignin (BNPLFOL), respectively. The prepared resin adhesive was ap-

plied on the wood substrate, and respective adhesion strength was measured.  
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3.2 Experimental Section 

3.2.1 Materials 

Indulin AT lignin from a kraft pulping process was generously supplied by Ingevity Corporation, 

South Carolina. Phenol (99%), formalin solution (37% formaldehyde in water), ethanol (200 

proof), methanol (99.8%), sulfuric acid (H2SO4; 95.0-98.0%), deuterated dimethyl sulfoxide 

(DMSO-d6, 99.9%), and hexamethylenetetramine (HMTA, 99+%) were supplied by VWR In-

ternational, USA. Sodium periodate (NalO4, 99.0%) was purchased from Acros Organics, USA. 

2, 4-dinitrophenylhydrazine (DNPH) and oxalic acid (anhydrous crystal, 98.0%) were acquired 

from Spectrum Chemical Manufacturing Corporation, USA. 

3.2.2 Periodate Oxidation of Lignin 

The periodate oxidation has been performed to introduce the aldehyde groups in the lignin by ox-

idizing the hydroxyl groups. Briefly, for each batch of periodate oxidized lignin, 20 g of Indulin 

AT kraft lignin (IN) was mixed with the 50 g NaIO4 and added to the 500 mL ethanol (15%). 

Further, this mixture was loaded into the pressure-resistant bottle and wrapped with a layer of 

aluminum foil to prevent the decomposition of NaIO4 by exposure to light. The reaction was car-

ried out under mild stirring at room temperature allowing the oxidation to proceed overnight (or 

for 24 hours). The product was then purified using methanol by centrifuging and decanting at 

least three times. After that, the product was dried at 40 °C in a vacuum oven. 

3.2.3 Structural Characterization of Periodate Oxidized Lignin 

3.2.3.1 Fourier Transform Infrared (FTIR) Spectroscopy 

FTIR analysis of Indulin AT lignin (L) and periodate oxidized lignin (OL) were carried out on 

Nicolet 6700 FTIR spectrophotometer (Thermo Fisher Scientific Instrument., USA) equipped 
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with attenuated total reflectance (ATR) accessory containing a diamond crystal. The spectrum 

was collected in transmission mode over a region of 4000 − 600 cm-1 using 64 scans at a resolu-

tion of 4 cm-1. Before every sampling, the background spectrum was collected. The software 

used for FTIR evaluation was OMNIC Version 7.3. 

3.2.3.2 Elemental Analysis 

Elemental analysis (C, H, and N) of Indulin AT lignin (L) and periodate oxidized lignin (OL) 

were performed in a Flash 2000 Elemental Analyzer (Thermo Fisher Scientific, Bremen, Germa-

ny) operating with the dynamic flash combustion of the samples. The aspartic acid weight used 

as a standard was 3.00-4.00 mg, and the weight of the unknown samples. All samples were 

weighed in aluminum tin capsules and dropped into the combustion reactor (left furnace) from 

the Thermo Scientific™ MAS Plus Autosampler. The samples were combusted in the reactor ini-

tially set at 950 °C in oxygen and helium (carrier gas). The elemental gases were carried out into 

the gas chromatography column set at 75 °C and detected in a highly sensitive thermal conduc-

tivity detector (TCD) set at 1000 µV. The collected data were analyzed using Eager Xperience 

for flash elemental analyzers software (EA111X F/W Ver. 1.12, EA111x OCX Ver. 01.02). All 

the samples were analyzed in three replicate specimens. The results were reported as averaged 

values in percent by weight. 

3.2.3.3 Determination of Aldehyde Content 

In the analysis of aldehyde groups, often 2, 4-dinitrophenylhydrazine (DNPH) reagent is used, 

and the subsequent reagent solution was prepared using the procedure in the literature.37,38 Brief-

ly, 143 mg of DNPH has dissolved in 15 mL of concentrated sulfuric acid in 500 mL of a volu-

metric flask, and then 156.25 mL of ethanol (96%) in this mixture, and the final volume was 
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made up to the mark with distilled water. Later, the solution was placed in the ultrasonic bath for 

15 minutes to achieve a homogenized solution. Alternatively, a blank solution was prepared with 

the same procedure except for adding the DNPH reagent. A series of standard solutions 20, 40, 

60, 80, and 100 mg/mL were prepared using DNPH reagent solution to generate a calibration 

curve. After that, the quantitative aldehyde analysis of Indulin AT lignin (L) and periodate oxi-

dized lignin (OL) was performed by weighing 30 mg of sample in 10 mL of the centrifuge tube, 

followed by the addition of 10 mL freshly prepared DNPH reagent solution. The subsequent re-

active mixture was centrifuged for 10 minutes using 4200 rpm. Finally, the aldehyde content was 

investigated by measuring absorbance with a Genesys 150 UV−Visible spectrophotometer in the 

range of 200-800 nm using a blank solution as background. The amount of aldehyde generated 

was calculated using equation 3.1.37 

 Aldehyde Concentration (mmol g)⁄ =
Reacted DNPH(mmol g⁄ )

198.14
Concentration (%)×10−4

                                                [3.1] 

where 198.14 is the molecular weight of DNPH. 

3.2.3.4 Solid-state Two-Dimensional Heteronuclear Correlation Nuclear Magnetic Reso-

nance (ss 1H−13C 2D HETCOR NMR) 

Solid-state 1H−13C 2D HETCOR NMR experiment of Indulin AT lignin (L) and periodate oxi-

dized lignin (OL) were performed Bruker AVIII-HD 500 nuclear magnetic resonance (NMR) 

spectrometer equipped with standard Bruker 3.2 mm CP-MAS at Magnetic Resonance Imaging 

Core Facility at Georgia Institute of Technology, Atlanta. The combination of cross-polarization 

(CP) with magic angle spinning (MAS) is commonly used to perform solid-state NMR. The 

HETCOR measurements were recorded using “lghetfq” pulse program from the Bruker library 
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for homonuclear decoupling of 1H. All the spectra ran with a contact time of 2 ms under CP con-

ditions, and the spinning speed was set to 14.0 kHZ. The total experimental time for each sample 

is 12.34 h. The initial spectral processing was done using Bruker’s Topspin 3.2 software, and 

structure analysis was done later using Mestrelab Research (MestReNova Version 7.1.1) soft-

ware. 

3.2.4 Synthesis and Characterization of Biobased NPF resins (BNPF) 

The acid-catalyzed condensation reaction between phenol and formaldehyde for the synthesis of 

a Novolac Phenol Formaldehyde resin NPF was carried out following the procedure reported in 

the previously published article.29 Briefly, phenol (94 g, 1.0 mol) and oxalic acid (4.7 g, 

0.05 mol) were added into a 500 mL four-necked round bottom flask. Later, the flask equipped 

with a mechanical stirrer, condenser, and dropping funnel was placed in a silicone oil bath under 

magnetic stirring. First, the reaction mixture was heated to 90 °C, and then 37% formalin solu-

tion (64.87 g, 0.8 mol of formaldehyde: 24 g) was slowly added to this mixture through an at-

tached funnel dropwise. After the complete addition of formaldehyde, the reaction continued for 

3 hours at 90 °C. Once the reaction was completed, the reaction product was cooled down to 

room temperature and washed to remove the unreacted reaction component with distilled water 

(DI), followed by freeze-drying. Furthermore, three different biobased-NPF resins (BNPF) were 

prepared according to the recipe reported in Table 3.1 by following the same reaction conditions 

described above. Finally, the prepared NPF and BNPF resins were characterized using FTIR and 

13C−1H HSQC 2D-NMR techniques. 
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Table 3.1 Reaction recipe of acid-catalyzed condensation polymerization reaction of four NPF 

resins and their designations ((*) BNPF resins) 

Resin Samples Phenolic monomer Aldehyde monomer 
Phenol (g) Lignin (g) Formaldehyde (g) Oxidized Lignin (g) 

NPF 94 - 24 - 
PLF* 49 49 24 - 
PFOL* 94 - 12 12 
PLFOL* 49 49 12 12 

 

3.2.4.1 Solution-State Two-Dimensional Heteronuclear Single Quantum Coherence NMR 

(Solution-state 1H−13C 2D HSQC NMR) Analysis 

NPF and BNPF resins were thoroughly identified by the solution-state 1H−13C 2D HSQC NMR 

analysis technique. The NMR spectra were recorded using hsqctgpsisp 2.2. pulse program on 

Bruker Ultrashield Plus 500 MHz spectrometer with a broadband nitrogen-cooled prodigy probe. 

For each NMR experiment, approximately 155 mg of the sample was dissolved entirely in 

1000 μL DMSO-d6 solvent. The mixture was transferred into 5 mm NMR tubes, and the experi-

ment was performed with the following parameters: spectral width from 0 to 13 ppm in the F2 

(1H) with 1024 data points (TD1) and spectral width from 0 to 220 ppm in F1 (13C) with 256 data 

points (TD2), 90° pulse angle, a pulse delay of 1.5 s, 1JCH used was 145 Hz, an acquisition time of 

0.11 s, scan number of 16, dummy scan number of 16. The chemical shifts were referenced to 

the central solvent DMSO-d6 peak (δ = 2.49 ppm) and δ = 39.5 ppm) for 1H NMR and 13C NMR, 

respectively. The NMR data were analyzed using Mestrelab Research software (MestReNova 

Version 7.1.1). 
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3.2.5 Thermal study of NPF and BNPF resins by Differential Scanning Calorimetry 

(DSC) 

The prepared NPF and BNPF resins were further reacted with the HMTA curing agent to form a 

crosslinked structure. Differential Scanning Calorimetry (DSC) was performed on TA Instru-

ments (TA Q2000, DE, and USA) to determine the peak exothermic temperature associated with 

the curing process. For DSC analysis, each resin sample was grounded with the HMTA curing 

agent (9% w/w HMTA/NPF resin) using mortar and pestle, yielding four wood adhesive mix-

tures: NPF-HMTA, NPLF-HMTA, NPFOL-HMTA, and NPLFOL-HMTA. Next, about 5-6 mg 

of the subsequent adhesive was loaded into the DSC standard aluminum pans and sealed with 

DSC standard aluminum lid, and then heated from 25 °C to 200 °C at a rate of 10 °C/min under a 

nitrogen atmosphere with a flow rate of 50 mL/min. The generated curing thermograms were an-

alyzed using TA instrument analysis software. 

3.2.6 Preparation of Different Phenol-Formaldehyde Resin-Glued Wood Specimens 

All the biobased PF resins adhesion testing was conducted on southern yellow pine (SYP) wood 

specimens cut into a size of 320 × 46 × 10.5 mm3 (L × W × H), which have been widely used for 

adhesive testing. After being conditioned at a relative humidity of (65 ± 5%) and at 22 ± 2 °C for 

7 days, the biobased PF resin was spread with an adhesive content of about 200 g/m2 on the sin-

gle side of the veneer, and then the uncoated veneer was overlapped on the coated veneer by ap-

plying light pressure manually. Subsequently, assembled wood strips were hot-pressed at 200 °C 

for 5 min with the applied pressure of 2 MPa. After hot pressing, the glued wood specimens were 

cooled down and maintained for 24 hours to release internal stress before cutting them into the 

desired size. Eight specimens per bonded adhesives were cut as illustrated in Figure 3.1a, b. from 
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this group of cut eight wood specimens, four samples were chosen for the dry bonding strength, 

and the remaining samples were submersion in water at room temperature for 24 hours to per-

form the wet bonding strength followed by air drying of wood specimens for 15 minutes. 

3.2.7 Characterization of the Phenol-Formaldehyde Resin-Glued Wood Specimens 

Tensile Shear Strength  

The biobased PF adhesives bonded wood specimens were tested at a speed of 1.0 mm/mm on an 

Instron 5900 Universal Material Testing Instrument (Bluehill, Instron, MA, USA) attached with 

a 100 kN load cell and the collected data was processed using a Bluhill 3.0 software.  

The tensile shear strength was calculated using equation 3.2.  

       τ = F
A
                                                                                                                                    [3.2] 

where τ is the tensile shear strength (N/mm2 or MPa), F is the maximum force to break the adhe-

sive (N), and A is the shear area (mm2).  

The tensile shear strength of the NPF and BNPF resins were measured in quartets and expressed 

as the mean value ± the corresponding standard deviation value (SD). Further, data were subject-

ed to using two-way analysis of variance (ANOVA) with Tukey's post-hoc test for statistical sig-

nificance analysis. The statistical analysis was carried out using Minitab 19 software. 

3.3 Results and Discussion 

3.3.1 Characterization of periodate oxidized lignin 

The structure of the lignin after periodate oxidation (Figure 3.1) was evaluated by the analytical 

techniques, including FTIR, elemental analysis, 1H−13C 2D HETCOR NMR technique, and al-
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dehyde content and further compared with the unmodified lignin. Later, the results of each char-

acterization technique are discussed hereafter. 

 

Figure 3.1 Periodate oxidation of lignin. 

The FTIR-ATR analysis first examined the influence of periodate oxidation on the lignin struc-

ture, and the spectra are shown in Figure 3.2. The two peaks at 2935 and 2840 cm-1 belong to the 

methoxy group linked to the C−H stretching (Figure 3.2a). In the oxidized lignin structure (Fig-

ure 3.2b), the band intensity of the C−H stretching decreased at 2935 and 2840 cm-1, indicating 

the removal of the methoxy group from the aromatic lignin ring. The increased intensity of peaks 

at 1733 cm-1 highlighted the introduction of the carbonyl (C=O) group (unconjugated and conju-

gated aldehyde and ketones) that are formed during the oxidation of hydroxyl groups present in 

the interunit linkages (ꞵ-O-4 bond) in the lignin structure. A new peak observed in Figure 3.1b at 

1630 cm-1 highlighted the presence of the quinone group. A similar observation was reported in 

the literature with the periodate oxidation of softwood lignin.36 The peaks around 1509, 1450, 

and 1425 cm-1 were attributed to aromatic skeleton vibrations. The absorption bands at 1218, 

1125, and 1029 cm-1 were due to the C−O stretching vibration deriving from the guaiacyl ring, 

and secondary and primary alcohols (C−OH), respectively, which weakened in intensity after 

undergoing oxidation. The peaks detected in the region 1000 – 750 cm-1 were assigned to the ar-

omatic C−H out-of-plane deformations. The characteristic peaks associated with lignin detected 
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were also observed in the FTIR-ATR spectrum of oxidized lignin, indicating that there are lim-

ited changes in the lignin chemical structure after oxidation. 

 

Figure 3.2 FTIR spectra of (a) Lignin (L) and (b) Periodate Oxidized Lignin (OL). 

The elemental compositions (C, H, O) of the lignin and oxidized lignin were determined (Table 

3.2), and the relation of H/C vs. O/C atomic ratios was presented in Figure 3.3. A relatively 

smaller amount of nitrogen element was detected in the plant resource-based lignin. The contents 

of carbon (59.80 to 19.34%) and hydrogen (5.71 to 2.31%) decreased. Still, oxygen content in-

creased from 34.088 to 79.186% in oxidized lignin compared to the lignin due to the oxidation 

hydroxyl groups present in the interunit linkages (ꞵ-O-4 bond) in the lignin structure and partial 

conversion of lignin to quinone groups. 

Additionally, the atomic H/C and O/C ratios of the oxidized lignin distinctively increased, possi-

bly due to the oxidation of the lignin side chains. 
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Table 3.2 Elemental Compositions of Lignin and Oxidized Lignin 

 

Samples 

elemental composition (wt %) atomic ratio 

C % H % N% O/C H/C O/H 

Lignin 59.80 ± 0.06 5.71 ± 0.01 0.385 ± 0.005 0.570 0.095 5.97 

Oxidized Lignin 19.34 ± 3.31 2.31 ± 0.44 0.051 ± 0.020 4.094 0.119 34.28 

 

 

Figure 3.3 H/C vs. O/C of Lignin (L) and Periodate Oxidized Lignin (OL). 

The synthesized oxidized lignin was partially soluble in the desired NMR solvents compared 

with the lignin as the molecular weight of the lignin increases after the periodate oxidation pro-

cess.39 In this respect, the solid-state 1H−13C 2D HETCOR NMR technique is considered an ad-

vantageous method for elucidating the structure of lignin, which is not limited by its insolubility. 

To gain insights into the oxidative transformations of lignin, a 2D HETCOR NMR experiment 

was performed, as shown in Figure 3.4 (a, b). Further, the corresponding peak assignments are 

carried out by the following literature.40,41 According to the 2D HETCOR, the peaks representing 
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the aromatic carbon (δC/δH 110−122/6.3−6.9 ppm) are relatively reduced in intensity in the case 

of oxidized lignin, which could be due to the low availability of protons for the crosspolarization 

of aromatic carbons.42 During the periodate oxidation of lignin, aldehyde groups, are likely to in-

troduce into the lignin structure. Herein, we hypothesized that the oxidation is expected to occur 

at hydroxyl groups attached to ꞵ-O-4 bond in the lignin, which can be confirmed by the disap-

pearance of the peaks related to the hydroxyl groups (δC/δH 74.61−77.20/4.57−5.84 ppm) in ꞵ-

O-4 linkages (Figure 3.4b). 

Additionally, the emergence of the cross signals at 215 ppm (δC) and above ~ 153 ppm in Figure 

3.4b, clearly demonstrated the presence of oxidized carbon in the structure. The same cannot be 

seen in the lignin Figure 3.4a. Whereas the methoxyls groups in the lignin are remained unaf-

fected, since the oxidized HETCOR spectrum reveals no signals related to the quinones groups 

(δC 183 ppm).  
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Figure 3.4 Solid-state 1H−13C 2D HETCOR NMR spectra of (a) Lignin (L) and (b) Oxidized 

Lignin (OL). 

In the current study, a UV-Vis-based analytical approach was applied by derivatization with 2,4-

dinitrophenylhydrazine (DNPH) to investigate the possibility of the formation of aldehyde 

groups in the lignin structure after periodate oxidation. DNPH is the most efficient derivatization 

reagent that has been used extensively for aldehyde. The aldehyde content was calculated based 

on the calibration curve Figure 3.5 (a, b) generated using different concentrations of the DNPH 

reagent solutions (20, 40, 60, 80, and 100 mg/ml), where a strong UV band is attributed to the 

excited resonance state of the DNPH in solution. Subsequently, the lignin and oxidized lignin 

samples were reacted with the DNPH solution, respectively. During this reaction, nucleophilic 

addition of the –NH2 group to the carbonyl groups takes place, which results in the formation of 

the yellow precipitate. The UV-Vis spectra of the supernatant from the DNPH-reacted lignin and 

oxidized sample solutions were presented in Figure 3.5 c. The result demonstrates a distinct shift 
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in the absorption maximum for DNPH, which is an unreacted DNPH present in the supernatant 

after the reaction with an aldehyde in the lignin and oxidized lignin, respectively. 

Furthermore, the lignin structure observed an increase in the aldehyde content (0.0200 to 0.1116 

mmol/g) after oxidation treatment (as shown in Table 3.3). Therefore, it could be seen that perio-

date oxidation treatment introduces the aldehyde functionality in the lignin structure. During the 

periodate oxidation, the hydroxyl groups at the interunit linkages (ꞵ-O-4 bond) transformed into 

aldehyde groups, while lignin methoxy groups converted to a quinone. 
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Figure 3.5 Aldehyde content measurement (a) Ultraviolet spectra of different concentrations of 

DNPH (b) ultraviolet calibration curve of DNPH (c) Ultraviolet spectra of lignin and oxidized 

lignin.  

Table 3.3 Aldehyde content of Lignin and Oxidized Lignin 

 

 

Samples  

Lignin  Oxidized Lignin  

Aldehyde Content (mmol/g) 0.0200 ± 0.00073 0.1116 ± 0.00038 

 

3.3.2 Synthesis and Characterization of NPF and BNPF resins 

The NPF and BNPF resins were synthesized by forming the methylene bridges through the reac-

tion between OH-groups of a phenol and formaldehyde (CH2O) under the acid-catalyzed pro-

cess. Further, the structures of the NPF and BNPF resins were examined using FTIR and 13C-1H 

HSQC 2D NMR analysis techniques. 

The FTIR spectra of the NPF and BNPF resins were demonstrated in Figure 3.6. The peaks were 

assigned to the corresponding functional groups based on the previous findings.43,44 The FTIR 
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spectra (Figure 3.6 a-d) show the –OH bending and stretching vibrations peaks around 3500 – 

3300 cm-1 regions. The peak at ~1594 and 1510 cm-1 correspond to C=C stretching vibration of 

the aromatic ring. The signals in the region 1460 – 1420 cm-1 attributed to the methylene (–CH2–

) stretching vibrations after the successful addition of formaldehyde on the phenolic rings. The 

FTIR spectra of the BNPF resins show relatively different intensity peaks in the regions 917 – 

912 cm-1, 855 – 820 cm-1, and 794 – 753 cm-1 which are associated with para and ortho position 

addition in the phenolic units, respectively. 

 

Figure 3.6 FTIR spectra of (a) NPF, (b) BNPLF, (c) BNPFOL, and (d) BNPLFOL. 

To further understand the chemical structure, NPF and BNPF resins were characterized by the 

13C-1H HSQC 2D NMR analysis experiment, and the spectra are shown in Figure 3.7. The ob-

tained HSQC spectra revealed the presence of a series of characteristic peaks related to meth-
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ylene bridges (Ar – CH2 – Ar) in the region (δC/δH 28.5 – 41.5/3.5 – 4.5 ppm), which originated 

from the acid-catalyzed condensation polymerization reaction between phenolate moieties and 

aldehyde functionality. Each of the NPF and BNPF resins shows peaks related to the ortho-ortho 

methylene linkages (o–o’) in the region (δC/δH 29.5/3.75 ppm), ortho-para methylene linkages 

(o–p’) in the region (δC/δH 34.3/3.75 ppm) and para-para methylene linkages (p–p’) in the re-

gion (δC/δH 29.5/3.75 ppm), respectively. Overall, the 2D HSQC characterization indicates that 

BNPF resin structures were significantly different from standard NPF resin. 
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Figure 3.7 13C-1H HSQC 2D-NMR spectra of (a) NPF, (b) BNPLF, (c) BNPFOL, and (d) 

BNPLFOL. 

3.3.3 Thermal study of NPF and BNPF resins by Differential Scanning Calorimetry 

(DSC) 

In the wood processing industries, evaluation of the curing temperature of the adhesive is crucial 

to obtain adequate curing temperature for heat pressing of wood panels. DSC analysis was used 

to determine the curing temperature of the adhesive. The DSC thermograms of four synthesized 

NPF and BNPF resins were reported in Figure 3.8. It can be seen that all the resins showed cur-

ing peak temperature fall in the range of 130–160 °C. A broad and intense exothermic peak oc-

curred due to the heat generated during the polymerization reaction between reactive sites in 

phenol and formaldehyde. The results turned out that the NPF and BNPF resins have different 

reactivities, from which it can be concluded that with the replacement of both phenol and for-
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maldehyde by lignin and oxidized lignin, respectively, the curing peak temperature was shifted 

to a higher temperature (159.37 °C). This could be assigned to the lower reactivity of lignin and 

oxidized lignin than phenol and formaldehyde. The partial replacement of phenol by lignin 

(BNPLF) or formaldehyde by oxidized lignin (BNPFOL), shifted the exotherm to a lower tem-

perature. This reduction could be beneficial to save energy consumed for the curing process of 

the resin. This shows that lignin and oxidized lignin provide more reactive sites than phenol or 

formaldehyde during BNPF resin synthesis.  

For our study, wood panels glued with all NPF and BNPF adhesives were hot pressed at 200 °C 

to ensure the adhesion performance comparison performed under identical conditions. 

 

Figure 3.8 DSC thermograms of NPF and BNPF resins. 

3.3.4 NPF and BNPF Resin Adhesives Bonding Performance 

The adhesion ability of the NPF and BNPF resins on wood specimens was evaluated by the ten-

sile shear strength, which is defined as the adhesion strength required to rupture the bonds be-

tween the wood strands bonded by resin. The adhesion shear strength (dry and wet) of each ad-
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hesive resin is presented in Figure 3.9. For comparison purposes, we duplicated the BNPLF resin 

adhesive used in our previous work29 and prepared it by replacing 50% (w/w) phenol with lignin 

and the control resin (NPF or 100% PF resin). In this study, among all the tested adhesives, 

BNPLF resin adhesive showed the highest dry shear strength (2.75 MPa). This suggests that re-

placing phenolic moieties with lignin would be beneficial. 

In contrast, the pairwise comparisons using the Tukey method indicate that the adhesion strength 

was statistically different for the resin prepared by replacing formaldehyde with oxidized lignin 

(BNPFOL). A possible explanation for this could be that during BNPFOL resin synthesis, the 

hydroxyl groups of the phenols could not form stronger covalent interactions with the aldehyde 

groups of the oxidized lignin structure due to the increasing amount of the reactive sites and ste-

ric hindrance. Furthermore, the BNPLFOL resin adhesive performed better than the BNPFOL, 

owing to the growing number of polar groups which could trigger solid intermolecular interac-

tions.  

To further illustrate the versatility of the prepared BNPF resins for wood adhesive applications, 

the adhesion performance in a wet environment (wet shear strength) was studied. The pairwise 

comparisons using the Tukey method indicate that the adhesive strength of the wood panels was 

relatively reduced (NPF: 2.57 to 1.87 MPa, BNPLF: 2.76 to 1.66, BNPFOL: 2.26 to 1.3 MPa, 

and BNPLFOL: 2.42 to 1.54 MPa) after soaking in water for 24 h, this would be because in the 

humid environment the hydrogen bonds formed between the wood surface and adhesion layer 

are easy to break. Whereas, in the case of BNPF resins, wet strength is drastically decreased (p < 

0.05, Figure 3.9). This is because lignin has hydroxyl groups in its structure.  
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Overall, the bonded wood panels' dry and wet bonding strength showed their acceptable tensile 

shear strength, as specified by the GB/T 14732-2006 National standard (> 0.7 MPa)19, which 

shows the potential of the BNPF resins as wood adhesives.  

 

Figure 3.9 The dry and wet shear bonding strength of the wood specimens bonded with different 

adhesives: NPF Resin, BNPLF Resin, BNPFOL Resin, and BNPLFOL Resin. Four wood-

bonded specimens were tested and reported for each adhesive measurement in the form of means 

and standard deviation (error bars). The statistical analysis was performed with the Two-way 

ANOVA, followed by the Tukey’s post hoc test. The means that do not present the same letters 

show significantly different adhesion strengths (p < 0.05). 
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3.4 Conclusions 

In this experimental work, we presented the functionalization of kraft biorefinery-derived lignin 

for synthesizing biobased novolac phenol-formaldehyde (BNPF) resin for application as wood 

adhesives. The functionalization of lignin was performed by oxidation of the hydroxyl groups of 

the lignin using sodium periodate, leading to what can be called oxidized lignin. Lignin and oxi-

dized lignin were characterized for their chemical compositions and molecular structures using 

FTIR, elemental analysis, solid-state 1H−13C 2D HETCOR NMR, and aldehyde content analysis. 

The BNPF resins were synthesized in one step through a polycondensation reaction between re-

active sites present in the phenol and formaldehyde by replacing 50% (w/w) phenol with lignin 

and formaldehyde with oxidized lignin. FTIR characterized the obtained BNPF resins and 13C-1H 

HSQC 2D NMR techniques, and the observed results provide evidence of the formation of 

methylene linkages. The results observed in the FTIR and 13C-1H HSQC 2D NMR analysis pro-

vide evidence of the formation of methylene linkages. The dry bonding strength of the BNPF 

resin adhesive was comparable to the conventional (PF) adhesives. The dry adhesive bonding 

strength of the BNPF resins, including BNPLF, BNPFOL, and BNPLFOL was presented by ten-

sile shear strengths of 2.76, 2.26, and 2.42 MPa, respectively. The BNPF resin adhesives pre-

pared in this study could be effectively used as a green alternative for the NPF resin adhesives in 

developing environmentally friendly wood-based panels. 
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4 Chapter 4 

Application of Hydrothermal Liquified Municipal Sewage Sludge as a Functional Filler in 

pMDI Wood Adhesive 

This chapter is being prepared for submission3 

 

4.1 Introduction 

Engineered wood products, such as plywood, particleboard, fiberboard-oriented strand boards 

(OSBs), and medium-density fiberboards (MDFs), are intensively used in various fields, includ-

ing the home furnishing, packaging, and building and construction industry.1–3 In addition to the 

wood itself, adhesives used in processing these wood products have made an essential contribu-

tion to determining the quality and mechanical properties.4 In the wood industry, polymeric 

methylene diphenyl diisocyanate (pMDI) resins are predominantly used as adhesives along with 

other thermosetting and thermoplastic polymeric resin adhesives such as phenol-formaldehyde 

(PF), melamine-formaldehyde (MF), urea-formaldehyde (UF), and polyurethane (PU).5–7 

pMDI is dark brown viscous one-component isocyanate adhesive, which contains 30-80% of the 

monomer (methylene diphenyl diisocyanate) together with oligomers having a degree of 

polymerization from 3 to 5, resulting in ~2.7 isocyanate groups per molecule.8 pMDI resin adhe-

sive has gained a significant market. As shown, advantages like excellent wet and dry bonding 

strengths, water-resistant properties, and good dimensional stability render them suitable for ex-

 

3 Bansode, A.; Carias L.; Rahman T.; Vega Erramuspe I. B.; Alawode AO.; Asafu-Adjaye O.; 

Adhikari S.; Via B. K.; Farag, R.; Auad, M. L.; Application of Hydrothermal Liquified Munici-

pal Sewage Sludge as a Functional Filler in pMDI Wood Adhesive, In Preparation, 2022 
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terior and structural applications.9,10 Theoretically, the isocyanate groups R–N=C=O in the pMDI 

can reacts with the compounds containing active hydrogen atoms present in the wood substrates 

(wood cell-wall polymers) to form irreversible urethane linkages.11,12 The covalent bonds formed 

between pMDI adhesive and wood polymer establish strong bonding during wood adhesive ap-

plication.13,14 However, there are still some challenges of isocyanate-based pMDI adhesives, 

which limits their application as wood adhesives.15 They are highly toxic compounds synthesized 

from toxic reagents that harm humans and the environment during handling uncured 

adhesives.15,16 Due to their viscosity and tackiness, they tend to adhere to the steel platens during 

the hot-pressing operations.17,18 In addition, pMDI adhesive can over-penetrate into the wood 

substrate resulting in poor bonding. Thus pMDI adhesive is generally unsuitable for situations 

where continuous bonding is required, such as plywood and laminated veneer lumber.15,17,19 A 

critical limitation of pMDI adhesive is its limited gap-filling ability, which leads to poor bonding 

with gaps and defects.17 Functional fillers and extenders are often used in pMDI adhesive formu-

lations to lower the usage of pMDI and reduce the cost by increasing solid content and improv-

ing the bonding formation and adhesion performance while maintaining the original pMDI prop-

erties.9,15,17 Serval mineral particles (fumed silicas, sepiolite, and chalk) were used as a filler to 

improve the thermal stability of pMDI-derived adhesives.15 Additionally, using organic particles 

(modified montmorillonite clay and tungsten disulphide nanoparticles) and polyamide powder 

showed enhanced bonding performance.15 There is strong interest in academic and industry 

communities in utilizing renewable biomass for achieving higher sustainability and a lower car-

bon footprint.10,15,17,20 In this regard, chemicals produced from waste and residues derived from 

domestic and industrial activities are gaining importance to substitute fossil fuel resources.21  
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Rapid urbanization and economic development with a growing population have increased the 

volume of municipal wastewater, which must be treated before recirculation into the civil 

wastewater pipeline for water resource protection.22 The biological and chemical treatment of 

municipal wastewater through wastewater treatment plants (WWTPs) generates a semisolid by-

product called sewage sludge.23–25 This produced municipal sewage sludge is a valuable renewa-

ble energy and nutrient source.26 Concerning a circular economy, utilizing this potential feed-

stock to generate sustainable chemicals and fuels is crucial.27,28 However, these materials also 

contain pathogens, hazardous metals, and some persistent organic contaminants, limiting their di-

rect disposal into landfill sites, incineration, and agriculture applications due to sticker regulation 

and environmental concerns.29 Accounting for all these impacts, sustainable, economical, and ef-

ficient technology for the conversion of municipal sewage sludge has become an essential goal in 

developing sustainable chemicals and materials.30  

Thermochemical conversion processes, such as pyrolysis and hydrothermal liquefaction (HTL), 

are valuable technologies for transforming biomass feedstocks into liquid fuel products (so-

called biocrude oil).31,32 Hydrothermal liquefaction has its advantages when compared to pyroly-

sis in the application of wet feedstocks like sewage sludge (typically >75 wt % water), that it can 

enhance the yield of liquid products, suppress the formation of char, and does not require pre-

drying.33–35 HTL can effectively convert biomass (sewage sludge) in the presence of sub- and 

supercritical conditions in water or an organic solvent media at high temperatures (250−250 °C) 

and high pressures (2−22 MPa) for a certain time in an inert or reducing atmosphere.36 During 

liquefaction, solid biopolymeric structures associated with the sludge undergoes different reac-

tions such as hydrolysis, depolymerization, and condensation to produce energy-dense biofuels 

(bio-oil).37 The bio-oil from HTL composes of macromolecular compounds, aromatic hydrocar-
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bons, oxygen, nitrogen-containing chemicals, heteroatom-containing species, and complex com-

pounds of diverse polarity and boiling points, increasing the viscosity and lowering the heating 

value of bio-oils.36,38,39 Therefore, an extensive upgrade is required to minimize the amount of N-

containing compounds and heteroatoms present in the sewage sludge to improve the quality of 

sewage sludge-derived bio-oil.34,40 

In the previous article41 published by our collaborator, hydrothermal liquefaction of municipal 

sewage sludge was conducted at different adequate reaction conditions such as catalysts (cal-

cined red mud; CRM, reduced red mud at 500°C; RRM500, and reduced red mud 700°C; 

RRM700) and reaction atmosphere (nitrogen and ethylene) to find optimal conditions for im-

proving municipal sewage sludge bio-oils yield and quality. Tawsif and coworkers demonstrated 

that bio-oils prepared under an ethylene atmosphere and RRM500 catalyst are favorable condi-

tions to produce bio-oil. Based on these findings, the current research aims to explore the possi-

bility of these municipal sewage sludge bio-oil as a functional filler for polymeric methylene di-

phenyl diisocyanate (pMDI) resin systems for wood adhesive applications. The bio-oils derived 

from the municipal sewage sludge consist of several organic compounds; hence to analyze the 

chemical functional groups' several characterizations have been performed. Furthermore, the ef-

fect of MSS-Bio-oil/pMDI weight ratio on the bonding performance of the resulting MSS bio-

oil/pMDI adhesives was investigated and compared with neat pMDI adhesive. 

 

4.2 Experimental Section 

4.2.1 Materials 

Polymeric methylene diphenyl diisocyanate (Rubinate M, identified as pMDI) utilized in this 

work was kindly received by Huntsman Corporation, Texas, USA. Deuterated chloroform (with 
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0.03 v/v% TMS, 99.8+ atom% D), chromium (III) acetylacetonate (98.0%), N-hydroxy-5-

norbornene-2,3-dicarboximide (NHND, 99.0%), pyridine (>99%), acetone (99.5%), and di-

chloromethane were acquired from VWR International, USA. 2-Chloro-4,4,5,5-tetramethyl-

1,3,2-dioxaphospholane (TMDP, 95%) was obtained from Sigma-Aldrich, USA. Southern yel-

low pine (SYP, pinus ssp) veneers were used for the wood adhesive test. Red mud was procured 

from Almatis Burnside, Inc., Louisiana, USA. Gases such as high-purity nitrogen and ethylene 

used in the hydrothermal liquefaction process were purchased from Airgas Inc., Alabama, USA. 

The municipal sewage sludge sample used in the study was collected from H.C. Morgan Water 

Pollution Control Facility (a local wastewater treatment facility in Auburn, Alabama, USA). The 

received municipal sewage sludge details are reported in previously published articles.41  

The hydrothermal liquefaction of municipal sewage sludge was performed in our Biosystems 

Engineering Laboratory at Auburn University, as described in the following methodology. 

4.2.2 Hydrothermal Liquefaction of Municipal Sewage Sludge 

All hydrothermal liquefaction experiments were conducted in Parr reactor model 4578 (Illinois, 

USA) with an internal volume capacity of 1.8 L, designed to have the maximum temperature and 

pressure. The details of the reactor design are described in a previous study.41 Briefly, in each 

HTL experiment, 600 g of municipal sewage sludge (solid content of 17-19%) was loaded into 

the HTL reactor and sealed. In the case of catalytic HTL reactions, a catalyst to municipal sew-

age sludge feedstock loading was kept at 1:3. The loaded HTL reactor vessel was then purged 

with the desired gas (nitrogen or ethylene gas) three times to remove existing air and then repres-

surized the reactor with the initial gas pressure of 200 psi. The HTL reactor was then heated to 

the desired temperature of 350 °C at a heating rate of 4 °C/min for a holding time of 60 minutes, 
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followed by reactor cooling. After the reactor cooling, the reaction products, such as gas, solid, 

aqueous phase, and biocrude, were separated, as reported in the previous literature.41 To ensure 

accuracy, all experiments were performed in duplicates. This procedure was followed for two 

different reaction atmospheres (nitrogen and ethylene gas) and with (reduced red mud at 500°C; 

RRM500) and without catalyst, so there was a total of 4 runs (4 municipal sewage sludge bio-

oils): MSS-Bio-oil_N (nitrogen atmosphere with no catalyst), MSS-Bio-oil_NC (nitrogen atmos-

phere with catalyst), MSS-Bio-oil_E (ethylene atmosphere with no catalyst), and MSS-Bio-

oil_EC (ethylene atmosphere with catalyst). 

4.2.3 Structural Characterization of Municipal Sewage Sludge Bio-oils 

4.2.3.1 Fourier Transform Infrared (FTIR) Spectroscopy 

Bio-oils obtained from municipal sewage sludge were analyzed on Nicolet 6700 FTIR spectro-

photometer (Thermo Scientific Inc., USA) equipped with a diamond attenuated total reflection 

(ATR) crystal. The spectral information of each bio-oils was collected in the wavenumber range 

between 4000 − 600 cm-1 with a resolution of 4 cm-1 and 64 scans. In addition, the background 

spectrum of ambient air was recorded before each sampling and subtracted from the measured 

spectra using OMNIC software (Thermo Scientific, v7.3).  

4.2.3.2 Elemental Analysis 

The organic elements in municipal sewage sludge bio-oils were performed on an elemental ana-

lyzer (Vario MICRO cube, Elementar, New York, USA). The elemental compositions such as 

carbon (C), hydrogen (H), and nitrogen (N) were directly measured. The oxygen (O) content was 

calculated by difference with respect to the total sample. 
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4.2.3.3 Nuclear Magnetic Resonance (NMR) Spectroscopy Analysis 

The NMR experiments of municipal sewage sludge bio-oil were performed on Bruker Ul-

trashield Plus 500 MHz spectrometer with a broadband nitrogen-cooled prodigy probe. The 

NMR data were processed with Mestrelab Research (MestReNova Version 7.1.1) software. 

Phosphorus-31 (31P) NMR Spectroscopy 

31P-NMR analysis of municipal sewage sludge bio-oil was carried out according to a slightly 

modified method reported in a published article.42 For each qualitative 31P-NMR analysis, about 

25 mg of sample was dissolved in 750 μL of the stock solution. The stock solution was prepared 

by mixing 3 mL of pyridine and 2 mL of deuterated chloroform. N-hydroxy-5-norbornene-2,3-

dicarboximide (NHND) 20 mg as an internal standard and chromium (III) acetylacetonate 20 mg, 

used as a relaxation agent, were dissolved in the same mixture solvent of pyridine/CDCl3 (1.5:1 

v/v) and then the whole stock solution was stirred at room temperature. The dissolved sample 

was then phosphitylated with 200 μL 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane 

(TMDP) and transferred into a dry 5 mm NMR tube and measured to perform subsequent NMR 

analysis. The 31P NMR spectra were acquired using 90° pulse angle, 25 seconds pulse delay, 128 

scans and an inverse gated proton decoupling pulse to eliminate the nuclear overhauser effects 

for quantitative purposes. 

Two-Dimensional Heteronuclear Single Quantum Coherence NMR (1H−13C 2D HSQC NMR) 

Analysis 

For each 1H−13C 2D HSQC NMR of municipal sewage sludge bio-oil, around 155 mg of the 

sample was dissolved entirely in 1000 μL CDCl3 solvent, and then the mixture was transferred 

into 5 mm NMR tubes. The spectra were recorded using hsqctgpsisp 2.2. pulse program with 
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spectral widths from 0 to 13 ppm (6578 Hz) and from 0 to 220 ppm (27679 Hz) for 1H and 13C, 

respectively. The other parameters used are listed below: an acquisition time of 0.11 s, 90° pulse 

angle, a pulse delay of 1.5 s, 1JCH used was 145 Hz, 16 scans with an additional 16 dummy scans, 

acquisition of 1024 data points for 1H and 256 increments for 13C. The chemical shifts were ref-

erenced to CDCl3 (δ = 7.26 ppm) for 1H NMR and (δ = 77.16 ppm) for 13C NMR. 

4.2.4 Preparation of Municipal sludge bio-oil/Polymeric methylene diphenyl diisocyanate 

(MSS bio-oil/pMDI) Adhesives 

The preparation of the final MSS bio-oil/pMDI wood adhesives was carried out by mixing the 

two-component solutions, the MSS bio-oil, and pMDI. Therein, a series of biobased MSS bio-

oil/pMDI resin adhesives were synthesized with MSS Bio-oil/pMDI weight ratio: of 0.18, 0.33, 

and 0.54, first by weighing MSS bio-oil into the beaker, followed by the addition of pMDI using 

a disposable plastic dropper as per recipe presented in Table 4.1. The final mixture was further 

homogenized by manually mixing it with a glass rod for about 3 minutes. Furthermore, the pre-

pared adhesive resins were applied for wood bonding. 
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Table 4.1 Composition of MSS bio-oil/pMDI wood adhesives with a three different MSS Bio-

oil/pMDI Weight Ratio 

Sr. No. MSS Bio-oils (g) pMDI (g) MSS Bio-oil/pMDI Weight Ratio 
MSS-Bio-oil_N (Nitrogen)  

1 0.4485 2.5500 0.18 
2 0.7471 2.2400 0.33 
3 1.0460 1.9400 0.54 

MSS-Bio-oil_NC (Nitrogen & Catalyst)  
1 0.4140 2.3460 0.18 
2 0.6900 2.0700 0.33 
3 0.9660 1.7940 0.54 

MSS-Bio-oil_E (Ethylene)  
1 0.4800 2.72 0.18 
2 0.8000 2.40 0.33 
3 1.1200 2.09 0.54 

MSS-Bio-oil_EC (Ethylene & Catalyst)  
1 0.6900 3.9100 0.18 
2 1.1500 3.4500 0.33 
3 1.6100 3.0100 0.54 

 

4.2.5 Preparation and Adhesion Performance of biobased MSS bio-oil/pMDI glued Wood 

Specimens 

To test the bonding performance of each formulated biobased MSS bio-oil/pMDI resin adhe-

sives, southern yellow pine (SYP, pinus ssp) veneers wood specimens were cut into several pan-

els of dimensions 320 × 46 × 10.5 mm3 (L × W × H). The cut wooden samples were conditioned 

at 22 ± 2 °C and at a relative humidity of (65 ± 5%) for 7 days before applying adhesives. After 
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that, the adhesive joins were prepared by spreading the formulated biobased MSS bio-oil/pMDI 

resin viscous material on a single veneer surface with a glue spread rate of 200 g/m2. The un-

coated veneer wooden strip was placed over coated wooden strip by applying light pressure 

manually. Afterward, the assembled wood panels were hot-pressed at 160°C for 5 min under the 

pressure of 2 MPa. After cooling down at room temperature, the samples were maintained and 

stored for 24 hours for internal stress release before cutting into a specific size for the adhesive 

bonding test. Then, each bonded adhesive panel was cut into eight wood specimens with a glued 

area of 40 mm × 22 mm, out of which four wood specimens were tested for dry bonding 

strength, and the other four specimens were immersed in the water at room temperature for 24 

hours. After soaking in water for 24 hours, wood specimens were naturally dried in air for 15 

minutes for subsequent wet bonding strength analysis. 

Tensile Shear Strength 

The dry and wet shear strength of biobased MSS bio-oil/pMDI adhesives bonded wood speci-

mens were performed on universal material testing machine (INSTRON 5900) equipped with 

100 kN load cell and Bluhill 3.0 software. The adhesive strength of each bonded specimen was 

tested at a constant loading speed of 1.0 mm/mm, and the maximum load was recorded. 

The tensile shear strength was calculated using equation 4.143 

τ = P
A

                                                                                                                                           [4.1] 

where τ is the tensile shear strength (N/mm2 or MPa), P is the maximum loading force to break 

the bonded wood specimen (N), A represents the gluing area of adhesive joints, which is the 

length × width of the shear area (mm2). 
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4.2.6 Adhesive Bondline Interfaces Observation through Optical Microscope 

The optical microscope images of the MSS-Bio-oil/pMDI adhesive and pMDI bonded wood 

specimens were viewed and captured under the OLYMPUS 52X7 optical microscope at varied 

magnifications. The cross-sectional slices of wood joints after the bonding test were placed on 

the glass slide. 

4.3 Results And Discussion 

4.3.1 Structural Characterization of Municipal Sewage Sludge Bio-oils 

Several characterizations have been performed to analyze the main chemical functions and struc-

tures present in the bio-oils derived from municipal sewage sludge hydrothermal liquefaction at 

four different processing conditions: MSS-Bio-oil_N MSS-Bio-oil_NC, MSS-Bio-oil_E, and 

MSS-Bio-oil_EC.  

The FTIR analytical method helps identify the functional groups in the municipal sewage sludge 

bio-oils using specific absorption bands associated with the fundamental vibrations of individual 

molecules. Figure 4.1 presented the FTIR spectra of all the municipal sewage sludge bio-oils, 

and the related peak assignments were performed according to the published studies.44–46 The 

peaks in the region 3500−3300 cm-1 correspond to the −OH stretching vibrations which indicate 

the presence of the hydrogen-bonded hydroxyl groups in alcohols, phenols, and acids along with 

the hydrogen-bonded N−H groups. A sharp triplet peak at 3000−2800 cm-1 is attributed to C−H 

stretching vibrations in methyl and methylene groups. The appearance of the characteristic peaks 

between 1800−1600 cm-1 was related to the C=O stretching vibrations of the carboxylic ac-

id/ester or aldehydes/ketones components derived from the proteins, lipids, carbohydrates, and 

lignin fragments of the sewage sludge. The absorption peak observed at 1285 cm-1 is more likely 
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associated with the C−O−C stretching vibration of aliphatic and aromatic esters in the organic 

compounds of the sludge. In addition, some absorbance peaks with low intensities observed at 

900−800 cm-1 were due to the C−H2 bending vibrations, which suggested the aromaticity of the 

MSS bio-oils. Overall, the FTIR spectrum of each MSS bio-oil showed a similar characteristic 

peak with a little difference in the peak intensities owing to their hydrothermal liquefaction con-

ditions. 

To further characterize the chemical functionalities in the municipal sewage sludge bio-oils, el-

emental analysis and NMR techniques were performed and presented in the next section. 

 

Figure 4.1 FTIR spectra of municipal sewage sludge bio-oils (a) MSS-Bio-oil_N (b) MSS-Bio-

oil_NC (c) MSS-Bio-oil_E, and (d) MSS-Bio-oil_EC. 
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The bio-oils obtained from the hydrothermal liquefaction of municipal sewage sludge were dark-

ish brown-colored, highly viscous liquid with a characteristic smell of sewage sludge comprising 

of a mixture of organic compounds. The elemental compositions of the MSS bio-oils are listed in 

Table 4.2. As seen from the Table, the C and H contents of the MSS bio-oils prepared under a ni-

trogen atmosphere were slightly increased with the influence of the catalyst. Additionally, hydro-

thermal liquefaction of the MSS under an ethylene atmosphere enhanced the carbon content 

(54.13 to 59.37%) and hydrogen content (6.55 to 7.62 %), irrespective of catalytic activity. The 

observed changes in the elemental compositions are due to the interaction between the ethylene 

gases and the organic compounds in the sewage sludge, which leads to increased hydrocarbon 

compounds. 

Inorganic species such as N, S, and O are considered energy deficient as they affect the quality 

of bio-oils. The catalytic hydrothermal liquefaction process helps reduce the MSS bio-oils N, S 

and O content. One possible explanation is that the presence of the catalyst promotes the loss of 

inorganic elements in the form of gases by accelerating the deoxygenation reactions.47 This phe-

nomenon was not observed for contrast increase in S and O elements during the catalytic HTL 

process under an ethylene atmosphere, which was well described by the previous work.41 

Table 4.2 Elemental Analysis (C, H, N, S, and O) of municipal sewage sludge bio-oils 

Municipal Sewage 

Sludge Bio-oils 

Elemental Composition (wt %) 

C (%) H (%) N (%) S (%) O (%) 

MSS-Bio-oil_N 72.5 ± 0.1  7.9 ± 0.2  5.3 ± 0.1  0.7 ± 0.1 13.6 ± 0.2 

MSS-Bio-oil_NC 72.4 ± 1.4  7.7 ± 0.3 5.1 ± 0.1  0.6 ± 0.1 14.1 ± 1.4 

MSS-Bio-oil_E 72.8 ± 0.3 8.1 ± 0.1 4.8 ± 0.2  0.7 ± 0.1 13.6 ± 0.4 

MSS-Bio-oil_EC 72.3 ± 0.9 7.9 ± 0.3 5.0 ± 0.1 0.6 ± 0.1 14.2 ± 1.2 
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The amount of specific hydroxyl functional groups in the municipal sewage sludge bio-oils was 

quantitatively determined by the 31P-NMR analysis. The MSS bio-oil samples were derivatized 

by the TMDP, which reacts with the OH moieties, and the resultant 31P-NMR spectra were pre-

sented in Figure 4.2. Based on the internal standard (NHND) and integration of the peak area at 

150.8−151.5 ppm, the concentration of each hydroxyl group was calculated, and the results are 

summarized in Table 4.3. This data showed that the phenolic hydroxyl groups (145.0−137.0 

ppm) were the dominant type of hydroxyl group in all the bio-oil samples. The bio-oil prepared 

under the nitrogen atmosphere with no catalyst (MSS-Bio-oil_N) has the highest content of the 

phenolic hydroxyl groups, followed by the bio-oil prepared under the ethylene atmosphere with 

no catalyst (MSS-Bio-oil_E). It seems that the reaction atmosphere and the catalyst's presence 

influence the number of hydroxyl groups. 

 

Figure 4.2 31P NMR spectra and signal assignments of municipal sewage sludge bio-oils (a) 

MSS-Bio-oil_N (b) MSS-Bio-oil_NC (c) MSS-Bio-oil_E, and (d) MSS-Bio-oil_EC phosphity-

lated with TMDP. 
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Table 4.3 Municipal Sewage Sludge bio-oils Hydroxyl groups evaluated by 31P NMR analysis 

Type of 
Hydroxyl 
Groups 

 Hydroxyl Group (mmol/g) 

MSS-Bio-oil_N MSS-Bio-oil_NC MSS-Bio-oil_E MSS-Bio-oil_EC 

Aliphatic 0.447 0.354 0.284 0.304 

Phenolic 0.674 0.489 0.526 0.476 

Acidic 0.445 0.391 0.383 0.364 

Total Hy-
droxyl 
Groups 

1.566 1.233 1.192 1.145 

 

The 2D HSQC NMR spectroscopy analysis was performed to characterize further the chemical 

structure of the municipal sewage sludge bio-oils, and the spectra are reported in Figure 4.3. The 

peaks and regions of each spectrum were assigned and labeled according to the literature 

sources.48,49 

The 2D HSQC NMR spectra were divided into three regions, non-oxygenated aliphatic C–H: re-

gion 1 (δC/δH 0.0-40.0/0.0-3.20), oxygenated aliphatic C–H region: 2 (δC/δH 40-100.0/2.5-5.5), 

and aromatic and unsaturated C–H: region 3 (δC/δH 100.0-150.0/4.75-9.20).50 Upon examining 

the HSQC spectrum of all bio-oils clearly, it can be seen that region 1, which corresponds to the 

C–H of alkanes (Area 1), Ar-Me (Area 2), and Allylic/benzylic (Area 2) is the most crowded re-

gion with a broad hump of overlapping weak peaks. This suggested that the bio-oil composed of 

a large portion of the aliphatic products originated from the lipids, proteins, and carbohydrates of 

the sewage sludge. Moreover, a notable difference has been observed between the HSQC spec-

trum of noncatalytic HTL (Figure 4.3 a and Figure 4.3c) and catalytic HTL (Figure 4.3 b and 

Figure 4.3d) in region 2 (Area 1: OMe, Area 2: Ar–OMe, Area 3: R–OH and Area 4: RO), an 

elimination of signals corresponds to the oxygenated aliphatic, this is because in the presence of 
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the catalyst compositions of the sewage sludge promotes the deoxygenation reactions.49 In the 

region of aromatic/saturated region of HSQC spectra, we observed several distinct peaks at-

tributed to the alkenes (Area 1), guaiacolics (Area 2), phenolics (Area 3), aromatic (Area 4), and 

polycyclic (Area 5). These results are in accordance with the elemental analysis and quantitative 

31P-NMR results of the municipal sewage sludge bio-oils.  

Overall, it can be seen that the structure of the municipal sewage sludge bio-oils differs, and the 

reason for this is the different processing conditions, as discussed through the characterization 

techniques.  
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Figure 4.3 13C-1H HSQC 2D-NMR spectra of municipal sewage sludge bio-oils (a) MSS-Bio-

oil_N (b) MSS-Bio-oil_NC (c) MSS-Bio-oil_E, and (d) MSS-Bio-oil_EC. 

4.3.2 Bonding Performance of the MSS bio-oil/pMDI Adhesives on Wood Specimens 

A variety of biobased MSS bio-oil/pMDI adhesive formulations were prepared by directly mix-

ing each of the MSS bio-oil with the pMDI (MSS Bio-oil/pMDI weight ratio: 0.18, 0.33, and 

0.54) as per the method reported in the experimental section and summarized data in Table 4.1. 

Further, to investigate the performance of these adhesives, the prepared formulation was applied 

on wood panels with an adhesive spread of 200 g/m2. The tensile shear strength evaluates the 

force to rupture the bonds between wood strands, which is a direct indication of adhesion 

strength.  

In practice, pMDI reacts with the wood substrate through urethane linkage, which is formed by 

noncovalent bonding between the isocyanate groups (–N=C=O) of the pMDI and hydroxyl 

groups (−OH) on the wood surface as schematically shown in Figure 4.4a. As pMDI adhesives 

penetrate the amorphous region of wood, increasing the interlocking between the pMDI and 
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wood, hence leading to high strength.51,52 Furthermore, different MSS bio-oils were introduced 

in this system as a functional filler to add sustainability and determine the effect of diverse func-

tional groups present in the bio-oil on the wood bonding. The mechanism responsible for how 

the MSS bio-oil contained in the pMDI wood adhesive contributed to the bonding need to clari-

fy. According to the characterization results, it is revealed that the MSS bio-oils used in this 

study contain –OH groups, which could interact with the –N=C=O groups in pMDI (Figure 4.4b) 

and form crosslinked thermoset structure which helps to improve wood bonding. When MSS 

bio-oil component is introduced in pMDI wood adhesive for bonding wood substrates, the bio-oil 

functional groups (MSS-bio-oil−OH groups) can form a chemical bond with pMDI and hence 

promote the bondline formation. Moreover, pMDI will also react with the hydroxyl groups on 

the wood surface under hot pressing curing conditions. 

 

 

Figure 4.4 Reaction of (a) pMDI adhesive with wood (b) MSS Bio-oil/pMDI adhesive with 

wood. 

(a) 

(b) 
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The bonding results of pMDI control and MSS Bio-oil/pMDI wood adhesive bonded wood spec-

imens are summarized in Figure 4.5. The wood panels bonded with the pMDI adhesive showed a 

dry shear strength of 3.39 ± 0.47 MPa. Chen et al. reported 2.3 MPa shear strength for neat 

pMDI.17 It is observed from the 31P NMR characterization results the MSS-Bio-oil_N showed 

relatively high hydroxyl groups (1.566 mmol/g), as reported in Figure 4.2 and Table 4.3, which 

provides more –OH functionalities to the isocyanate groups. Whereas, among MSS-Bio-

oil_N/pMDI adhesive, the adhesive with 0.33 MSS Bio-oil/pMDI weight ratio had dry tensile 

shear bonding strength (3.45 ± 0.70 MPa) higher than the pMDI control. This is because even if 

pMDI wood adhesive was considered fast curing, the consumption of all the isocyanate groups 

takes time, the residual isocyanate groups remained in the adhesive formulation.15 When the bio-

oil is inserted into the system, the residual hydroxyl groups can react with the bio-oil and hence 

strengthen the bonding strength. Adding MSS-Bio-oil to pMDI can potentially help to reduce 

pMDI penetration into wood substrate and help to improve the bondline formation. 

Interestingly, there was a slight drop in the dry bonding strength of MSS-Bio-oil_N/pMDI wood 

adhesive with 0.54 (MSS Bio-oil/pMDI weight ratio). Therefore, the amount of MSS-Bio-oil 

needed to optimize to avoid having adverse effects on the wood bonding strength. An excess of 

MSS Bio-oil filler in pMDI could overconsume pMDI isocyanate groups, resulting in insuffi-

cient reactive groups for the curing reactions and poor bonding performance. Also, too much 

MSS Bio-oil filler could cause application difficulties, such as uneven distribution of adhesive on 

the wood surface as adhesive traveled far from the wood surface and thickly coated at edges. The 

other MSS-Bio-oil containing pMDI adhesive formulations showed relatively lower bonding 

strength than pMDI which is attributed to their structural characteristics. 
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Apart from the dry adhesion strength, it is essential to study water resistance properties that in-

fluence the dimensional stability of glued wood products. As wood adhesive pMDI stands out for 

its outstanding water resistance10,15, it is important to see how MSS Bio-oil affects the wet bond-

ing strength. Figure 4.5b presents the tensile shear strength data obtained under wet conditions. 

The bonding performance of the MSS-Bio-oil_N, MSS-Bio-oil_E, MSS-Bio-oil_EC, and neat 

pMDI adhesives after the water soaking displayed a lower tensile shear strength values, com-

pared to the corresponding dry shear strength. In contrast, the tensile shear strength wood speci-

men bonded with the MSS-Bio-oil_NC adhesive formulation increased after soaking in water. 

This is because residual isocyanate could react with water and form polyurea linkages to further 

strengthen the adhesive bond, which is also referred to as the post-curing process. A similar ob-

servation is reported in the literature for the lignin-containing cellulose nanofibril filler in pMDI 

adhesive for wood bonding.17 
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Figure 4.5 The (a) dry and (b) wet tensile shear bonding strength of the wood specimens bonded 

with different MSS bio-oil/pMDI adhesives. Four wood-bonded specimens were tested and re-

ported for each adhesive measurement in the form of mean and SD (error bars). 

4.3.3 Adhesive Bondline Interfaces Observation 

The optical images of the bondline of the cross-sectional slice of the wood joints bonded with 

neat pMDI and MSS-Bio-oil_N/pMDI are shown in Figure 4.6. The pMDI (control sample) 

showed a thin continuous line. However, inconsistency observed was observed due to the over-

penetration of pMDI into the wood substrate, the over-penetration leads to starvation of adhesive 

on bondline. A similar phenomenon was observed in the literature.11 In Figure 7B–D, MSS-Bio-

oil_N/pMDI adhesive formed a thicker bondline in the bonded specimen. The MSS-Bio-oil is 
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physically retained on the wood substrate surface and maintains pMDI in the bondline. This fills 

the gaps and voids on the interfaces, resulting in a continuous and robust bondline. 

   

 
 

Figure 4.6 Optical microscope images of bondline of the wood pieces bonded with adhesives 

(A) pMDI (B) MSS-Bio-oil_N/pMDI (ratio: 0.18) (C) MSS-Bio-oil_N/pMDI (ratio: 0.33) (D) 

MSS-Bio-oil_N/pMDI (ratio: 0.54). 

4.4 Conclusions 

In this study, we presented the crucial role of bio-oils produced from municipal sewage sludge 

hydrothermal liquefaction, which is generated as a byproduct during wastewater treatment 

plants. The chemical structure of the municipal sewage sludge bio-oils prepared under four dif-

ferent HTL processing conditions was analyzed using FTIR, elemental analysis, 31P-NMR, and 

2D HSQC-NMR. The results from the analysis study provide evidence of the presence of desired 

functional groups. Three types of MSS-Bio-oil/pMDI adhesive were prepared for each set of 

MSS-Bio-oils (MSS-Bio-oil_N, MSS-Bio-oil_NC, MSS-Bio-oil_E, and MSS-Bio-oil_EC) with 

A 
500 µm 

B 
500 µm 

C 
500 µm 

D 
  500 µm 
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MSS Bio-oil/pMDI weight ratio: of 0.18, 0.33, and 0.54, respectively. The bonding performance 

of MSS bio-oil/pMDI adhesives indicated that the addition of MSS Bio-oil in pMDI formed an 

interaction between bio-oil, pMDI, and wood substrate. MSS-Bio-oil_N/pMDI wood adhesive 

with 0.33 (MSS Bio-oil/pMDI weight ratio) enhances the bonding performance of the pMDI 

wood adhesive owing to the hydroxyl functionality of MSS Bio-oil. This work demonstrated the 

efficiency and potential of using MSS-Bio-oil as a biobased sustainable functional filler in a 

pMDI wood adhesive system to enhance the bonding performance of engineered wood products. 
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5 Chapter 5  

Non-isothermal Curing Kinetics of Novolac type Phenol-Formaldehyde Resin for  

3D Printing of Sustainable Building Design 

This chapter is being prepared for submission4 

 

5.1 Introduction 

The rapid increase in the world's population has been accompanied by extensive utilization of 

building materials and construction-related energy and resource consumption, leading to direct 

and indirect environmental and human impacts.1 To reduce energy consumption in building con-

struction, several approaches have been employed. These approaches include the perspective of 

the sustainable framework, which remarkably alleviates adverse environmental and human im-

pacts through efficient and sustainable material and thoughtful design.2 

In the material design approach, the use of novolac-type phenol-formaldehyde (NPF) resins is 

considered advantageous because of the reduced formaldehyde emission and their excellent 

functional properties: processability, strength, adhesion, and thermal and chemical stability.3 

NPF resins are produced from acid-catalyzed condensation polymerization reaction between 

phenol and formaldehyde, using an excess of phenol reactant (P/F molar ratio 1:0.8). Novolac 

resins are linear or partially cross-linked polymers characterized by phenol moieties connected 

by methylene bridges. The chemical reaction referred to as curing occurs at elevated tempera-

 
4 Bansode, A.; Vega Erramuspe I. B.; Portilla Villarreal L.; Hahn B.; Via B. K.; David A.; Labbe 

N.; Auad, M. L.; Non-isothermal Curing Kinetics of Novolac type Phenol-Formaldehyde Resin 

for 3D Printing of Sustainable Building Design, In Preparation, 2022 
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tures in the presence of hardener (typically hexamethylenetetramine, HMTA). During the curing 

process, three-dimensional network polymer structures are formed.4 The cross-linking reaction 

between NPF resin and HMTA occurs in two stages.5 In the first stage, forming initial intermedi-

ates such as benzoxazines and benzylamines. In the second stage, these intermediates decompose 

and react to form methylene linkages between phenolic rings for chain extension and cross-

linking.6 However, synthesizing these resins still relies on nonrenewable resources, which are as-

sociated with the rapid depletion of fossil fuels and increasing concerns for the environment and 

health during the production and use of phenol-formaldehyde (PF) resins.7 Thus, substantial re-

search is being conducted in exploring renewable biomass materials to produce sustainable alter-

native feedstock to replace petroleum-derived materials. In this respect, thermochemically de-

rived materials are considered an advantageous source for bio-based monomers (e.g., phenolic 

compounds) and can be obtained during the thermochemical conversion of biomass, which can 

serve as an alternative reactive site during polymer resin synthesis.8,9 

In addition to material development, the thoughtful structural design also plays a significant role 

in designing sustainable building components. In this regard, three-dimensional printing (3DP), 

also known as additive manufacturing (AM), has been proven as one of the critical sustainable 

technologies compared to the traditional technology of constructing buildings due to the ad-

vantages like reduction of material waste and facilitating efficient, customized design with cost 

effectiveness.10 3DP techniques create composite materials and structures layer by layer through 

cross-linking or curing of thermosets polymeric resins or other materials.11 Among all the 3DP 

techniques, direct ink writing (DIW) has been proven effective in the fabrication of thermoset 

composite, an extrusion-based additive manufacturing method in which materials are deposited 

layerwise and cured simultaneously or post-printing via photocuring or thermal curing.12–14 



162 

 

Thermal curing is especially suitable for thermo-reactive polymeric resins like NPF that cannot 

be cross-linked by photocuring, which uses ultraviolet light irradiation (UV) to cure the material. 

In the thermal curing approach, two separate streams of resin and hardener are passively mixed, 

extruded on the heating bed, and then cured rapidly. However, this curing process is limited to 

geometries with a few layers of material, not to the 3D printing of freeform structures.15 One 

promising curing strategy to overcome these limitations is thermal frontal polymerization (FP), 

whereby curing polymerization of thermoset polymeric resins occurs rapidly via localized exo-

thermic reaction zone through the coupling of thermal diffusion and Arrhenius reaction 

kinetics.15–18 

Considering the discussion above, studying the curing kinetics of the polymeric resin is funda-

mental to understanding the 3D printing of polymeric materials for transforming polymer resin 

into a solid polymer structure since the curing reaction mechanism strongly influences the result-

ing polymer properties.19 Differential scanning calorimetry (DSC) is the most popular and accu-

rate technique used to study the curing reactions of various thermosetting resins.20,21 DSC 

measures the heat flow of the sample as a function of temperature and time. After that, the gen-

erated data is extensively applied to find kinetic parameters through two primary thermal kinetic 

analysis methods: isothermal and non-isothermal.22,23 In the isothermal method, the reaction 

mechanism is studied at a specific temperature; however, the non-isothermal method includes a 

single or multi-heating rate.24 The non-isothermal process has significant advantages in contrast 

to the isothermal method.25 Two approaches, such as the model-free (isoconversional) method 

and the model-fitting method, are primarily applied to fit the experimental data acquired from 

isothermal or non-isothermal DSC curves to investigate activation energy and kinetic parame-

ters.26 
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The present work describes the synthesis and curing behavior of two different novolac polymer 

resin systems, novolac PF (NPF) and bio-based novolac PF (BNPF) resins. The non-isothermal 

differential scanning calorimetry (DSC) scan method has been used to investigate the behavior of 

NPF and BNPF throughout the entire curing process. Further, the obtained data were utilized to 

examine a set of curing kinetic parameters based on non-isothermal experimental runs at differ-

ent heating rates by model-free (isoconversional) and model-fitting approaches. This work aims 

to provide valuable curing kinetic information for applying BNPR resins developed from renew-

able resources, promoting sustainability. 

5.2 Experimental Section 

5.2.1 Materials 

Phenol crystals (99%), formalin solution (37% formaldehyde in water), hexamethylenetetramine 

(HMTA, >99%), and acetone (99.5%) were obtained from VWR International. Oxalic acid (an-

hydrous crystal, 98.0%) was purchased from Spectrum Chemical Mfg. Corp. Bio-oil, prepared 

by the procedure described previously,27 was received from the Center for Renewable Carbon 

Laboratory, University of Tennessee.  

5.2.2 Synthesis of Novolac PF Resin and Bionovolac PF Resin 

Novolac phenol-formaldehyde (NPF) and bio-based novolac phenol-formaldehyde (BNPF) res-

ins were synthesized by phenol reaction with formaldehyde, according to the previously pub-

lished article.9 Briefly, a four-necked round 500 mL bottom flask equipped with a condenser, a 

dropping funnel, and a mechanical stirrer was charged with phenol (94 g, 1 mol) and oxalic acid 

(4.70 g, 0.05 mol). The mixture was heated to 90 °C, and 37% formalin solution (64.87 g, 0.8 

mol of formaldehyde) was dropped into it slowly. The reaction was allowed to continue at 90 °C 
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for a total time of 3 hours. The reaction product was washed with distilled water and dried in a 

vacuum oven. The biobased novolac PF was prepared with the same procedure by partially re-

placing (50% w/w) phenol with bio-oil. Furthermore, as reported previously, NPF and BNPF res-

ins showed similar FTIR and 1H-NMR spectra.9  

5.2.3 Thermal Analysis 

The curing reaction of NPF/HMTA and BNPF/HEXA was studied using a differential scanning 

calorimeter, DSC TA-Q2000 (Thermal Analysis Instruments, DE, USA), under a nitrogen at-

mosphere with a gas flux rate of 50 mL/min. Before any sample measurement, the DSC instru-

ment was calibrated with pure indium standard. The samples, NPF/HMTA and BNPF/HMTA 

were prepared with HMTA to resin weight ratio of 15% and ground manually with mortar and 

pestle. For each measurement, the sample (3.0 – 5.0 mg) was weighed into the aluminum stand-

ard pan and sealed with an aluminum lid. 

The DSC non-isothermal technique investigated the curing behavior of NPF/HMTA and 

BNPF/HMTA resins. First, the thermal data was obtained by increasing heating samples from 25 

°C to 250 °C at various heating rates (5, 10, 15, and 25 °C/min). When the curing reaction ended, 

the samples were cooled to 25 °C with a cooling rate of 5, 10, 15, and 25 °C/min, respectively. In 

the next step, a non-isothermal curing experiment was performed with the respective heating 

rates to determine the reaction's residual heat. The curing reactions of NPF/HMTA and 

BNPF/HMTA resins are presented in Figure 5.1a and Figure 5.1b, respectively. 

Origin Pro 2019 software (Origin Lab Corporation, USA) and MATLAB R2022a (version 9.0) 

were used to analyze thermal curing data. 
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Figure 5.1 The curing process of (a) novolac phenol-formaldehyde resin and HMTA 

(NPF/HMTA) and (b) bionovolac phenol-formaldehyde resin and HMTA (BNPF/HMTA). 

5.2.4 Fundamental Theory of Curing Kinetics 

Curing reaction kinetics are performed to present the relationship between the process rates and 

different experimental parameters. The thermal data obtained from the non-isothermal DSC 

technique of NPF/HMTA and BNPF/HMTA resins at different heating rates were used to calcu-

late kinetic parameters. 

(a) 

 

(b) 
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The conversion of the curing reaction or degree of curing (α) is directly proportional to the exo-

thermic heat evolved during the curing process.28,29 The degree of curing (α) can be expressed 

from equation 5.1. 

α(𝑇𝑇) = Δ𝐻𝐻𝑇𝑇
Δ𝐻𝐻𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

                                                                                                                            [5.1]                            

where, Δ𝐻𝐻𝑇𝑇 is the heat of reaction at a specific temperature, T, and  Δ𝐻𝐻𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the total heat of 

reaction, which is determined by calculation the area under the exothermic curve. The curing re-

action was assumed to be complete when the non-isothermal exothermic peak of resins leveled 

off to the baseline. 

The rate of the kinetic process is considered to be directly proportional to the measured heat flow 

and can be determined by equation 5.2. 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡

=
�𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡 �

Δ𝐻𝐻𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
                                                                                                                             [5.2] 

where, 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 is the curing kinetic reaction rate, 𝑑𝑑𝐻𝐻/𝑑𝑑𝑑𝑑 is heat flow measured during the kinetic 

process. For constant heating rate scans, 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 can be expressed as𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 = 𝛽𝛽 𝑑𝑑𝑑𝑑/𝑑𝑑𝑇𝑇 at con-

stant where 𝛽𝛽 is the heating rate (K min-1). 

The phenomenological curing kinetic model analysis is parametrized into two main functions26 

according to the following equation 5.3.30 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡

= 𝑘𝑘(𝑇𝑇)𝑓𝑓(𝑑𝑑)                                                                                                         [5.3] 
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where, 𝑘𝑘(𝑇𝑇) temperature-dependent kinetic rate constant and 𝑓𝑓(𝑑𝑑) is the function of curing con-

version.31 The function 𝑘𝑘(𝑇𝑇) can be expressed through Arrhenius relationship as shown by equa-

tion 5.4.30 

𝑘𝑘(𝑇𝑇) = 𝐴𝐴 exp �− 𝐸𝐸
𝑅𝑅𝑇𝑇
�                                                                                                 [5.4] 

where, A is the Arrhenius frequency factor or pre-exponential factor (s-1), E is the activation en-

ergy (J mol-1), R is the universal gas constant (8.314 J mol-1 K-1), and T is the absolute tempera-

ture (K) of the sample. Combining equation 5.3 and equation 5.4 yields kinetic equation 5.5. 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡

= 𝐴𝐴 exp �− 𝐸𝐸
𝑅𝑅𝑇𝑇
�  𝑓𝑓(𝑑𝑑)                                                                                                            [5.5] 

Curing kinetic reactions are often analyzed by two primary methodologies, i.e., model-fitting ki-

netic and model-free Isoconversional kinetic methods. The former process kinetic model is used 

to fit the experimental data to estimate the kinetic parameters.32 On the other hand, the model-

free isoconversional kinetic method obeys the isoconversional principle.32,33 

5.2.4.1 Model-Free Isoconversional Method 

The model-free (isoconversional) is a useful method to determine the mechanism of curing, and 

the basic assumption of this method is that the reaction rate is merely a function of temperature 

at a constant extent of curing degree, whose analytical expression can be written by equation 

5.6.32–34 

�𝜕𝜕 ln(𝑑𝑑𝑑𝑑 𝑑𝑑𝑡𝑡⁄ )
𝜕𝜕𝑇𝑇−1

� =  −𝐸𝐸
𝑅𝑅

                                                                                                                [5.6] 
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The most commonly used methods include Friedman,35 Flynn-Wall-Ozawa (FWO),36,37 Kissin-

ger-Akahira-Sunnose (KAS),38, and Vyazovkin.32,39,40 These model-free isoconversional methods 

are used to calculate the re-activation energy (E) without assuming any specific expression of the 

reaction model. 

5.2.4.2 Model-Fitting Method 

The mechanism of curing reaction of resin that is related to the curing kinetic reaction mod-

el 𝑓𝑓(𝑑𝑑), can be divided into three kinetic models: the nth-order model, the autocatalytic model, 

and the Kamal-Sourour model.31,41,42 These models can be expressed by equation 5.7, equation 

5.8, and equation 5.9, respectively. 

nth-order kinetics model can be expressed as 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡

= 𝐴𝐴 exp �− 𝐸𝐸
𝑅𝑅𝑇𝑇
�  (1− 𝑑𝑑)𝑛𝑛                                                                                       [5.7] 

The autocatalytic kinetic model can be expressed as 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡

= 𝐴𝐴 exp �− 𝐸𝐸
𝑅𝑅𝑇𝑇
�  (1− 𝑑𝑑)𝑛𝑛𝑑𝑑𝑚𝑚                                                                                  [5.8] 

The Kamal kinetic model can be expressed as 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡

= 𝑘𝑘1 (1 − 𝑑𝑑)𝑛𝑛 +  𝑘𝑘2 (1 − 𝑑𝑑)𝑛𝑛𝑑𝑑𝑚𝑚                                                                           [5.9] 

where m and n are the reaction orders, 𝑘𝑘1 = 𝐴𝐴1exp (−E1/RT) and 𝑘𝑘2 = 𝐴𝐴2exp (−E2/RT) are 

the kinetic constants. A1 and A2 are the corresponding pre-exponential parameters, and E1 and E2
 

are the activation energies. 



169 

 

5.3 Results and Discussion 

5.3.1 Non-isothermal DSC analysis of NPF/HMTA and BNPF/HMTA resins.  

Isothermal and non-isothermal DSC measurements were performed to measure the heat of the 

reaction and investigate the curing process of NPF/HMTA and BNPF/HMTA resins and under-

stand the curing behavior of developed NPF/HMTA and BNPF/HMTA resins. The isothermal 

approach yielded higher testing errors, similar to those previously reported for other systems.43 

Therefore, the non-isothermal DSC technique was adopted.  

The non-isothermal DSC thermograms of the NPF/HMTA and BNPF/HMTA resins with differ-

ent heating rates of 5, 10, 15, and 25 °C/min are shown in Figure 5.2a and Figure 5.2b, respec-

tively. Each of these thermograms displays the exothermic peaks associated with the cross-

linking reactions of the NPF/HMTA and BNPF/HMTA resins, and the peak temperature (Tp) in-

ferred from these exothermic peaks is summarized in Table 5.1. All the curing exothermic peaks 

and characteristic peak temperatures shifted to higher temperatures with the increasing heating 

rates (ꞵ=5-20 °C/min). The increments mentioned before can be attributed to the following: as 

more heat is released with an increased heating rate, the temperature gradient between the reac-

tion center and the external environment due to thermal inertia increases.33,43,44 The exothermic 

peak temperature is believed to shift to a higher temperature zone for compensation.45 The DSC 

curves of BNPF/HMTA resin show two distinct exothermic peaks. The first broad exotherm is 

ascribed to the curing reaction, and the small exotherm at higher temperatures can be attributed 

to side reactions occurring during the heating process. One possible explanation for the side reac-

tions is that other chemical groups may interact with the HMTA intermediates. Still, the ex-

otherm is very small and was neglected in the present study. Hence, only the exotherm's first cur-

ing peak was considered for kinetic analysis. 
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Figure 5.2 Nonisothermal DSC scanning thermograms of the thermal curing reactions of (a) 

NPF/HMTA resin and (b) BNPF/HMTA resin at different heating rates (5, 10, 15, and 20 

K/min). 
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Table 5.1 Characteristic Parameters of the curing reactions of NPF/HMTA and BNPF/HMTA 

 

Heating rate (ꞵ) 

(K/min) 

 

NPF/HMTA resin 

 

BNPF/HMTA resin 

TP (K) TP (K) 

5 421.81 415.11 

10 426.97 420.90 

15 431.21 423.10 

20 435.44 425.72 

 

5.3.2 Model-Fitting Method 

The goal in the model-fitting kinetic analysis of NPF/HMTA and BNPF/HMTA resins was to 

find the four kinetic parameters (A, E, n, m), described in equations 5.7, 5.8, and 5.9 associated 

with the curing system according to a suitable reaction model. To examine the kinetic model, ac-

tivation energy (E) is calculated by inserting (β=dT/dt) in equation 5.6 and taking the logarithmic 

form of it (as reported in equation 5.10) through the relation of the peak temperature (Tp) de-

pendency on the heating rate (ꞵ). Assuming an isofractional peak temperature (Tp = Constant), 

activation energy E is determined by a linear regression analysis of ln(βdα/dTp) against 1/Tp 

across various heating rates (5, 10, 15, and 25 K/min) as reported in equation 5.10 and shown in 

Figure 5.3. 

E = Rd�−ln�βdα dTp⁄ ��
d�1 Tp⁄ �

                                                                                                                 [5.10] 
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Figure 5.3 Activation energy determination of the (a) NPF/HMTA resin and (b) BNPF/HMTA 

resin systems. 

Using the activation energy and according to the choice of the appropriate kinetic model, the re-

action order (n or m) and the frequency factor (A) are calculated. 

For the nth-order model, by taking the logarithmic form of equation 5.7, which is reported in the 

theory section, and expressing it in equation 5.11. 

ln �𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡
�+ 𝐸𝐸

𝑅𝑅𝑇𝑇
= n ln(1− 𝑑𝑑) + ln𝐴𝐴                                                                                         [5.11] 

By applying the linear regression method to equation 5.11, the values of n and A are obtained 

through the slope and intercept (ln A), respectively. 

For the autocatalytic model, by taking the logarithmic form of equation 5.8, which is reported in 

the theory section, and expressing it in equation 5.12. 

ln �𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡
�+ 𝐸𝐸

𝑅𝑅𝑇𝑇
= n ln(1− 𝑑𝑑) + m ln𝑑𝑑 + ln𝐴𝐴                                                                          [5.12] 
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A multilinear regression method is applied to equation 5.12 for determining the values of A, n, 

and m. Here, for the autocatalytic model, the overall order of reactions (m + n) is determined ei-

ther with constraint (m + n = 2) or without constraint (m + n = 2). 

Whereas, in the case of the Kamal model, a nonlinear regression method is used to estimate the 

kinetic parameters and reaction orders (n and m). In addition, for the Kamal model, the different 

condition was applied to investigate the kinetic constants k1 and k2 (E1 = E2 & m + n = 2, E1 = E2 

& m + n ≠ 2, E1 ≠ E2 & m + n = 2 and E1 ≠ E2 & m + n ≠ 2). MATLAB R2022a software (ver-

sion 9.0) is used to evaluate these parameters. 

Once the kinetic parameters are determined at each heating rate for the nth-order model (E, A, 

and n), autocatalytic model (E, A, m, and n), and Kamal model (E1, E2, A1, A2, m, and n), respec-

tively, the next step is to fit the experimental data using the model and kinetic parameters to ob-

tain the degree of curing (α) and reaction rate (dα/dt) at each temperature. 

It can be observed that the extent of conversion (α) plots for both NPF/HMTA and BNPF/HMTA 

depicted in Figure 5.4 and Figure 5.6 shows the sigmoid profile, i.e., the slow increase in α at the 

beginning and end of the curing process, while the quick increment at the intermediate stage. 

Whereas increasing heating rates leads to shifting these conversions (α) curves to higher temper-

ature zones, this behavior shows good agreement with other studies.43  

According to the model fitting results for NPF/HMTA resin, the autocatalytic model shows a 

suitable fit for the experimental results, as shown in Figure 5.4 and Figure 5.5. This is because 

the autocatalytic curing mechanism controls the entire curing reaction of NPF/HMTA resin. The 

intermediate products generated during the curing process catalyze the reaction with the higher 
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order of reaction (n), and the reaction rate reaches the maximum at the middle of the reaction 

stage. Smaller reaction order is observed (m), where the reaction's curing rate decreases. Our re-

sults are in accordance with the published works.41,46,47 

As depicted in Figure 5.6 and Figure 5.7, the Kamal model shows superior predictability for 

monitoring the curing mechanism of the BNPF/HMTA resin, as the kinetic model shows good 

agreement with the experimental data. The Kamal model is a combination of the nth-order and 

autocatalytic models. The initial stage of the curing process, where the curing agent decomposes 

to produce intermediated that reacts with the novolac resin, is controlled by the autocatalytic re-

actions in later stages. The nth-order reaction mechanism controls it because the reaction rate de-

creases due to less availability of the free phenol and phenolic hydroxyl groups. 

 

Figure 5.4 Plot for conversion (α) as a function of temperature for the experimental and simula-

tion results for NPF/HMTA resin at different heating rates (autocatalytic model m+n=2). 
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Figure 5.5 Plot for reaction rate (dα/dt) as a function of temperature for the experimental and 

simulation results for NPF/HMTA resin at different heating rates (autocatalytic model m+n=2). 

 

Figure 5.6 Plot for conversion (α) as a function of temperature for the experimental and simula-

tion results for BNPF/HMTA resin at different heating rates (Kamal model E1=E2 m+n=2). 
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Figure 5.7 Plot for reaction rate (dα/dt) as a function of temperature for the experimental and 

simulation results for BNPF/HMTA resin at different heating rates (Kamal model E1=E2 

m+n=2). 

5.4 Conclusions 

The kinetics of the curing reaction of novolac type PF resin system, i.e., NPF/HMTA and 

BNPF/HMTA resins, was investigated in this study with non-isothermal DSC measurements. 

The simulation data are verified against the experimental data for both NPF and BNPF resins. 

The results showed that an autocatalytic simulation model for curing NPF/HMTA resin was 

adapted to fit the experimental data and agreed well with the model. At the same time, a Kamal 

model is employed and proved a best-fitting model in describing the curing behavior of the 

BNPF/HMTA resin. The curing process of BNPF/HMTA resin follows the autocatalytic mecha-

nism at the earlier curing stage, while the nth-order kinetic mechanism controls the later part of 
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curing. We hope this research will provide valuable and significant kinetic information for BNPF 

resin application in 3D printing. 
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6 Chapter 6  

Biobased Polyurethane Derived from Lignin as a Coating Material for Urea Fertilizer  

to achieve Controlled Release of Nutrients 

This chapter is being prepared for submission5 

 

6.1 Introduction 

Fertilizers are crucial agrochemicals that provide ~70% of the nutrients to satisfy plant growth 

and help to increase agricultural productivity.1 Nitrogen (N), phosphorus (P), and potassium (K) 

are three indispensable macronutrients that fulfill nutritional needs, which are supplemented 

through fertilizer applications.2 Among these three macronutrients (N, P, K), nitrogen plays a 

significant role in maintaining crop quality and yield because N deficiency can restrain the bio-

synthesis of chlorophyll and other proteins.3,4 Urea is the most widely used nitrogenous fertilizer 

(N-fertilizer) because of its high nitrogen content (46%), comparatively low cost, and commer-

cial availability.5,6 However, to ensure the plants get enough nitrogen elements, overuse of urea 

fertilizer is practiced, which results in an undesirable loss of nitrogen into the environment 

through volatilization, runoff, and leaching due to its high affinity for water and thermal instabil-

ity.7 This inefficient nitrogen absorption causes economic losses and severe environmental prob-

lems, including water eutrophication, acid rain, groundwater pollution, and excessive greenhouse 

gas emissions.8 

 
5 Bansode, A.; Guertal E.; Hinkle J.; Cuesta N.M.; Alizadeh N.; Farag R.; Auad, M. L.; Biobased 

polyurethane Derived from Lignin as a Coating Material for Urea Fertilizer to achieve Con-

trolled Release of Nutrients, In Preparation, 2022 
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Controlled-release fertilizers (CRFs) have been designed and developed as an effective approach 

by increasing fertilizer utilization efficiency while being economical and eco-friendly to achieve 

sustainable agriculture further.9–11 The CRFs are generally referred to as advanced fertilizers that 

release nutrient ingredients into the growing media over a longer time in a controlled way 

throughout the plant's growing cycle. For example, the nutrient release performance of CRFs in 

the first 28 days of application should not exceed 75% in total.12 The nutrient use efficiency of 

CRFs is higher than traditional fertilizers. Two types of CRFs have been widely chosen and stud-

ied to achieve controlled release function, such as using low solubility compounds and coating or 

encapsulating water-soluble granular fertilizer (e.g., urea). The coating fertilizer is a well-

controlled strategy that can provide a tunable barrier through the effective nutrient-release pro-

cess as follows: (1) The external water vapors permeate through the coating membrane of the 

CRFs into the core and dissolves the part of the fertilizer, which allows the formation of saturat-

ed nutrient solution in the core. This creates the vapor pressure gradient inside the membrane. (2) 

If the membrane layer is damaged with the generated pressure, the nutrient will be released 

quickly through the rapture mechanism. In another case, the membrane withstands the internal 

pressure, and nutrients are released via diffusion.13 (3) As the release continues, the concentra-

tion of the solution in the core decreases, which affects the release rate accordingly.14 

It is thus demonstrated that the coating material is the critical component of the coated CRFs that 

effectively hold nutrients and regulate nutrient release through diffusion mechanisms.15 The coat-

ing materials are classified into two main categories: polymer-based and mineral-based coating 

materials.16,17 Polymer-coating materials have shown several merits over mineral-coating materi-

als (e. g., sulfur), as these materials are strong mechanical properties and good film-forming be-

havior with impermeable or semi-permeable membranes.18,19 The polymers are a potential candi-
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date for developing coating formulation. At present several polymers have been used to produce 

CRFs, including polyethylene, polyurethane, epoxy resin poly(vinyl alcohol), poly(vinyl chlo-

ride), polyacrylamide, polyacrylonitrile, and polysulfone.20–23 

Polyurethane (PU) is one of the broadest potential candidates for preparing coating formulation 

for fertilizers due to its wide range of versatile and attainable properties, such as good water re-

sistance, film-forming properties, high adhesion strength, and elasticity.24 PU is typically synthe-

sized through a polyaddition reaction between polyol polyether or polyol polyester 

(HO−R1−OH) and polyisocyanate (O=C=N−R2−N=C=O) to form urethane linkages 

(O−R1−O−CO−NH− R2−NH−CO−).25,26 Conventionally, both polyols and isocyanates are de-

rived from petroleum-based feedstocks, which increase both the environmental impact and cost 

of the resulting polyurethanes. Moreover, applying petroleum-derived PU-coated CRFs could 

lead to the undesirable accumulation of microplastic residues.22 Meanwhile, in early 2018, the 

European Commission launched a circular economy action plan, and as an integrated part of the 

deal, biopolymers were employed in fertilizing products. 

In this context, significant efforts have been made in both academia and industry in the develop-

ment of biobased polymeric materials for the application of controlled delivery systems.27,28 Ow-

ing to their chemistry and characteristics, many types of renewable natural resources, such as cel-

lulose, lignin, vegetable oil, castor oil, chitosan, pectin, starch, tannin, and alginate, have been 

explored to design biobased polymers for CRFs, which can naturally degrade in the soil envi-

ronment. Among these sustainable substitutes, lignin has attracted enormous attention because of 

its chemical structure, composed of hydroxyl groups and a rigid aromatic backbone that provides 

mechanical strength, rigidity, and other favorable attributes to the resultant resins.29,30 Lignin is 

the second most organic biopolymer in nature, surpassed by cellulose, and is highly variable 



187 

 

across different plant species.31 It is formed through radical polymerization of p-hydroxyphenyl 

(H), guaiacyl (G), and syringyl (S), which are collectively known as monolignols. Each of these 

units is linked through various linkages such as ꞵ-O-4, 4-O-5, α-O-4, ꞵ-ꞵ, ꞵ-5, ꞵ-1, and 5-5, 

which result in versatile functional biomacromolecules.32 Lignin has been produced as an indus-

trial residue (black liquor) in pulping and biorefinery industries. At the same time, they are un-

derutilized and subjected to burning to supplement their energy requirements. Therefore, several 

commercial lignin recovery systems have been isolating technical lignin from black liquor (for 

instance, INDULIN® lignin is isolated from black liquor by Ingevity). Considering the function-

alization and availability, we expect that introducing lignin in the polyurethane system could 

provide a sustainable coating material for CRFs. 

In this work, kraft lignin, polytetramethylene ether glycol (DIOL), 2-Ethyl-2-(hydroxymethyl)-

1,3-propanediol (TRIOL), and polymeric methylene diphenyl diisocyanate (p-MDI) were used as 

the ingredients for the preparation of biobased polyurethane (BPU) formulations. Wherein lignin 

with a high concentration of hydroxyl functionalities (both aliphatic and phenolic) serves as a 

bio-polyol and provide good reacting sites towards p-MDI. Additionally, DIOL and TRIOL were 

applied as co-polyols to improve the performance of BPU formulation. The mixture design DOE 

tool was employed to find the optimum composition of polyols to formulate biobased polyure-

thane. Therefore, this study aims to develop BPUs by introducing natural materials such as lignin 

and investigate the effectiveness of the synthesized BPU-coated fertilizer by release behavior in 

water and soil environments.  

Biobased polyurethane formulations were synthesized with [NCO]/[OH] equivalent ratio of 1:1 

to coat urea fertilizer prills to achieve this objective. The structure of the resultant BPU film was 

identified by the Fourier transform infrared spectroscopy (FTIR). The surface morphology of fer-
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tilizing granules was examined by scanning electron microscopy (SEM). The crushing strength 

analysis determined the mechanical properties of the BPU-coated fertilizers. The release kinetics 

of the developed controlled-release urea was studied. 

6.2 Experimental Section 

6.2.1 Materials 

The urea prills having 46% N were sieved through 2 mm and 4 mm opening sieves (USA stand-

ard testing sieves, ASTM E−11 specifications). Indulin AT lignin (IN_KL) used in this study ob-

tained by the kraft pulping process was kindly supplied by Ingevity Corporation, South Carolina. 

2-Ethyl-2-(hydroxymethyl)-1,3-propanediol (TRIOL; 134.18 g/mol) was received from VWR In-

ternational, USA. Polytetramethylene ether glycol (PTMEG 1400, DIOL; 1400 g/mol) was ac-

quired from The Lycra Company LLC, USA. Polymeric MDI (Rubinate M; Amine equivalent 

weight 135 eq/g) was supplied by Huntsman, USA. Duration CR® from Allied Nutrients, USA, 

and Polyon® from Harrell's, USA, were received as a commercial controlled release fertilizer. 

Deuterated chloroform (with 0.03 v/v% TMS, 99.8+ atom% D), chromium (III) acetylacetonate 

(relaxation agent, 98.0%), endo-N-hydroxy-5-norbornene-2,3-dicarboximide (NHND, internal 

standard, 99.0%) and pyridine were purchased from VWR International, USA. 2-Chloro-4,4,5,5-

tetramethyl-1,3,2-dioxaphospholane (TMDP, phosphitylation reagent, 95%) was procured from 

Sigma-Aldrich, USA. 

6.2.2 Characterization of Lignin 

6.2.2.1 Phosphorus-31 Nuclear Magnetic Resonance (31P-NMR) Spectroscopy 

The hydroxyl groups in the kraft lignin (KL) have been measured by quantitative 31P-NMR anal-

ysis. Approximately 15 mg of the sample was dissolved in 550 μL of the stock solution, which 
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was prepared by mixing 3 ml pyridine and 2 ml deuterated chloroform in 20 mg of NHND and 

20 mg of chromium (III) acetylacetonate according to a published method.33 The deuterium sig-

nal for locking NMR experiment was provided by deuterated chloroform, which also helps to 

dissolve the derivatized phenolic prepolymers and averts the precipitation of pyridine-HCl 

salts.34 After complete dissolution of the sample in the stock solution, 150 μL of phosphitylating 

reagent, 2-chloro-4, 4, 5, 5-tetramethyl-1, 3, 2-dioxaphospholane (TMDP) was added. TMDP re-

acts with hydroxyl groups in the sample, liberating hydrogen chloride which is captured by pyri-

dine. The phosphatized sample (650 μL) was transferred into the 5 mm NMR tube for subse-

quent determination. The NMR was performed using a Bruker Ultrashield Plus 500 MHz spec-

trometer with broadband nitrogen-cooled prodigy probe using a 90° pulse angle and an inverse 

gated proton decoupling pulse to eliminate the nuclear overhauser effects for quantitative pur-

poses, a delay time of 25 seconds, and 128 scans. The spectra analysis was carried out using 

Mestrelab Research (MestReNova 7.1.1) software. 

6.2.3 Biobased Polyurethane Coating Formulations through Mixture Design Approach 

The polyurethane (PU) was prepared through a polyaddition reaction between a polyol and iso-

cyanate. In this study, KL, DIOL, and TRIOL were used as the polyol segment, whereas the 

pMDI was used as isocyanate for the synthesis of biobased polyurethanes by using an overall 

[NCO]/[OH] equivalent ratio of 1:1.  

The Design of experiments (DOE) is a statistical technique utilized for planning and analysis of 

experiments. In this study, a user-defined mixture design approach of DOE has been employed to 

find the optimal mixture of polyols to formulate biobased polyurethane to coat urea fertilizer. In 

the mixture design, the sum of all the proportions must be equal to the unity and non-negative.35 
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The equivalent ratio of lignin, DIOL, and TRIOL in the coating material and the coating film 

percentage were selected as the design variables. Based on the preliminary tests, the equivalent 

ratio of the lignin to the total equivalent ratio of polyol was set at 0 − 1, the equivalent ratio of 

the DIOL to the total equivalent ratio of polyol was selected as 0 – 1, the equivalent ratio of the 

TRIOL to the total equivalent ratio of polyol was taken as 0 – 0.50, and the percentage of the 

coating film was set at 3−9%. These four design variables generated a total of 27 experimental 

runs with the different compositions of each polyol component, as detailed in Table 6.1. Experi-

mental designs and subsequent analysis were carried out using the Design-Expert® (Version 12, 

Stat-Ease, Inc. Minneapolis) software. Urea release in water, N release in soil, plant growth and 

turfgrass color response were set as a response value. 
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Table 6.1 Polyols mixture formulation using Design-Expert® Version 12 software 

Run Component 1 A: 
Lignin 

Component 2 
B: DIOL 

Component 3 C: 
TRIOL 

Factor 4 D: Coat-
ing Percentage 

1 0.5 0 0.5 6 
2 0 0.75 0.25 3 
3 0.375 0.375 0.25 3 
4 0 1 0 9 
5 0 0.75 0.25 6 
6 0.75 0 0.25 9 
7 0.25 0.25 0.5 3 
8 0.375 0.375 0.25 9 
9 0 0.75 0.25 9 

10 0.375 0.375 0.25 6 
11 0.5 0.5 0 9 
12 0.75 0 0.25 6 
13 0.5 0.5 0 3 
14 1 0 0 3 
15 0.5 0.5 0 6 
16 0 1 0 3 
17 0 0.5 0.5 6 
18 0.25 0.25 0.5 9 
19 0 0.5 0.5 9 
20 0.25 0.25 0.5 6 
21 1 0 0 6 
22 0 0.5 0.5 3 
23 1 0 0 9 
24 0 1 0 6 
25 0.5 0 0.5 9 
26 0.5 0 0.5 3 
27 0.75 0 0.25 3 

 

6.2.4 Preparation of BPU Coated Urea Fertilizers (BPU) 

The biobased polyurethane formulations were synthesized by the reaction between isocyanate 

and the obtained 27 polyol mixture through DOE design as detailed in Table 6.1 with NCO/OH 
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equivalent ratio of 1:1. First, the DIOL and TRIOL were melted in an oven at 70 °C. Afterward, 

the KL, DIOL and TRIOL polyols were weighted according to the calculation based on equation 

1 and added slowly into the plastic beaker. The polyol mixture was thoroughly dispersed and 

mixed using a glass stirring rod for 5 min. The polyol mixture was allowed to cool down and 

then desired amount of pMDI (weighted as per equation 6.1) was added to the mixture of polyol 

and homogenized. 

𝑁𝑁𝑁𝑁𝑁𝑁
𝑁𝑁𝐻𝐻

= 𝑊𝑊𝑃𝑃−𝑀𝑀𝑀𝑀𝑀𝑀[𝑁𝑁𝑁𝑁𝑁𝑁]𝑃𝑃−𝑀𝑀𝑀𝑀𝑀𝑀
𝑊𝑊𝐾𝐾𝐾𝐾[𝑁𝑁𝐻𝐻]𝐾𝐾𝐾𝐾+𝑊𝑊𝑀𝑀𝑀𝑀𝐷𝐷𝐾𝐾[𝑁𝑁𝐻𝐻]𝑀𝑀𝑀𝑀𝐷𝐷𝐾𝐾+𝑊𝑊𝑇𝑇𝑇𝑇𝑀𝑀𝐷𝐷𝐾𝐾[𝑁𝑁𝐻𝐻]𝑇𝑇𝑇𝑇𝑀𝑀𝐷𝐷𝐾𝐾

                                                                       [6.1] 

The weight of the total coating material for each biobased PU formulation has been calculated 

based on the amount of urea prills and the coating percentages (3, 6, 9 %), as shown in equation 

6.2. 

Weight of Coating Material (g) = Weight of Urea Prills (g) × Coating percentage            [6.2] 

The layer-by-layer (LBL) technique formed the biobased polyurethane coating by dividing the 

coating formulation into two parts to help coat the urea surface more evenly. Subsequently, the 

required amount of urea granules (2.0 − 5.0 mm in diameter) were fed into the first part of coat-

ing formulations, where a layer BPU polymer coated it. Afterward, the coated granules were re-

moved from the plastic beaker and dried overnight at room air temperature. The second part of 

the BPU coating was achieved by immersing the single-coated dried urea fertilizer into the pre-

pared coating formulation (the procedure repeated as per the first BPU coating formulation). The 

mechanism of the urea granules coating is illustrated in Figure 6.1.  

Finally, 27 BPU-coated urea fertilizer samples were obtained having various compositions of the 

selected polyols with three different coating percentages. 
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(a) 
 
 
 

 
(b)        
 

 

Figure 6.1 Mechanism of Biobased polyurethane (a) formulation preparation and (b) Coating of 

Urea Fertilizer. 

6.2.5 Preparation of Biobased Polyurethane films by Solution Casting Method 

The solid films of 27 different BPU formulations were fabricated by the solution casting method 

by pouring the formulation onto disposable aluminum smooth-wall weighing dishes (diameter 

around 5.0 cm). The dishes were then placed into an incubator drying oven at room temperature 

for 24 h. After leaving it for a natural drying and allowing it to be crosslinked, the dried films 

were then peeled off from the aluminum dish to obtain the required casting films. The casted 

films were then characterized by FTIR analysis to investigate their crosslinking during the solidi-

fying process.  

6.2.5.1 Fourier Transform Infrared (FTIR) Spectroscopy 

The prepared biobased polyurethane films were scanned over a wavenumber range of 4000 cm-1 

− 400 cm-1 at a resolution of 4 cm-1 with 64 scans by Nicolet 6700 FTIR spectrophotometer 

(Thermo Fisher Scientific Instrument., USA) using an attenuated total reflectance (ATR) mode. 

Before every sampling, background scanning was performed for correction. The FTIR spectra 

1st layer of BPU 2nd layer of BPU 
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were obtained using OMNIC Version 7.3 software. The FTIR measurements were used to ob-

serve the nature of functional groups that are formed during the curing of polyurethanes. 

6.2.6 Surface Morphology by Scanning Electron Microscopy (SEM) 

The particle surface and cross-section of the biobased polyurethanes (BPU) coated, and uncoated 

urea granules were examined with Zeiss EVO50 (Carl Zeiss Microscopy, NY, USA). The coated 

and uncoated urea granules were cut in the middle to acquire the cross-section. For analysis, the 

samples were mounted on the aluminum stubs using double-sided carbon tape and then sputtered 

with gold using an EMR Q150R sputter coating device before observation. 

6.2.6.1 Determination of Average Crushing Strength Analysis of BPU-coated Fertilizer 

The mechanical strength of fertilizer granules was determined by the measurements of the crush-

ing strength. In measuring the crushing strength, the pressure was applied in a radial direction by 

a flat end rod to individual fertilizer granules placed on the mounted flat surface using an Instron 

5565 Universal Testing Machine (Bluehill, Instron, MA, USA) equipped with a 10 kN load cell. 

A crosshead speed was 10.00 mm/min. Twenty-one granules of a diameter ranging from 2.0 to 

5.0 mm were randomly selected for each formulation of the BPU-coated fertilizers. 

The crushing strength is calculated according to equation 6.3. 

 

Crushing Strength = 𝐹𝐹𝑚𝑚𝑡𝑡𝑚𝑚
𝜋𝜋𝐷𝐷2

                                                                                          [6.3] 

where, Fmax (N) is the load at which the fertilizer granule was crushed, and D (mm) is the diame-

ter of the fertilizer granule. The final crushing strength value is expressed in units of MPa. 
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6.2.7 Urea Release from the BPU Coated Fertilizer in Distilled Water as a Function of 

Time 

Briefly, 10 g of each BPU coated urea fertilizer were placed in conditioned glass bottles, and 200 

mL of deionized water was added. The amount of urea released from each coated fertilizer at 1, 

3, 5, 7, 14, and 28 days was measured to analyze the release profile of urea in distilled water. The 

urea concentration values were measured using Digital Pocket Refractometer Atago PAL-Urea 

(Tokyo, Japan). Aliquots of 0.5 mL were taken out from each bottle at a predetermined time and 

placed on the prism surface, and the urea percentage was recorded in approximately 3 sec. The 

system volume was kept constant by adding the measured aliquot on the prism back to the re-

lease medium. The urea refractometer was calibrated throughout the experiment before each 

measurement by recording a 0 % urea value for the distilled water. The urea release experiments 

for each BPU coated fertilizer were performed in triplicate, and the average value was reported. 

For comparison analysis, urea release in water from uncoated urea fertilizer was also determined. 

6.2.8 Experimental Field Studies 

To study the controlled-release behavior, the BPU/PU-coated urea fertilizers were applied to the 

field studies. The experimental field studies were conducted at the Auburn University Turfgrass 

Research Unit (TGRU) in Auburn, Alabama. The studies were carried out on a Marvyn Loamy 

Sand soil type. Perennial Ryegrass (cultivar 'Express II' DLF seed company) was used as plant-

ing material for all the experiments. Overall, two research experiments were performed as fol-

lows. 
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6.2.8.1 Percent Nitrogen Release Experiment 

Based on the previous urea release study results, thirteen BPU/PU-coated urea fertilizers (as de-

picted in Table 6.1) were selected to investigate the nitrogen release rate in the soil environment 

by the buried bag method, according to the literature.36,37 The known weight of coated urea prills 

was placed into the 5 cm × 4 cm polypropylene bag with a mesh size of 1.2 mm2. The bags were 

sealed to avoid prills loss. Each coated fertilizer sample bag was then buried approximately 6 cm 

below the soil surface, ensuring soil/prill contact. The bag with coated CRF granules per repli-

cate was taken out at selected time points (weeks 1, 2, 3, 5, 8, 11, 14) and then, rinsed with dis-

tilled water to remove the soil attached to the coating material. The bags were then dried at room 

temperature and weighed to measure the total N loss by weight. Throughout the experiment, 

mesh bags and the prills samples are weighted to track the nutrient loss over time. All of the 

above experiments were carried out in triplicate.   

The nitrogen release (% NR) was calculated out of the percentage of weight loss using the fol-

lowing equation 6.4.37 

%𝑁𝑁𝑁𝑁𝑤𝑤 = �1 − �𝐹𝐹𝑠𝑠−𝐹𝐹𝑐𝑐
𝐹𝐹𝑖𝑖−𝐹𝐹𝑐𝑐

�� ∗ 100                                                                                                   [6.4]   

Where Fs is the weight of the polymer-coated coated urea (PCU) on the sampling date, Fc is the 

weight of the polymer coating in grams, Fi is the initial amount of polymer-coated urea in the 

sample, and % NRw is the percentage of N release by weight. 
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6.2.8.2 Greenhouse Pot Experiment 

This greenhouse experiment was conducted to assess the performance of BPU/PU-coated urea 

fertilizers on plant growth and to validate the results of the previous N-release study. Four 

BPU/PU-coated fertilizers were selected based on the previous study. The dry marvyn loamy soil 

was first placed into each pot (6.0 inches in diameter) with drainage holes to improve the aera-

tion and promote more oxygen supply to the root system. Each pot was sown evenly over the soil 

surface with ryegrass seeds at a rate of 30 pounds/Acre on November 8th, 2021. All the pots were 

fertilized at a rate of 60 pounds/Acre, and ryegrasses were allowed to germinate. The plant 

growth was measured in terms of the plants' dry weight and was evaluated at a specified interval 

(Days 7, 11, 21, 38, 45, 63, 70, 80) a week after germination. The total aboveground growth of 

the ryegrass was clipped by leaving 2 inches for the remaining growth, and clipping was harvest-

ed from each pot. The dry weights of the clippings were measured after drying in an oven for 

plant growth analysis. Five pots were used for each BPU/PU-coated urea fertilizer (Run 11, Run 

18, Run 19, Run 25), along with uncoated urea and commercial PU fertilizer (Duration 90). 

6.3 Results and Discussion 

6.3.1 Lignin Structural Analysis by 31P NMR  

31P NMR analysis is the most recognized method used for the quantitative analysis of the various 

hydroxyl groups (aliphatic, phenolic, and acidic) within the lignin macromolecule.38 The OH 

content was determined after phosphitylation of hydroxyl moieties present in the lignin with 31P 

reagent (TMDP) followed by peak integration using NHND (152.80−151.0 ppm) as an internal 

standard.39 Herein, kraft lignin (Indulin AT) was characterized by 31P NMR to gain a detailed 

analysis of hydroxyl functionalities which is used as input material (polyol) in the next step, 
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where BPU is synthesized. The resultant 31P NMR spectra are presented in Figure 6.2. The spec-

tra showed distinct signals in the region between 150.0−145.0 ppm (Figure 6.2), which originat-

ed from the aliphatic hydroxyl groups mainly located in the side chains of lignin. For phenolic 

hydroxyl groups, the signals appeared between 144.70−137.30 ppm (Figure 6.2) with different 

units of C5−OH, G−OH, p−OH, and C−OH at 144.70−140.20, 140.20−139.0, 139.0−138.20, 

138.20−137.30 ppm, respectively. A close examination of 31P NMR data reveals that total phe-

nolic −OH (2.20 mmol/g) is significantly higher than the aliphatic −OH (1.78 mmol/g), likely as-

sociated with the botanical origin (softwood) and lignin extraction (kraft biorefinery) process. 

Additionally, the signals of the acidic −OH groups were located in the range of 136.60−133.60 

ppm (Figure 6.2) with −OH groups of 1.12 mmol/g. These results agree with the documented ob-

servation for similar lignin types.40–42 

Overall, the total hydroxyl groups of 4.68 mmol/g were observed. Hence, we believe it will be 

promising to explore the functionality of lignin as a polyol for the development of biobased pol-

yurethane. 

 

Figure 6.2 31P NMR spectra and signal assignments of lignin 
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6.3.2 BPU/PU Resin Synthesis and Characterization by FTIR 

The results obtained from the quantification of −OH groups (total OH content: 4.68 mmol/g) 

were used to determine the mass content of lignin for all the obtained equivalent molar ratios 

presented in Table 6.1. The commercial polyols such as DIOL and TRIOL used in this study 

have hydroxyl functionalities of 2 and 3, respectively. Stoichiometric calculations were per-

formed. Further, the BPU/PU films were prepared by reacting polyols (−OH of lignin, DIOL, 

and TRIOL) with the isocyanates (N=C=O of polymeric MDI) at an equivalent molar ratio of 

[NCO]/[OH] of 1:1 as described in the Experimental Section. During experimentation, each for-

mulated film was undergone a curing process under ambient conditions. To investigate the chem-

ical changes in the structure, the FTIR analysis was performed before and after curing. The FTIR 

spectra (Figure 6.3a) show a strong absorption band at 2250 − 2270 cm-1, which corresponds to 

the stretching vibration of the N=C=O bond in the p-MDI. However, this signal (2250 − 2270 

cm-1) becomes less intense or almost disappears in Figure 6.3b, indicating the consumption of the 

isocyanate group during the formation of the urethane bond in the reaction with the hydroxyl 

group of polyols to yield crosslinked BPU/PU material. The formation of urethane linkages can 

be confirmed via the appearance of a shoulder peak at 3305 cm-1 attributed to N−H and others re-

lated to the C=O stretching vibration of amide linkage(−CO−NH−) at 1600 cm-1. Whereas while 

curing, the signals attributed to the Indulin AT basic lignin structure, which was reported in pre-

vious publications,43 remain practically unvaried, indicating the stability of the macromolecular 

system of lignin. 



200 

 

 

 

Figure 6.3 FTIR spectra of the BPU/PU films (a) before curing (b) after curing 
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6.3.3 Morphologies of BPU/PU Coated Urea Fertilizer 

The surface morphologies of the BPU/PU coated urea granules were obtained using the SEM 

method, as shown in Figure 6.4A−J, which presents cross-sections of coated granules and cross-

sections of the coated shells, and the whole surface of coated granules. The cross-sectional SEM 

images of BPU-coated urea granules (Figure 6.4A) clearly showed a formation of a homogenous, 

cohesive polymer film adhered around the surface of the fertilizer core. Similarly, the SEM anal-

ysis of commercial PU-coated urea (Figure 6.4B) was performed to compare the surface mor-

phology. Additionally, the inner surface of the coating shells (Figure 6.4C−D) which is recov-

ered after the nutrient release study showed a regular, dense, and compact structure, suggesting 

that the coating layer served as an effective barrier through the controlled diffusion rate of water 

into the core and nitrogen outside the core with no mechanical damage. 

Furthermore, the outer surface of whole coating shells (Figure 6.4E, G, and I) was examined to 

analyze the coating material, which showed a roughed surface with different-sized protrusions. 

While the magnified SEM images of the respective coating shells (Figure 6.4F, H, J, respective-

ly) appeared to be smooth with uncracked pine holes. The smooth surface can help to decrease 

the contact area between the fertilizer surface and coating material and improves the coating 

membrane structure. 

  
 

A 
200 µm 

B 
200 µm 
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Figure 6.4 SEM images of BPU/PU-coated urea granules: (A) cross section of 3%_0.25-L_0.25-

D_0.5-T (Run 18) (B) cross-section of Duration CR (commercial PU coated urea granule) (C) 

the inner surface of 3%_0.25-L_0.25-D_0.5-T (Run 18) coating shell (D) the inner surface of 

Duration CR coating shell (E) and (F) whole surface of 3%_0.25-L_0.25-D_0.5-T (Run 18) (G) 

and (H) whole surface of 6%_0.25-L_0.25-D_0.5-T (Run 18) (I) and (J) whole surface of 

9%_0.25-L_0.25-D_0.5-T (Run 18). 

6.3.4 Mechanical Strength of the BPU/PU coated urea 

The fertilizer granules are required to have mechanical strength to ensure that it is capable of 

withstanding physical handling during storage and transportation throughout the supply chain 

without fracture.44 As in the agriculture field, the usage of powdered urea is inevitable. The me-

chanical strength can be characterized by measuring the crushing strength by applying pressure 

to individually coated granules. The magnitude of maximum force where the granule disintegrat-

ed was recorded for calculating crushing strength as per equation 6.3. The crushing strength re-

sults of developed BPU/PU-coated fertilizers are presented in Figure 6.5. In our experiments, the 

uncoated urea prills (control) and commercial PU-coated urea (Duration CR) were crushed at 

1.31 ± 0.184 and 1.79 ± 0.290 MPa strength, respectively. Compared with the control, all the 

BPU/PU-coated urea fertilizers showed higher resistance toward the crushing force (Figure 6.5). 

I 200 µm          J 20 µm 
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This observation corresponds to the ability of the coating material to penetrate the particle. It fa-

cilitates the adhesion of material inside the fertilizer particle, which helps in improved resistance 

to deformed under pressure. Another reason for the improved particle strength could be the coat-

ing formulation's increased flexibility and ductile properties. 

It can be observed that the presence of all three polyols (lignin, DIOL, and TRIOL) in the coat-

ing material was found to improve the crushing strength, and this increase showed a linear coat-

ing thickness dependence, owing to their important roles in structural characteristics of coated 

urea. For example, the crushing force reached 2.39 ± 0.596 MPa in fertilizer coated with an 

equivalent ratio of 0.25-L_0.25-D_0.5-T (Run 18) polyol formulation. This behavior could be at-

tributed to the high concentration of TRIOL that enhanced crosslinking, and the equal amount of 

lignin and DIOL in the structure improved the integrity of the PU film.  
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Figure 6.5 Crushing strength of developed BPU/PU coated urea fertilizers. The bar heights rep-

resent means, and error bars represent ±SE. 

6.3.5 Urea Release Behavior of BPU/PU-coated Fertilizer in Water 

The principal property of the coated controlled-release fertilizers (CRFs) is the sustained nutrient 

release performance. So, to understand the urea release profile in deionized water, the percentage 

of released urea against time (Days) was determined and presented in Figure 6.6a−k for BPU/PU 

coated urea, uncoated urea, and commercial CRFs. The rapid release of urea was observed in the 

case of uncoated urea fertilizer, as it dissolves immediately after exposure to water (Figure 6.6i). 

On the other hand, the release of urea showed a typical sustained release plateau curve for the 

developed BPU/PU coated and commercial CRFs (Figure 6.6a−I and Figure 6.6k). It could be 

seen that the coating material protected fertilizer release against rapid urea release, with an initial 

burst of less than 20% after day 1. 
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Further, the developed coated fertilizers (27 coated fertilizers) were grouped as shown in Figure 

6.6 (Figure 6.6a−c, Figure 6.6d−f, and Figure 6.6g−i) based on the different polyol formulations 

and coating percentages (Table 6.1) to evaluate and compare the release performance. In the case 

of Figure 6.6c, the urea release raised with the increasing proportion of DIOL, a decreasing pro-

portion of TRIOL, and no lignin content for the granules covered by 3% coating material, 

whereas granules coated with 3% and 6% material (Figure 6.6a and 6.6b) showed inverse trend 

after the day one release. The analysis reason might be that when the proportion of DIOL in-

creases, the swelling of the coating material occurs, which affects the integrity of polyurethane 

coating and, ultimately, release performance. All the coated fertilizers developed from the polyol 

formulation of 0.25-L_0.25-D_0.5-T and 0.375-L_0.375-D_0.25-T slowed down the urea release 

compared to that of other coated urea, as seen in (Figure 6.6d−f), which is related to the presence 

of significant proportion of various hydroxyl (−OH) groups to react with the p-MDI leading to a 

large number of hydrogen bonding in polyurethane formation, resulted in an increase in release 

performance. Also, in Figure 6.6d−f when the proportion of lignin and DIOL increases with low-

ering TRIOL it lowers the urea release. It is noted that the cumulative urea release appears higher 

in the case of fertilizers coated with polyurethane with no content of DIOL as shown in Figure 

6.6g−i. Throughout the experiment, the release characteristic of coated urea is in line with the in-

creasing coating percentage. Overall, it was found that the 0.25-L_0.25-D_0.5-T (Run 18) polyol 

formulation is a good candidate for fertilizer coating. The urea release of all the coated fertilizers 

was over 90% and reached the equilibrium stage when the incubation time reached 28 days.  

The nutrient release in water and nutrient release in the soil are quite different since the release 

rate depends on the medium used.12 Also, the agricultural field application of the urea would not 
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generally involve their complete immersion in water; hence the field experiments are studied and 

discussed in the following sections. 

 

 

 

 
Figure 6.6 Cumulative urea release of all developed BPU/PU coated fertilizers, urea, and com-

mercial CRF (Duration CR®) in water. The data points on the release curves are the means of 

three measurements, and error bars represent ±SE. 
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6.3.6 Nitrogen Release Behavior of BPU/PU-coated Fertilizer in Soil 

The practical usage of controlled-release fertilizers (CRFs) in agriculture involves their burial 

application in the natural soil.2 Nitrogen release behaviors of the developed BPU/PU-coated, un-

coated urea, and commercial fertilizers were studied, and the plots of the amount of nitrogen re-

lease (Percent N Release) against time (Week after Start) are illustrated in Figure 6.7a−f. The ni-

trogen release profile for urea was not presented here because observation from our experiment 

(Figure 6.7i) showed that uncoated urea would readily dissolve in water after being added to the 

soil (soil solution). Therefore, developed BPU/PU coating materials were used as a physical bar-

rier to decrease the dissolution of urea. From the experimental results (Figure 6.7a−f), it is clear 

that the nutrient release reduces in coated urea, this is mainly due to the coating layer that would 

slowly absorb the water in the soil and get swollen after being added into soil, and then N nutri-

ent would release slowly into the soil through diffusion. The results for fertilizer coated with 

0.25-L_0.25-D_0.5-T formulations (Figure 6.7a) indicate that the increasing film percentage 

(from 3% to 9%) could reduce the release of N nutrients, it is because the thicker layer is formed 

with high coating percentage on the fertilizer surface, which lock the hydrophilic urea inside and 

preventing the quicker release of nutrients through the coating. According to the results, the re-

lease behavior of the fertilizer coated with 0.375-L_0.375-D_0.25-T formulations (Figure 6.7b) 

is similar to Figure 6.7a. The reason may be that those formulations prepared with various func-

tional polyols (Lignin, DIOL, and TRIOL) provide functionality (as discussed in Figure 6.6) and 

helps in making flexible and mechanically strong coating, as observed in Figure 6.5, and hence 

contribute to increasing release performance. The blending of lignin with TRIOL (equal propor-

tions) in the absence of DIOL (0.5-L_0-D_0.5-T) might have reduced the release rate initially 

(Figure 6.7c). Still, it is not consistent over the period linked with the film percentage increase. 
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Similarly, 0.75-L_0-D_0.25-T formulation coated fertilizers (Figure 6.7d) showed rapid release 

of nitrogen within week one for all coating percentages (3, 6, and 9%), and N released remained 

the same throughout 14 weeks. This is most likely due to the absence of the DIOL, which occu-

pies the intramolecular space between polymer chains, increases the free volume, and hence in-

duces the swelling of coating material. The observed phenomena are in accordance with the lit-

erature work.45 therefore, Figure 6.7c and Figure 6.7d show the importance of DIOL in con-

trolled-release coating formulations. The N-release performance of the fertilizers coated with the 

formulations (0-L_0.5-D_0.5-T) could be affected by the absence of lignin, as shown in Figure 

6.7e.  

In summary, the results of N nutrient suggested that the fertilizers coated with 0.25-L_0.25-

D_0.5-T and 0.375-L_0.375-D_0.25-T with 9% coating percentage and the commercial CRF 

have good release profile and reached to the requirement of controlled-release fertilizer.46 Con-

sidering the total amount of N released in the tested timeframe, we anticipated that the remaining 

percentage of the total N in the coated fertilizer would eventually be released in the soil.  

In the next step, a greenhouse pot experiment was conducted to investigate the efficiency of the 

developed coated fertilizers on plant growth in the soil. 
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Figure 6.7 Percent nitrogen release from developed BPU/PU formulations of (a) 0.25-L_0.25-

D_0.5-T (b) 0.375-L_0.375-D_0.25-T (c) 0.5-L_0-D_0.5-T (d) 0.75-L_0-D_0.25-T with 3%, 6% 

and 9% coating percentage, (e) 0-L_0.5-D_0.5-T at 3% coating percentage and (f) commercial 

CRF (Duration CR®) in soil. The data points on the release curves are the means of three meas-

urements, and error bars represent ±SE. 

6.3.7 Plant Growth Response of BPU/PU-coated Fertilizers 

The greenhouse pot experiment was conducted for ryegrass to examine the effectiveness of the 

coated urea on plant growth. The investigation employed developed BPU/PU-coated urea, un-

coated urea, and commercial CRFs as described in Experimental Section. The plant growth re-



211 

 

sponse was collected by clipping aboveground biomass and was expressed in cumulative plant 

growth (Dry weight or matter: g/plant), as shown in Figure 6.8. The dry matter yield is associat-

ed with the nitrogen supply from fertilizers. In plants' growing stages, the demand for N nutrients 

is stable and continuous.21 Our results show that the fertilizer coated with 0.5-L_0-D_0.5-T (Run 

25) formulation had significantly greater clipping weight than the other coated and noncoated 

fertilizers in the first 11 days of growth. In the early growing stage, plants absorb more available 

N, and coated fertilizer of 0.5-L_0-D_0.5-T (Run 25) formulation released 36−39% of nitrogen, 

as reported in Figure 6.6c, which fulfills the plant needs. From then on, the weight decreased rel-

ative to the other coated and noncoated fertilizers. The urea granules coated with developed 0.5-

L_0.5-D_0-T (Run 11), 0.25-L_0.25-D_0.5-T (Run 18), 0-L_0.5-D_0.5-T (Run 19) formulations 

provided enough nitrogen nutrient throughout the growing period of ryegrass to improve the 

plant growth, which could be attributed to the effectiveness of coating material, that provided 

sustained release of N as shown in Figure 6.5a. However, the noncoated urea-treated pots 

showed less growth in the early stage due to the rapid hydrolysis of urea in soil. Later, the high 

availability of N nutrients in the soil provided enough nutrients over the growing cycle. That's 

another reason for noncoated urea showing high growth in the later stage (21 days after planting) 

since the content of inorganic N in the soil for coated fertilizer was lower than noncoated urea as 

coated fertilizer releases their nutrients at a slower rate. The exact mechanism was observed pre-

viously for urea and coated fertilizers.47,48 

The N nutrient uptake reflected in plant growth over the entire growing season tended more for 

coated fertilizer than uncoated fertilizer. Compared to our developed CRFs, the commercial 

coated fertilizer applied pot showed superior results in aboveground growths. 
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Overall, our results provide a positive step for the preparation and development of BPU/PU for-

mulations based on controlled release fertilizers that can promote nutrients while reducing mi-

croplastic accumulation in the soil system. 

 

Figure 6.8 Plant growth response of developed BPU/PU formulations coated fertilizers of 0.5-

L_0.5-D_0-T (Run 11), 0.25-L_0.25-D_0.5-T (Run 18), 0-L_0.5-D_0.5-T (Run 19), 0-L_0.5-

D_0.5-T (Run 25), Commercial CRF (Duration CR®) and noncoated urea fertilizers in the soil. 

The data points on the release curves are the means of three measurements, and error bars repre-

sent ±SE. 

6.4 Conclusions 

This study shows the great interest in developing biobased controlled-release fertilizers based on 

lignin to promote the efficient use of fertilizers for sustainable agriculture. A series of BPU/PU-
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coated fertilizers with three different coating percentages (3, 6, and 9%) were successfully fabri-

cated using the formulation derived from the DOE. The chemical structure of the synthesized 

BPU/PU resin was confirmed by the FTIR, which recorded the presence of urethane linkages and 

consumption of isocyanate groups. SEM revealed the coated fertilizers' morphology, which 

showed good adhesion between the surface of fertilizer particles and coating materials. Moreo-

ver, the developed BPU/PU coated fertilizers demonstrated relatively high crushing strength, en-

suring that coated particles would maintain their integrity during practical use and transportation. 

Coated fertilizers' nutrient release behavior was tested in water and soil media. The results 

demonstrated that the developed BPU/PU-coated fertilizers have a controlled release profile. Us-

ing the output from the release profile experimental data, it can be concluded that 0.25-L_0.25-

D_0.5-T and 0.375-L_0.375-D_0.25-T proportions would be desirable for fertilizer coating for-

mulations. In addition, the pot experimental results showed that the developed coated fertilizers 

could provide nutrients to plants at different growing stages. The developed BPU/PU coated fer-

tilizers' release behavior was significantly affected by the different coating formulations, per-

centage of the coating material, and release medium. It was experimentally confirmed that the 

developed fertilizers have many advantages over commercial CRFs used in this study, including 

being environmentally friendly, similarly nutrient release performance, and renewable. This 

study offers a sustainable approach to using lignin biomacromolecule to design and develop con-

trolled-release fertilizer with desired nutrient-release properties. 
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7 Chapter 7  

General Conclusions 

 

The primary stimulus of this dissertation is the growing interest in utilizing potentially sustaina-

ble and less hazardous building blocks for synthesizing polymeric resins. The biorefinery ap-

proach permits the production of value-added biobased materials and chemicals through the con-

version of biomass feedstock. Inspired by structural chemistry, lignocellulosic biomass (both 

woody and waste biomass) consists of polysaccharides, and lignin is a prime candidate for biore-

finery. Four types of biorefinery-derived biomass were chosen as monomers to synthesize bi-

obased polymeric resins, which include lignin recovered from kraft biorefinery (L-KB), bio-oil 

prepared from laboratory-scale solvent liquefaction of lignin (BO-SL/L), bio-oil produced from 

fast pyrolysis of pinewood (BO-FP/PW) and bio-oil synthesized from hydrothermal liquefaction 

(HTL) of municipal sewage sludge (MSS-Bio-oil). The molecular characterization of L-KB, BO-

SL/L, BO-FP/PW, and MSS-Bio-oil showed that they contain various reactive groups (hydroxyl 

groups) whose relative chemistry is applicable in synthesizing biobased polymeric resins. The 

resulting polymeric resins have potential practical applications as wood adhesive, resin for 3D 

printing of structural materials, and functional coating material for controlled-release fertilizers. 

In chapter 2, the biobased novolac phenol-formaldehyde (NPF) resin adhesives were successfully 

developed by substituting 50% (w/w) of petroleum-based phenol with lignin derived from kraft 

biorefinery (L-KB), bio-oils prepared from laboratory-scale solvent liquefaction of lignin (BO-

SL/L) and fast pyrolysis of pinewood (BO-FP/PW), respectively. For comparison purposes, the 

commercially available NPF resin was duplicated in the lab. The dry adhesion performance of 

the lignin-derived NPF resin was higher than the lab-made commercially available NPF resin. 
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The highest adhesion strength corresponds to the polyphenolic structure of lignin, which im-

proves reactivity. Therefore, lignin derived from kraft biorefinery can be effectively used to re-

place phenol in NPF resin for adhesive applications in the wood industry, reducing the detri-

mental effect of phenol. 

In chapter 3, the simultaneous partial replacement of both petroleum-based phenol and formal-

dehyde with unmodified kraft biorefinery lignin and modified kraft biorefinery lignin, respec-

tively, have been performed for producing sustainable adhesives with less toxicity. The periodate 

oxidation process has obtained the modified lignin structure, which utilizes sodium periodate 

(NaIO4) as an oxidizing agent. The NaIO4 oxidized the hydroxyl groups present in the interunit 

linkages of the lignin structure to aldehyde groups and converted lignin partly to a quinone. The 

oxidized structure was validated by FTIR, elemental analysis, solid-state 1H−13C 2D HETCOR 

NMR, and aldehyde content analysis. The partial replacement of formaldehyde by oxidized lig-

nin demonstrated adhesion strength (2.42 MPa) comparable to the lab-made commercially avail-

able NPF resin. This work opened up a new way to use lignin biomass to synthesize biobased 

adhesives. 

Chapter 4 uses bio-oils derived from hydrothermal liquefaction (HTL) of municipal sewage 

sludge (MSS-Bio-oil) as a functional reactive filler for pMDI wood adhesive formulation. The 

addition of MSS-Bio-oil in pMDI wood adhesives showed a great potential to reduce the usage 

of the petroleum-derived pMDI while lowering the cost of maintaining good bonding perfor-

mance. The bio-oil prepared under the nitrogen atmosphere with no catalyst (MSS-Bio-oil_N) 

was found to be an excellent filling material to enhance the adhesion performance of pMDI by 

forming robust interphase between the wood substrates which improves the mechanical strength 
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of wood joints. The MSS-Bio-oil has shown the key component for pMDI adhesives and ex-

panded their application in the wood industry. 

In chapter 5, the curing behavior of bio-based novolacs phenol-formaldehyde (BNPF) resin cued 

with hexamethylenetetramine (HMTA) curing agent has been studied using the non-isothermal 

differential scanning calorimetry (DSC) scan method. The thermal curing kinetics were studied 

through model-fitting approaches. According to the model-fitting analysis, the BNPF resin sys-

tems were found to undergo different curing reaction mechanisms, that is, nth-other and auto-

catalytic model, combined known as the Kamal model, which showed a good agreement with the 

experimental curves. The obtained curing kinetic information of BNPF resin could guide the cur-

ing process and make the actual operation of the 3D printing process more convenient and flexi-

ble.  

In chapter 6, this study provides a sustainable approach to utilizing kraft biorefinery lignin in 

preparation of coating material for controlled and prolonged release of nutrients. At a fixed 

NCO/OH ratio (1:1), a series of biobased polyurethanes were prepared for coating urea prills 

from the polyaddition reaction between three polyols (lignin, DIOL, and TRIOL) and isocyanate 

(p-MDI). The mechanical property (crushing strength) of fertilizers granules coated with bi-

obased polyurethane is significantly better than the uncoated fertilizer. The coated and uncoated 

fertilizers' nutrient release behavior was tested in water and soil media, which reveals that the 

developed BPU/PU-coated fertilizers have a controlled release profile. This study offers a refer-

ence for developing sustainable controlled-release fertilizers using lignin biomacromolecules. 
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Overall, the fundamental knowledge gained from this study allows us to understand better the 

crucial role of biorefinery-derived biomass in the preparation of biobased polymeric resins for 

application in wood adhesives, resin for 3D printing of structural materials, and functional coat-

ing material for controlled-release fertilizers.  
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