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Polyurethane (PU) is a versatile material that finds extensive use in various 

industries including bedding, construction, automotive, and packaging. Historically, this 

particular polymer relied significantly on petrochemical resources, a practice that was 

considered to have negative environmental impacts. The conventional method for 

preparing PU involves the use of isocyanate, which is a disadvantage due to its negative 

impact on the environment and human health. The resolution of this problem entails 

identifying an appropriate substitute for petroleum-derived products that minimize their 

impact on both the environment and human health. Researchers earlier utilized soybean oil 

for the formulation of PUs in this replacement [1]. Hence, researchers are consistently 

conducting experiments on non-isocyanate polyurethane (NIPU). 

This study focuses on the preparation of non-isocyanate polyurethane for use as a 

wood adhesive. The process involved epoxidation, followed by carbonation, to produce 

carbonated soybean oil. The synthesized carbonated soybean oil (CSBO) was then blended 

with ethylenediamine (EDA) to produce a NIPU adhesive network. To analyze the 

synthesized CSBO, various confirmatory tests such as Fourier transform infrared 

spectroscopy (FT-IR), gel permeation chromatography (GPC), viscosity, iodine value, and 

epoxy value were conducted. The synthesized NIPU adhesive was characterized using 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). 

Furthermore, to investigate improvements in the thermal and mechanical characteristics of 
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the green polyurethane glue, silicon (Si) nanoparticles were included as a filler, with 

different particle sizes of about 100 nm, 200-300 nm, and 500 nm. In addition, to 

investigate the tensile strength of the NIPU adhesive, a single lap joint specimen was 

subjected to testing using a tensile testing instrument. To cure the specimen, a manual 

clamping technique was used, and specimens were then kept in the oven at various 

temperatures and times to achieve the ideal sample for further testing with fillers. With the 

control NIPU sample, 8.81 MPa of shear strength was recorded. As expected, after 

incorporating fillers in NIPU adhesive, the highest shear strength was achieved at 9.85 

MPa. Apart from this, a contact angle test was also performed to observe the 

hydrophobicity of the sample. This work brought a facile path to produce NIPU adhesive 

from soybean oil which could be further used as a wood adhesive. 
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CHAPTER I 

 

 

INTRODUCTION 
 

 

1.1.  Chemistry of polyurethanes 

Polyurethanes (PUs) are polymeric materials that have repeating urethane linkage 

[NH–C(O)–O ] [2]. PU is considered a highly versatile polymer due to its ability to be 

synthesized using a diverse range of starting materials. Due to their capacity to meet 

demands ranging from physical behavior to chemical properties, from innovative 

applications to sustainability, PUs are essential in a wide range of sectors. The first PU was 

developed by Otto Bayer and collaborators in 1937, through the reaction of diol and 

diisocyanate from a polycondensation reaction [3]. In 1952, after undergoing certain 

improvements, it was possible to achieve an industrial manufacturing scale. The advances 

in polyurethane technology and the incorporation of polyurethane into daily life have raised 

the standard of living globally. 

PU has found widespread application in the adhesive, paint, flexible/rigid foams, 

biomedical, automotive, and aerospace sectors, amongst other applications [4]. The 

versatility of PU can be understood from the fact that it is employed both in thermosets and 

thermoplastic forms in industry [5]. With a global market of 67.13 billion USD in 2022 and 

estimated to reach 105.2 billion USD by 2025, PU was the sixth most produced polymer 

in the world [6]. PUs may be acquired using simple methods that involve a polyaddition 
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reaction between a precursor material having multiple hydroxyl groups, such as diol or 

polyol (–OH), and a polyisocyanate (–NCO), resulting in the formation of a urethane bond 

as shown in Figure 1 [7]. 

Figure 2: Reaction between diisocyanate and polyol 

 

Traditionally, PUs have been produced using components derived from petrochemical 

sources like crude oil. The excessive use of non-renewable resources employed for the 

manufacturing of PUs combined with extremely toxic and volatile isocyanates such as 

toluene diisocyanate (TDI) and methylene diphenyl diisocyanate (MDI) which are 

classified as CMR (Carcinogenic, Mutagenic and Reprotoxic) has  proved hazardous to the 

environment and human health [8], [9]. Another reason is that the production of isocyanate 

involves the phosgene gas which is known to be very toxic and harmful [4]. Because of 

this, it is essential to develop innovative strategies that will reduce  negative  environmental 

effects while making use of commercially viable components without compromising the 

qualities of the polymer [10]. To resolve these concerns, scientists and researchers over the 

past few years have focused on finding a suitable alternative to petroleum-based PUs which 

has been raising environmental concerns over the years. Preparing a synthesis procedure 

through a non-isocyanate route can be considered a novel approach.  
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To overcome these challenges, significant progress has been made in the production of 

polyols from bio-renewable sources, including rapeseed oil [11], canola oil [12], sunflower 

oil [13], corn oil [14], soybean oil [15] and other examples found throughout the literature 

[16], [17]. As a result, a new age of non-isocyanate-based PU (NIPU) came into the 

limelight. NIPU can be prepared by reacting cyclic carbonates with amines [1]. 

 

1.2.  Applications of polyurethanes 

PUs are a highly notable category of industrial polymers that currently hold a 

prominent position in the global market, experiencing rapid growth. Outstanding chemical 

resistance, durability, and toughness are some of the key advantages of the PUs. PUs are 

extensively used in various fields of polymer applications, including but not limited to 

foams, elastomers, thermoplastics, thermosetting materials, adhesives, coatings, sealants, 

and fibers. Currently, PUs possesses a substantial portion of the plastic industry's market 

share, particularly in the field of coatings, adhesives, sealants, and elastomers (CASE) [18]. 

Other than CASE industries, PUs has a huge range of applications in the aerospace, 

automotive, and biomedical sectors. PUs recorded an annual global production of 18 metric 

tons in 2016 [4] which makes this compatible and one of the most used polymers. Despite 

being a firmly established industry, the extensive utilization of non-renewable resources in 

the production of PUs has resulted in increasing environmental concerns over time. To 

resolve this concern, researchers are investigating innovative approaches without affecting 

the properties of the polymer. Due to their enormous properties, PUs have been utilized in 

a variety of commercial applications. 
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1.3.  Types of polyurethanes 

There are various varieties of polyurethanes based on their synthesized pathway, 

chemical structure, and applications. There are five types of PUs displayed in Figure 2 that 

are utilized on a global scale, which are as follows: rigid PU,  flexible PU, thermoplastic 

PU, polyurethane ionomers (PUI), and waterborne PU (WBPU). Rigid PU is mostly 

produced to make foams and is widely acknowledged for its versatility and energy-efficient 

capabilities as an insulation materials. On the one hand, these foams possess the inherent 

capacity to significantly reduce energy expenditures, while on the other hand, they exhibit 

the capability to improve the comfort and efficacy of both commercial and residential 

appliances [19]. Thermal and sound insulators are some of the best examples. 

 

Figure 2: Types of polyurethanes with their applications. Adopted with permission [19], 

Copyright 2016, Royal Society of Chemistry 

 

Flexible polyurethane (FPU) foams consist of block copolymers that exhibit 

flexibility because of the soft and hard segments' phase separations [20]. Flexible PUs may 

be categorized according to certain physical features, such as density, toughness, tearing 
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resistance, combustibility, surface elasticity, etc., wherein an array of these qualities may 

ensure good flexibility in the PU compound [19]. Flexible PU foams are extensively 

utilized as cushion materials in various commercial applications encompassing bedding, 

furniture, car seats, packaging, and nanocomposites [19]. Thermoplastic polyurethanes 

(TPUs) exhibit a wide range of physical characteristics and find extensive utility in many 

processing applications. Generally, TPUs reveals an elastic and flexible nature with 

excellent abrasion resistance property. This is due to the combination of soft and hard 

segments in the PU which led to the stretching of a material without any deformation for a 

longer period and makes this PU ideal for different applications. TPUs have good thermal 

stability until 235 C [21]. Mobile cases, electronic devices, keyboard protectors, footwear, 

medical devices, and sporting goods are some of the examples of TPUs applications. 

PUI is mostly utilized in biomedical devices due to its biocompatibility and shape 

memory features. The composition of soft and hard segments within PU molecules, as well 

as their molecular arrangement, exert an influence on the shape memory effect (SME) of 

the PU material which makes them the best choice for biomedical applications. It is applied 

in making artificial hearts, haemodialysis tubes, and connector tubing for heart pacemakers 

[22]. Coatings and adhesives that rely largely on water as the solvent are typically referred 

to as waterborne polyurethanes. 

1.4.  Soybean oil 

Soybean oil is a pale-yellow color oil obtained from the seeds of glycine max, also 

known as soybean [23]. The cultivation of soybeans in China can be traced back to 

approximately 4000-5000 years ago. Following the year 1954, the United States of 

America emerged as the global leader in the domain of soybean production and subsequent 
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exports. The composition of soybean oil is comprised of saturated, monounsaturated, and 

polyunsaturated fats. Soybean oil is characterized by a substantial quantity of unsaturated 

fatty acids, primarily in the form of triglycerides. The composition of this substance 

includes polyunsaturated-linoleic acid, which accounts for 51% of its content, as well as 

alpha-linoleic acid, present at a range of 7-10%. Additionally, monosaturated-oleic acid 

makes up approximately 23% of the composition.  

Soybean oil has a distinct fatty acid content (FAC) that is generally resistant to 

environmental influences [24]. The processing of soybean oil involves three primary 

stages: initial preprocessing, following extraction and separation, and final postprocessing 

[24].  

 

1.5.  Wood 

Wood consists primarily of two chemical constituents: carbohydrates, comprising 

65-75% of its composition; and lignin, accounting for 18-35% and elemental composition 

of carbon (50%), oxygen (44%), and hydrogen (6%) with some trace of metal ions [25]. 

Carbohydrates contain cellulose and hemicellulose, ranging from 40–50% and 25–35%, 

respectively [25]. Due to its significant characteristics and great practical applications, 

wood is a widely utilized material. Construction, furniture, instruments, and packaging are 

some of the best examples of wood application. In this research work, oak wood was 

utilized to prepare and test the specimens. 
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1.6.  Adhesion 

In simple terms, when different molecules or surfaces bind together then the process 

is known as adhesion. Adhesion can be categorized into different types such as mechanical 

interlocking, chemical bonding, and physical bonding [26]. The phenomenon of 

mechanical interlocking clarifies the adhesive's tendency to disperse or spread across the 

surface and establish wetting on the substrate's surface by interlocking mechanically. 

Velcro closure is one of the suitable examples of mechanical interlocking [26]. The process 

of chemical bonding includes the formation of a covalent bond between the adhesive and 

the surface of the substrate. Ionic and chelation bonding are present in some cases. Physical 

bonding refers to the occurrence of Van der Walls forces and hydrogen bonding during the 

interaction between surface and adhesive. In addition to these theories, diffusion and 

electron transfer are the other two accepted theories on adhesion [27]. 

 

   1.6.1  Wood adhesion 

 The process of binding wood surfaces by applying adhesive to build a robust 

bonding is known as wood adhesion. There are various requirements to prepare an effective 

wood adhesion such as surface roughness, wetting, curing, proper contact angle, and low 

viscosity of adhesives with an adequate flow. To achieve an effective wetting, the contact 

angle between the surface and the edge of the droplet of adhesive should be minimized/low 

because wetting is one of the key reasons for getting excellent bonding strength. Along 

with wetting, the flow of the adhesive across the surface is also required for the formation 

of strong bonding. Curing is also one of the significant requirements that comes after 

wetting the surface. Curing is the process where a liquid state is converted into a solid state. 
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Various curing techniques such as heat curing, UV curing, hot press, and moisture curing 

are applied to solidify the adhesive for further application. 

 

1.7.  Adhesive 

An adhesive is a non-metallic material that is applied to one or both surfaces of two 

different objects to bind them together and prevent them from being separated. About 2000 

BC, the traces of adhesives were first mentioned in literature. Adhesives offer a huge 

variety of applications in various fields like packaging, furniture, aerospace, automotive, 

manufacturing carpets, security tapes, and binding paper. An adhesive can be prepared both 

naturally and synthetically. Synthetic resin-based adhesives are generally prepared using 

petroleum-based products. Prior to World War II,  wood adhesives were produced using 

natural materials like mud and clay. However, due to the strong bonding strength quality, 

synthetic resin-based adhesives became very popular and widely used adhesives after 

World War II. 

Generally, synthetic resin-based wood adhesives fall into two categories: 

thermosetting and thermoplastic adhesives. Thermosetting adhesives exhibit irreversible 

reaction due to the formation of the chemical bond and cross-linking when it is cured and 

converts them into a permanent shape that cannot be recycled. On the other hand, 

thermoplastic adhesives exhibit reversible reactions and they do not form chemical bonds 

or cross-linking when cured which makes them recyclable. PU, Epoxy, Urea-formaldehyde 

(UF), phenol resorcinol formaldehyde (PRF), phenol-formaldehyde (PF), melamine-

formaldehyde (MF), melamine urea formaldehyde (MUF), and resorcinol formaldehyde 

(RF) are the examples of thermosetting adhesives. PU adhesives show good flexibility at 
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low temperatures, impact resistance, and durability [28]. Epoxy adhesives are easy to use 

and have low cost with high strength [28]. The use of UF-based adhesives is restricted to 

applications involving interior plywood and particleboard. PF is water-repellent, has a low 

viscosity, and is temperature stable [29]. A significant amount of MF adhesive is utilized 

in the production of adhesive for external and semi-exterior wood panels. Polyvinyl acetate 

(PVA) and polyamide (PA) are two commonly used thermoplastic adhesives. 

Formaldehyde holds a prominent position in the majority of the wood adhesive 

market. But formaldehyde-based adhesives are produced from non-renewable sources and 

are also toxic in nature which has raised environmental concerns over the years. The 

production process relies on the oil industries which can lead to price hikes. To overcome 

these concerns, researchers are trying to find a suitable replacement for formaldehyde-

based adhesives. Bio-based adhesives have gained significant attention among scientists 

and researchers. Polyol which is a starting material to make adhesives can be prepared from 

various vegetable oils like soybean oil, sunflower oil, and canola oil.  

 

1.8.  Research objective 

 The purpose of this research work is to utilize soybean oil as a suitable alternative 

to petroleum-based wood adhesives. In this study, NIPU was prepared for the application 

of wood adhesive. Epoxidation was performed, followed by carbonation to produce CSBO. 

Confirmatory tests such as FT-IR, iodine value, epoxy value,  GPC, and viscosity were 

conducted to identify the formation of CSBO and PU. The fundamental objective of this 

research was to observe the effect of the particle size of silicon (Si) filler on the shear 

strength of the wood adhesive. Three Si nanoparticle sizes (100, 200-300, and 500 nm) 
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were introduced to determine the effect of nanofillers on the thermal properties of the  

NIPU adhesive synthesized from soybean oil. 
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CHAPTER II 

 

 

MATERIALS AND METHODS 

 

 

2.1 Materials 

  2.1.1.  Soybean oil 

Soybean oil is derived from the seeds of glycine max(soybean) [23]. Soybean oil 

has a composition of saturated, monosaturated, and polyunsaturated fats. Triglycerides – a 

large amount of unsaturated fatty acids is present in soybean oil. This contains 

polyunsaturated-linoleic acid (51%) and alpha-linoleic acid (7-10%); and monosaturated-

oleic acid (23%). The C=C seen in the triglycerides of soybean oil served as the primary 

focus of this work's efforts to generate additional reactive sites during further synthesis. 

The soybean oil used in this experiment was purchased from a local Walmart (Pittsburg, 

KS, USA) and employed without additional purification. The viscosity of soybean oil was 

found to be 0.19 Pa.s at room temperature. Figure 3 displays the chemical structure of 

soybean oil. The central objective of this study was to enhance the reactivity of soybean 

oil's carbon-carbon double bond within triglycerides, to generate supplementary reactive 

sites during further synthesis. Herein, soybean oil was used as a starting material for the 

synthesis of bio-based PU wood adhesive. 
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Figure 3:  Chemical structure of soybean oil 

  2.1.2.  Ethylenediamine 

    EDA is an organic compound having a structural formula C2H4(NH2)2. EDA is 

classified as a diamine, which is a class of chemical compounds that are distinguished by 

the presence of two amino groups (-NH2) and are partitioned from one another by an 

ethylene chain (-CH2CH2-). It is manufactured on an industrial scale by reacting 1,2-

dichloroethane with ammonia (NH3). It plays a crucial role in the preparation of 

polyurethane. In the formation of adhesive, it functions as a cross-linker. In this research 

work, EDA was purchased from Acros Organics, (NJ, USA). The chemical structure of 

EDA is shown in Figure 4. 

 

 

Figure 4: Chemical structure of EDA 
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  2.1.3.  Fillers 

    To improve the thermal and mechanical properties of PU adhesive, various 

nanofillers are incorporated into their composition. Introducing fillers can reduce costs 

along with enhancing the mechanical properties of the PU adhesives [30].To observe the 

effect of particle size of nanofiller on the bonding strength of the adhesive, Si nanoparticles 

(99%, 100 nm), monocrystalline Si nanoparticles (99%, 200-300 nm), and Si nanoparticles 

(99%, 500 nm) were introduced to observe the increment in mechanical and thermal 

properties. 

 

  2.1.4.  Si nanoparticles ( 100, 200-300, and 500 nm) 

Si nanoparticles are composed of Si, a chemical element renowned for its natural 

occurrence and significant contributions to advanced technology. Si was discovered by a 

well-known scientist Jons Jacob Berzelius in 1823. The mechanical characteristics of PU 

adhesives are profoundly affected by the particle size of nanofillers. Si is one of the most 

abundant materials found on the earth. To produce Si with a purity of 96 - 99%, quartzite 

or sand must be carbothermically reduced with highly pure coke. Si as a filler, contributes 

to the prevention of excessive penetration into the wood specimen. The primary focus of 

this work is to enhance the bonding strength by adding three different particle sizes of Si 

(100, ~250, and 500 nm) as a filler.   

Si nanoparticles 100 nm appear as a yellow-brown powder that is composed of 

spherical particles of Si with an average particle size of 100 nm. It contains 99% pure Si 

and <45% copper (Cu). Two common parameters for 100 nm are surface area: >80 (m2/g) 

and density: 0.08 (g/cm3) for Si 100 nm. Si nanoparticles ~250 nm are monocrystalline in 
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nature with a melting point (m.p) of 1414°C and boiling point (b.p) of 2900°C. It exhibits 

a dark grey appearance. Purity: 99.9%; M.P: 1414°C; B.P: 2900°C are some frequently 

encountered parameters for Si 500 nm particle size. Si nanoparticles (100, ~250, and 500 

nm) were purchased from SkySpring Nanomaterials, Inc. (TX, USA). 

 

2.2.  Synthesis of CSBO   

In order to produce bio-based CSBO from soybean oil, a two-step process called 

epoxidation followed by carbonation was carried out. 

 

   2.2.1.  Epoxidation of soybean oil 

Epoxidation refers to the chemical transformation wherein an oxygen bridge is 

introduced across a double bond, resulting in the formation of an epoxide. Epoxide groups 

have a high level of reactivity, which makes them useful as active intermediates in the 

production of chemicals that are important to the economy. These compounds include 

alcohols, glycols, alkaloamines, carbonyl compounds, and olefinic compounds, as well as 

polymers such as polyester, polyurethane, and epoxy resin [31]. There are four possible 

methodologies for the synthesis of epoxies derived from alkene(C=C). These 

methodologies encompass the process of epoxidation utilizing percarboxylic acid, both 

organic and inorganic peroxides, and halohydrins, as well as molecular oxygen.  

Acetic acid functioned as an agent for oxygen donation, whereas hydrogen peroxide 

functioned as a facilitator for oxygen transportation. Hence, an epoxide ring was converted 

by the double bond of oil [32]. The molar ratio of the double bond to acetic acid to hydrogen 

peroxide in the epoxidation process of soybean oil was 1:0.5:1.5. In the first step, a three-
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necked round-bottom flask was used to combine 300 g of soybean oil (SBO) and 150 mL 

of toluene, which had a weight percentage of 50% SBO. Subsequently, a quantity of 75 g 

of Amberlight IR 120H resin, serving as the catalyst, was introduced.  The solution was 

agitated for a duration of 15 minutes in order to attain a uniform and consistent mixture. 

Subsequently, a total volume of 43.9 mL of acetic acid was incrementally introduced into 

the system through the utilization of a dropping funnel. The solution was subsequently 

agitated for a duration of 30 minutes.  

A volume of 180 mL of a hydrogen peroxide solution with a weight percentage of 

30% was incrementally introduced into the mixture, maintaining the temperature within 

the range of 5 to 10 ℃. Following the full addition of hydrogen peroxide, the temperature 

was raised and sustained at 70 °C for a duration of 7 hours. The aforementioned 

experimental protocol was executed to synthesize peracetic acid in situ through the 

chemical reaction between acetic acid and hydrogen peroxide. In this context, it is plausible 

for peracetic acid to undergo a chemical reaction with the double bonds present in the 

chemical structure of SBO, resulting in the formation of an epoxy group at position 35. The 

mixture was subjected to a cooling process and subsequently underwent filtration to isolate 

the resin. The mixture then underwent a series of washes employing a 10% brine solution 

until a neutral pH of 7 was attained. The yield of epoxide soybean oil ESBO was 

determined to be approximately 80%. After the successful synthesis of ESBO, a series of 

confirmatory tests were conducted, including Fourier Transform Infrared Spectroscopy 

(FT-IR), epoxy number determination, and Gel Permeation Chromatography (GPC) 

analysis. 
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   2.2.2.  Carbonation of ESBO  

The utilization of ESBO, also a commercially available substance, serves as the 

initial reactant that undergoes a chemical reaction with carbon dioxide in the presence of 

the TBAB catalyst, resulting in the formation of CSBO [33]. This process is known as 

carbonation.  

The reaction was performed under the controlled temperature and pressure in the 

Parr reactor. In the beginning, a total of 300 grams of ESBO and 0.05 moles of TBAB 

catalyst per mole of epoxy groups were carefully introduced into a 500 mL Parr reactor, 

while maintaining a CO2 pressure of 3.79 MPa (550 psi). The reaction was carried out for 

a duration of 48 hours at a temperature of 110 ℃ while maintaining a stirring speed of 1100 

rpm. Upon completion of the reaction, the epoxy oxygen content (EOC) was approximately 

0.20%, indicating a successful carbonation process. A remarkable conversion rate of 94.3% 

was attained in the transformation of epoxy groups into cyclic carbonate groups. Figure 5 

illustrates a schematic displaying the reactions of the epoxidation and carbonation of 

soybean oil. 
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Figure 5: Epoxidation and carbonation reaction of soybean oil 

 

   2.2.3.  Synthesis of NIPU samples 

 

In the process of synthesizing NIPU wood adhesive, it was observed that the 

reactants, namely CSBO and EDA, underwent a chemical reaction in a stoichiometric 

molar ratio of 1:1. In the experimental setup, a total mass of 3.5 grams of CSBO was 

introduced into a beaker as the initial step. Subsequently, a mass of 0.73 grams of EDA was 

meticulously added drop by drop. Following the addition of EDA, the mixture underwent 
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stirring for 1 minute utilizing a spatula, thereby facilitating the homogenization of the 

system. By executing this process, the control sample for the NIPU adhesive was acquired.  

 

2.3.  Adhesive preparation 

A study was conducted to investigate the curing process of the NIPU adhesive, 

which was synthesized. The NIPU adhesive was applied to a 25 mm × 25 mm (length × 

width) oak board. Then, various curing procedures were carried out at different 

temperatures 60, 80, 100, and 120°C, respectively, and variation in time 30, 60, 90, and 

120 minutes, respectively. A study was undertaken to determine the most effective curing 

condition for enhancing the shear strength of the NIPU adhesive. Based on the 

aforementioned observations, it was found that subjecting NIPU to a temperature of 80 ℃ 

for 90 minutes resulted in the most favorable outcomes. These results will be elaborated 

further. 

Once the appropriate curing conditions were established, a batch of NIPU adhesives 

was produced using the same methodology. However, in this case, various amounts of Si 

nanoparticles with a specified size were incorporated into the adhesives. The ideal curing 

process, consisting of subjecting the adhesives to a temperature of 80 ℃ for a duration of 

90 minutes, was then applied. In this research, we incorporated Si nanoparticles with 

varying weight percentages (1, 3, 5, 7, 10, and 15 wt.%) and average sizes (100, 250, and 

500 nm) into individual samples of NIPU adhesive. 
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2.4.  Characterization of CSBO 

   2.4.1.  Iodine value 

The determination of the iodine content of soybean oil was one of the most 

important and preliminary experiments conducted as part of this research. The iodine 

number is a quantitative measure that can be employed to ascertain the quantity of double 

bonds within an unsaturated compound. Iodine can successfully react with a double or 

triple bond that is present in an unsaturated substance. A higher iodine value signifies that 

the fatty acid exhibits increased reactivity and decreased stability[34]. The number of 

iodide ions that are attached to the unsaturated carbon chain can be determined by the 

iodine value[34]. The Hanus titration method was employed in this experiment to estimate 

the number of double bonds in soybean oil utilized in the preparation of CSBO. 

 

   2.4.2.  Epoxy value 

In order to ascertain the epoxy oxygen content (EOC %), a combination of glacial 

acetic acid and tetraethylammonium bromide was employed. With this method, the 

examination and verification of the formation of epoxide groups from double bonds was 

carried out. Epoxidized soybean oil (0.3 g) was diluted in tetraethylammonium bromide 

(TEAB) solution (50 mL) for this analysis. After adding a drop of crystal violet indicator, 

the solution was titrated with 0.1 N perchloric acid (HClO4). When a color change from 

blue to green was observed, titration ended. The obtained volume was further utilized for 

the determination of the amount of epoxy present in the ESBO. An average of 3 tests was 

calculated. 
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   2.4.3.  Fourier-transform infrared spectroscopy 

The Fourier transform infrared spectroscopy (FT-IR) technique is a successful 

approach for determining the presence of a variety of functional groups in the material. The 

FTIR spectrometer has the ability to acquire spectral data with high resolution across a 

broad range of wavelengths simultaneously. The PerkinElmer Spectrum Two FT-IR 

Spectrophotometer (Figure 6) was employed to acquire spectral data of synthesized 

materials under normal temperature conditions in order to evaluate the organic components 

contained within the chemical structure [7]. 

 

 

Figure 6: Digital photo of FT-IR instrument used in this research 

 

   2.4.4. Gel permeation chromatography (GPC) 

GPC is also called size exclusion chromatography in which analytes are segregated 

based on their molecular weight (size), typically within the confines of organic solvents. 

Determination of the retention time is a significant factor in GPC because it confirms the 

successful conversion of the synthesized material. Retention time is directly correlated to 
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molecular weight as the higher the retention time, the lower the molecular weight of the 

material.  This method is commonly used for the analysis of polymers. After conducting 

the epoxidation and carbonation processes, a characterization approach was utilized to 

confirm the ESBO and carbonated soybean oil CSBO from the oil. In this work, The Waters 

GPC instrument from Milford, MA, USA was utilized and shown in Figure 7. Moreover, 

THF was used as the solvent with a flow rate of 1mL/min at 30 °C. 

 

 

Figure 7: GPC instrument used in this research 

   2.4.5 Viscosity 

Viscosity is a measurement of the level of resistance experienced by a material 

during its flow. Significant insights can be derived from various factors, including 

intermolecular interactions, molecular weight, and the progression of reactions, among 

other important components. Viscosity is also directly proportional to the molecular weight 

of a material. High viscosity indicates that molecular weight is also high, whereas low 

viscosity signifies low molecular weight. An AR 2000 dynamic stress rheometer (TA 
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Instruments, USA) was used as displayed in Figure 8. The viscosity was determined at a 

temperature of 25 °C, where the shear stress was progressively increased from 1 to 200 Pa. 

The dynamic rheometer was installed with a cone plate that had an angle of 2° and a cone 

diameter of 25 mm. 

 

 

Figure 8: Digital image of the viscosity instrument used in this research 

2.5.  Characterization of NIPU adhesive 

   2.5.1.  Thermogravimetric analysis (TGA) 

To determine the thermal stability of NIPU adhesives with variations in filler size 

and various curing times, samples were analyzed through the TGA (Q500, Discovery, 

Trios, USA) instrument as displayed in Figure 9. The thermal decomposition of samples 

was performed under nitrogen flow at a ramp rate of 10° C/min and a temperature range of 

25–600 ° C. 
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Figure 9: Digital photo of the TGA analysis instrument used in this research 

 

   2.5.2.  Differential Scanning Calorimetry analysis (DSC) 

The thermal transition temperature of the NIPU was characterized by the analysis 

of DSC to observe variations in the physical characteristics of specimens and their 

temperature over time. This instrument is mainly utilized to measure glass transition 

temperatures (Tg), melting temperature (Tm), and crystallization temperature (Tc). As 

shown in Figure 10, all of the DSC tests that were performed for this study were carried 

out with the DSC Q100 instrument (TA Instruments, USA). All the tests were performed 

in the temperature range of -70 to 260° C with a 10° C /min ramp rate. 
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Figure 10: Digital photo of the DSC instrument used in this research 

   2.5.3.  Shear strength measurement 

To determine the bonding strength of the substrate, NIPU adhesive was applied on 

the oak wood substrate, and a single-lap dry shear strength test was carried out using an 

Instron Model 3367 (Instron, USA) as illustrated in Figure 11 with a 10 mm/min crosshead 

speed. Oak wood with an application area of  25 mm × 25 mm (length × width) was used 

to perform tests. Shear strength was measured according to the ASTM Standard Procedure 

D2339-98. An average of three specimens was recorded under the maximum load. 
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Figure 11: Digital image of the lap shear strength instrument used in this research 

   2.5.4.  Water Contact Angle  

To examine the surface morphology of the NIPU adhesive, a water contact angle 

measurement was carried out utilizing an Ossila Contact Angle Goniometer as shown in 

Figure 12. To obtain hydrophobicity on the wood specimen, the adhesive was applied 

smoothly throughout its surface. To conduct this test, 10 μL of HPLC-grade water droplet 

was measured and deposited on the surface of the specimen at room temperature. 
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Figure 12: Digital image of contact angle instrument used in this research 
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CHAPTER III 

 

 

RESULTS AND DISCUSSION 

 

 

3.1.  Synthesis of ESBO & CSBO 

   3.1.1.  Iodine value 

Iodine value evaluates the degree of unsaturation or the quantity of double bonds 

in oil. Hanus method is used to measure the iodine value. The higher the iodine value, the 

higher the level of unsaturation in the oil. The iodine value of soybean oil was 126.41 g 

I2/100g. After the epoxidation reaction, the measured iodine value was 3.33 % which 

suggests that the double bond in soybean oil became more reactive and can be further used. 

 

   3.1.2.  Epoxy value 

The epoxy value indicates the presence of the amount of epoxy group in the epoxide 

material. In this work, the epoxy oxygen content (EOC %) of ESBO after the synthesis 

from SBO was achieved at 6.6 %.After the carbonation reaction for 48 hr, the epoxy value 

for CSBO was recorded to be 0.2 % which confirms the successful conversion of the epoxy 

ring into cyclic polycarbonate. 
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   3.1.3.  Fourier-transform infrared spectroscopy   

FTIR was utilized to determine the presence of various functional groups in the material 

using an infrared absorption spectrum. This technique was used to obtain the spectrum data 

of synthesized materials at ambient temperature to assess structural changes. These 

changes were identified through the shifting or disappearance of absorption peaks in the 

spectra. Figure 13 depicts the FTIR spectra of SBO, ESBO, CSBO, and NIPU. The 

characteristic peak at 3011 cm-1 shows the (=C-H) hydrogen stretching from an unsaturated 

carbon in SBO spectra, and it is generally observed in some vegetable oils and fats in the 

range of 2989–3029 cm-1. During the epoxidation process, a notable change was observed 

in the ESBO spectrum. Specifically, the peak at approximately 3011 cm-1, which is 

associated with the H–C= bond, was no longer present. However, a small peak appeared at 

825 cm-1, indicating the presence of a C–O–C ring which indicates that the reaction 

occurred between hydrogen peroxide and acetic acid. Furthermore, all spectra showed a 

peak at around 1700 cm-1 which was assigned to the C=O absorption from an ester bond. 

In the instance of CSBO, it was observed that apart from the absorption of the C=O bond 

in an ester at around 1700 cm-1, there was an additional peak observed at around 1802 cm-

1, which may be attributed to the carbonate carbonyl. Along with this, the peak at 825 cm-

1 disappeared in CSBO suggesting the presence of the cyclic carbonate structure indicating 

the conversion of the epoxy groups into cyclic carbonate [1][35][36]. 

Additionally, in the NIPU spectrum, the absorbance peak at 1802 cm-1 was absent and 

a broad band appeared within the range of 3200 cm-1 and 3500 cm-1 which could be 

attributed to the stretching vibration of N-H and O-H groups which are generally observed 
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around 3300 cm-1  and 3440 cm-1 the carbonate reacted with the amine group from EDA to 

form the hydroxy urethane [1]. 
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Figure 13: FTIR analysis of SBO, ESBO, CSBO, and NIPU. 

 

   3.1.4.  Gel permeation chromatography 

In GPC, the determination of the retention time is an important component since it 

serves to track the reaction process. Based on that, GPC was performed on SBO, ESBO, 

and CSBO as illustrated in Figure 14. It can be seen that SBO provided the highest 

retention time, which was around 23.39 minutes, indicating its lowest molecular weight 

compared to other components. It was expected that ESBO would have a slightly shorter 

retention time of 23.31 min because epoxidation involves adding a single oxygen atom to 

break up the double bonds, which leads to a relatively small rise in molecular weight. In 
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addition, CSBO had the shortest retention time at 22.70 minutes, resulting in the highest 

molecular weight. After undergoing the epoxidation and carbonation processes, the 

molecular weight of SBO increased, indicating the synthesis was successful. 
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Figure 14: GPC analysis of SBO, ESBO, and CSBO. 

 

   3.1.5.  Viscosity 

Viscosity is one of the most useful methods to determine the monitoring of a reaction. 

It was measured for the confirmation of an increase in molecular weight, which led to the 

successful conversion of ESBO from soybean oil and then ESBO to CSBO. Of the three 

different materials, SBO had the lowest viscosity at 0.19 Pa.s. The viscosity of the ESBO 

increased to 0.34 Pa.s as a result of the epoxidation procedure. After the carbonation 

process was complete, the CSBO that was formed had a viscosity that was significantly 



 31 

increased to 130 Pa.s. The significant rise could be explained by the more polarized bonds 

that result from the presence of carbonate groups, which are known to be capable of 

inducing a greater dipole-dipole interaction between molecules. Additionally, there is a 

possibility that an increase in viscosity could be linked to the significant rise in molecular 

weight that was observed by the use of GPC. This type of rheological behavior was seen 

in a prior investigation by Tamami et al [37]. 

 

3.2.  TGA 

      The thermal stability of the NIPU with and without nanofillers was characterized by 

TGA and DTGA results, which are shown in Figure 15. In all the NIPU adhesive samples, 

similar degradation behaviors were observed as the temperature increased. The initial 

degradation temperature of NIPU adhesives was recorded at above 235°C, which 

demonstrates outstanding thermal stability [38]. There was a three-step degradation 

observed for NIPU samples, which can be derived from the DTGA. All the samples shown 

in Fig. 15(a) and 2(b) were cured at 80° C with variations in time to identify the thermal 

degradation. Three particle sizes of Si nanofiller were introduced to observe the thermal 

and mechanical stability of the NIPU adhesive. Figures (c), (d), (e), (f), (g), and (h) depict 

the TGA and DTGA graphs for Si 100 nm, 200-300 nm, and 500 nm, correspondingly. The 

initial degradation step was observed within the temperature range of 238–252 °C. The 

cause of this phenomenon can be attributed to the breakdown of the urethane bonds into 

carbon dioxide, alcohols, primary amines, and secondary amines. Moreover, the second 

and fastest degradation of NIPU adhesives was observed in the second stage, where the 

temperature was recorded in the range of 340–369 °C, which relates to the degradation of 
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the unsaturated fatty acid chains present in the CSBO [38]. The last thermal degradation 

stage witnessed above 415 °C might be attributed to the breakdown of residual components 

[38].  At 5% and 15% weight loss in all of the samples, it was noticed that the sample with 

Si 100 nm 3% demonstrated the maximum thermal stability at 220 °C and 250 °C, 

respectively, whereas the thermal stability of the control sample was measured at 214 °C 

which is shown in Table 1. The results of 5% and 15% weight loss were irregular in all 

particle sizes but it can be said that increasing particle size in NIPU leads to a decrease in 

thermal stability. Nevertheless, the results were not significant and showed minor changes. 

Furthermore, the weight (%) of residue remained at 590 °C for the control sample was 

2.74% and by incorporating Si nanofillers, the results were increased by 11.62% for the 

sample with Si 500 nm 15 wt.%. In terms of residue remaining, the effect of nanofillers 

had a noteworthy impact on NIPU adhesive. According to the results of the TGA 

investigation, the presence of Si nanofillers did not have a significant impact on the thermal 

degradation behavior. 
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Figure 15: TGA analysis results 
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Table 1: TGA data for weight loss 

Sample name 

 

Temp. (°C) at 5% 

weight loss  

 

Temp. (°C) at 15% 

weight loss 

 

Weight (%) of 

residue remained 

at 590°C 

 

NIPU/CNT STD 

 

215 

 

247 2.74 

NIPU/100nm/3 

 

220 250 4.43 

NIPU/200~300nm/3 

 

220 250 4.43 

NIPU/500nm/15 

 

194 245 11.62 

 

3.3.  DSC 

 The thermal transition behavior was observed with the help of DSC. The glass 

transition temperature (Tg) of all samples is shown in Figure 16. It was observed that the 

adhesives exhibited typical behavior characteristic of an amorphous material. This 
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behavior was attributed to the presence of a single endothermic thermal transition, which 

corresponded to the Tg. The Tg of the samples containing nanofillers is observed to range 

from -19.19 to -3.95°C, while the control sample exhibits a glass transition temperature of 

-9.19°C. Multiple factors can contribute to the achievement of a low Tg. These factors 

include intermolecular interactions, cross-linking density [39], moisture content, and the 

incorporation of fillers [40]. Another reason behind low Tg  could be the flexibility of a 

material. Generally, flexible materials exhibit low Tg while brittle materials show high Tg. 

The inclusion of EDA in the NIPU can result in reduced intermolecular interactions among 

the polymer chains, thereby generating additional free volume. This increased free volume 

facilitates the movement of the polymer chains at lower temperatures, ultimately resulting 

in a lower Tg. Furthermore, the incorporation of nanofillers enhances the available free 

volume, thereby facilitating unrestricted movement. The relationship between free volume 

and glass transition temperature suggests that an increase in free volume corresponds to a 

decrease in the glass transition temperature. The DSC analysis revealed a significant impact 

of nanofillers on NIPU. 
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Figure 16: DSC plot of samples with (a) Variation in curing time (b) Si 100 nm (c) Si 

200-300 nm (d) Si 500 nm 
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3.4.  Contact angle measurement 

 Figure 17 shows the water contact angle studies of the surface morphology of the 

NIPU. The NIPU adhesive was coated smoothly on the wood specimen to identify its 

hydrophobic nature. The contact angle for the control sample was recorded at 

97.60°, which reveals the hydrophobic behavior of the adhesive. After the introduction of 

Si nanofillers, an increase in the contact angle was observed. The highest contact was 

noticed at 131.8° with 7% (wt.% of CSBO) Si 200-300 nm. The observed phenomenon can 

be attributed to the rise in cross-linking density, resulting in an elevated surface roughness. 

This increased roughness allows the material to hold onto water droplets for an extended 

duration, exhibiting remarkable hydrophobic properties. The second highest contact angle 

was noticed at 3% (wt.% of CSBO) Si 100 nm, which showed 128.8°. In addition, the 

lowest result for Si 500 nm nanofiller was observed at 115.5° with 10% (wt.% of CSBO). 

Once a specific level of surface roughness is achieved, the intermolecular bonds cause the 

polymeric chains to come closer together, resulting in a reduction in hydrophobic 

properties. 
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Figure 17: Contact angle of the control sample, Si 100, 200~300, and 500 nm nanofillers 

samples. 

 

3.5.   Single-lap shear strength 

When it comes to adhesive, shear strength is the most significant test performed for 

the application in wood. To determine the bonding strength of the substrate, NIPU adhesive 

was applied to the oak wood substrate. The dimension of oak wood for the preparation of 

the specimen is shown in Figure 18. Approximately 140 g/m2 was applied to the wood 

specimen. All the samples were cured in the oven with manual clamping curing technique 

as shown in Figure 19. An average of three samples were considered. Based on various 

types of failures obtained in wood specimens, the locus of failure was determined by 
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manual observation, as shown in Table 2. It was noticed that most of the samples showed 

substrate failure which can be seen in Figure 21. The equation utilized for the 

determination of the tensile shear strength is as follows: Fmax represents the maximum 

force applied (N), A indicates the surface area of the adherend (mm2) while a and b 

respectively refer to the width and length of the adherend (mm). 

Tensile shear strength (MPa) =Fmax / A = Fmax / a x b 

 

 

Figure 18: Dimensions of oak wood  
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Figure 19: Manual clamping method  

s 

Figure 20: Tensile test performed on Instron M 3367 
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Figure 21: Substrate failure observed in specimens 

   3.5.1.  Control sample 

 To obtain the best results with control samples, variations in time (30, 60, 90, and 

120 min, respectively) and temperature (60, 80, 100, and 120°C, respectively) were 

performed without the addition of any fillers. The shear strength results are shown in 

Figure 22. The maximum strength of 8.81 MPa was observed in the samples that were 

cured at a temperature of 80°C for 90 minutes. This specific time and temperature were 

considered suitable for further testing with nanofillers. 
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Figure 22: Shear strength with variation in curing times and temperatures 

   3.5.2.  Effect of the Si nanofillers 

After attaining incredible bonding strength with control samples by executing 

several changes in curing time and temperature, Si nanofillers with three particle sizes were 

incorporated to identify an improvement in tensile strength. Samples prepared with Si 100 

nm nanofiller and cured with manual clamping technique, displayed an increasing trend in 

shear strength with increasing wt.% of Si 100 nm up to 7 wt.% which reached 9.85 MPa 

from 8.58 MPa in 1 wt.% samples as shown in Figure 23. The shear strength results for Si 

100 nm were 8.58, 8.75, 9.34, 9.85, 8.71, and 6.65 MPa. 9.85 MPa was the best result 

achieved among all the samples. An overall increment of 10.56% was observed in 

comparison to the control sample. The reason behind the improvement of bonding strength 

after incorporating Si nanofillers could be related to the surface chemistry. Si nanoparticles 

shows high surface area because of their smaller particle size which gives more contact 
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points to interact with the adhesive and wood surface ultimately leads to an increase in 

shear strength. 
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Figure 23: Shear strength of NIPU adhesive with Si 100 nm 

 

The achieved shear strength in samples with Si 200-300 nm nanofillers for 1 wt.%, 

3 wt.%, 5 wt.%, 10 wt.%, 15 wt.%, and 20 wt.% was 6.36 MPa, 7.04 MPa, 7.30 MPa, 7.32 

MPa, 7.75 MPa, 9.62 MPa, and 6.64 MPa, respectively which can be seen in Figure 24. 

After 15 wt.%, a decrement in shear strength was recorded. An increment of 8.42% was 

obtained compared to the control sample. A similar trend was noticed after the addition of 

Si 500 nm nanofiller. It was noticed that after increasing the wt.% of Si 100 nm nanofiller, 

the shear strength also increased gradually to 10 wt.%. The results for samples with 1 wt.%, 

3 wt.%, 5 wt.%, 7 wt.%, 10 wt.%, and 15 wt.% were 6.43 MPa, 6.87 MPa, 6.51 MPa, 6.87 
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MPa, 9.03 MPa, 8.65 MPa, respectively using Si 500 nm nanofillers as shown in Figure 

25. In Si 500 nm, no significant improvement was observed except in the sample with 10 

wt.%. An increment of 2.43% was obtained compared to the control sample. It can be seen 

from the results that after the addition of different particle sizes of Si nanofiller up to a 

specific wt.% in NIPU adhesive, the shear strength increased compared to control samples 

but decreased as the particle sizes of Si nanofiller (100 nm, 200-300 nm, and 500 nm, 

respectively) increased, which indicates that smaller particle size exhibits higher shear 

strength. The particle size has a significant impact on the mechanical properties of the 

NIPU adhesives. Furthermore, the reduction of particle size typically leads to an 

enhancement in surface area and enhanced dispersion within the adhesive layer. As a result, 

there is an increase in the bonding strength of the wood adhesive. Substrate failure (S.F) 

was observed in the majority of the samples, indicating the exceptional mechanical 

properties of the wood adhesive. Tensile strength results were very promising compared to 

some commercially available adhesives such as TitebondTM  adhesive and WeldbondTM  

adhesive [41] and other research works as shown in Table 3. 
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 Figure 24: Shear strength of NIPU adhesive with Si 200-300 nm 
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Figure 25: Shear strength of NIPU adhesive with Si 500 nm 
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Table 2: Locus of failure in NIPU adhesive 

 

Sample name 

 

Shear Strength 

(MPa) 

 

Locus of failure 

(Substrate/Cohesive) 

 

NIPU/100nm/1 

 

8.58 

 

S.F 

 

NIPU/100nm/3 

 

8.75 

 

S.F 

 

NIPU/100nm/5 

 

9.34 

 

S.F 

 

NIPU/100nm/7 

 

9.85 

 

S.F 

 

 NIPU/100nm/10 

 

8.71 

 

S.F 

 

NIPU/100nm/15 

 

6.65 

 

S.F 

 

NIPU/Control 

 

8.81 

 

S.F 
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Sample name Shear Strength 

(MPa) 

Locus of failure 

(Substrate/Cohesive) 

 

NIPU/200-300nm/1 6.36 

 

C.F 

 

NIPU/200-300nm/3 

 

7.04 

 

S.F 

 

NIPU/200-300nm/5 

 

7.30 

 

S.F 

 

NIPU/200-300nm/7 

 

7.32 

 

S.F 

 

NIPU/200-

300nm/10 

 

7.75 

 

S.F 

 

NIPU/200-

300nm/15 

 

9.62 

 

S.F 

 

NIPU/200-

300nm/20 

 

6.64 

 

C.F 

 

NIPU/Control 

 

8.81 

 

S.F 
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Sample name 

 

Shear Strength 

(MPa) 

 

Locus of failure 

(Substrate/Cohesive) 

 

NIPU/500nm/1 

 

6.43 

 

C.F 

 

NIPU/500nm/3 

 

6.87 

 

S.F 

 

NIPU/500nm/5 

 

6.51 

 

S.F 

 

NIPU/500nm/7 

 

6.87 

 

S.F 

 

NIPU/500nm/10 

 

9.03 

 

S.F 

 

NIPU/500nm/15 

 

8.65 

 

S.F 

 

NIPU/Control 

 

8.81 

 

S.F 

 

 

 

 

 

 

 

 

 

 



 53 

 

 

 

 

Table 3: Comparison with other PU adhesives 

Sample name Lap shear strength (MPa) References 

TitebondTM  adhesive 2.7 [41] 

WeldbondTM  adhesive 2.6 [41] 

Lignin-based NIPU adhesive 0.77 [42] 

SiO2/Starch-based adhesive 5.12 [30] 

Palm oil-based adhesive 5.3 [41] 

Castor oil-based adhesive 2.19 [43] 

Soy oil-based NIPU 

adhesive 

9.85 Our work 

Sucrose-based NIPU 

adhesive 

1.02 [44] 

Canola oil-based adhesive 5.7  [39] 
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CHAPTER IV 

 

 

CONCLUSION 

 

 

In the present research, bio-based polyurethane wood adhesives with the usage of 

soybean oil were successfully developed by employing a non-isocyanate approach which 

indicates a suitable alternative to petrochemical-based adhesives. An epoxidation reaction 

followed by a carbonation process was performed to produce CSBO. To determine the 

existence of CSBO and PU, a series of confirmatory tests were performed, including FT-

IR analysis, iodine value, epoxy value, GPC analysis, and viscosity measurement. 

Furthermore, to prepare control samples, EDA was added into CSBO in a 1:1 molar ratio. 

Along with that, Si nanofillers were incorporated with variations in particle size (100, 200-

300, and 500 nm) to notice the effect on mechanical and thermal properties. The 

combination of NIPU adhesives derived from renewable soybean oil and nanofillers has 

the potential to significantly increase the mechanical strength of wood adhesives. 9.85 MPa 

was the highest shear strength achieved among all the samples. It was observed that along 

with bonding strength, the hydrophobicity of the samples also decreased with an increase 

in nanofiller particle size which indicates a significant contribution of fillers. NIPU 

adhesives exhibit good thermal stability up to 230° C. NIPU coated samples also gave a 

contact angle at 131.8° which shows the excellent hydrophobic nature of the coated film, 
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indicating the incorporation of nanofillers into soy-based NIPU makes it suitable for 

utilization of wood adhesive showing outstanding mechanical properties. 
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CHAPTER V 

 

 

FUTURE WORK 

 

 

The current work might be broadened to investigate the effect of different cross-

linkers and fillers or additives on the mechanical and thermal characteristics of non-

isocyanate-based wood adhesives. Soybean oil-based adhesives can be compared to 

various vegetable oils-based wood adhesives. Furthermore, wet shear strength can be 

measured along with dry shear strength by preparing and placing samples under water for 

a specific period of time which is a significant aspect of wood applications under water. 

Bio-based amines can be used to reduce the toxicity in NIPU wood adhesives. Along with 

manual clamping, different curing techniques such as hot press can be applied to observe 

the effect on shear strength. 
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