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Abstract: A new UV-curable waterborne polyurethane acrylate/alumina (UV-WPUA/Al2O3) coatings 

were successfully developed. The waterborne polyurethane acrylate (WPUA) dispersion was 

synthesized by reacting jatropha oil polyol (JOL) with isophorone diisocyanate (IPDI), 2,2-dimethylol 

propionic acid (DMPA), and 2-hydroxyethyl methacrylate (HEMA) via in-situ and anionic self-

emulsifying methods. The WPUA/Al2O3 dispersion was formulated by various sonicating 

concentrations of alumina nanoparticles (0.3, 0.6, 0.9, and 1.2 wt%) into WPUA dispersion. The UV-

WPUA/Al2O3 coatings were obtained with 75 wt% oligomers, 25 wt% monomer trimethylolpropane 

triacrylate (TMPTA), and 3 wt% of a commercial photoinitiator (benzhophenol) for UV-curing were 

used. The effect of Al2O3 nanoparticles on WPUA coatings was analyzed by FTIR, surface morphology, 

and coating performance properties such as pendulum hardness, pencil hardness, scratch resistance, and 

adhesion test. FTIR revealed the formation of JOL, neat UV-WPUA, and UV-WPUA/Al2O3 coatings, 

respectively. FESEM/EDX demonstrated that Al2O3 nanoparticles at the lower loading (up to 0.6 wt%) 

were well-dispersed correlated with contact angle (CA). The hardness property can reach 63.4% at the 

lower concentration of the Al2O3 addition 0.6 wt%. The adhesive strength, scratch hardness, and scratch 

resistance were greatly improved to 5B, 5H, and 2N, respectively. The preparation method offered in 

this study is an effective and convenient approach to producing UV-WPUA/Al2O3 coatings. The 

enhancement of the properties with the lesser concentration of Al2O3 nanoparticles (≤ 0.6 wt%) addition 

in this study shows a new promising potential as surface coating application for several major industrial 

areas, such as marine, transportation, and biomedical field with major economic and environmental 

benefits.  
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1. Introduction 

Vegetable oils feedstock and WPUA based production are getting attention from 

researchers and academicians to utilize in biopolymer polyurethane composites coating due to 

their renewable, ecofriendly nature, sustainability, ease of processing, and economical [1]. 

Compared to mineral-based, the price of raw material, jatropha oil (JO) is low and will be 

further reduced if it becomes a commercial crop. The cost of converting JO to jatropha oil 

polyol (JOL) is also low. Furthermore, no or less organic solvent was used to produce the 

water-based system. The main organic solvents such as butanone, cyclohexanone, ethyl acetate, 

and toluene are commonly used in conventional coatings not only affect the environment, but 

some contain volatile isocyanate that will harm human health [2,3]. Growing concern over this 

issue has prompted the urethane coating industry to move toward a water-based system. 

Compared to their solvent counterparts, waterborne polyurethane (WPU) has an excellent film-

forming capacity, low-temperature resistance, and is less expensive [4-6]. WPU can offer the 

advantages of being non-toxic, non-flammable, viscosity and flow properties independent of 

molecular weight, the absence of external emulsifiers, environmental safety, good adhesion, 

and rheology characteristics [7-11]. However, WPU still has weaknesses usually faced by a 

traditional polymer, which is a short lifetime resulting from physical damages such as scratches 

and microcracks, which will subsequently propagate to large cracks, leading to final fracture 

[12].  

JO has an excellent potential to be used as the raw material for polyurethane (PU) bio-

coating due to its high unsaturated fatty acid content. Currently, JOL derived from jatropha oil 

appears to be a promising candidate as a feedstock for polyurethane adhesives [13-16], coatings 

[17-23], and polymer electrolytes [24-26]. A great deal of effort has been devoted to developing 

biobased polyurethane coatings structure, morphology, and properties by introducing new 

chemical structures in the backbone chain so that the performance of biobased polyurethane 

coatings produced comparable to mineral-based polyurethane. 

The UV-curable polymer, polyurethane acrylate (PUA), a segmented PU resin with 

acrylic functionality, is a good candidate for numerous coating applications [27]. WPUA is a 

modified polyurethane, concurrently owning the advantages of polyurethane and polyacrylate, 

known as the third generation of WPU [28]. WPUA emulsion has the advantages of small 

particle size, narrow distribution, good stability, good film performance, and solid content of 

45 wt.% [29]. UV-curable waterborne technology is a merging method that could combine 

advantages and overcome drawbacks of waterborne and UV-curable systems [30-32]. Several 

advantages offered by UV-curing such as very rapid cure at room temperature, versatile 

formulation range, VOC complaint, reduction in required floor space, lower energy 

consumption, high automated production, ability to coat heat-sensitive substrates, minimal 

waste, long shelf-life, immediate handling of coated product, and low capital required for 

curing equipment [33-36]. Compared to conventional thermal-curable coatings, UV-curable 

coating always shows better comprehensive performance, such as excellent film-forming 

property and high thermal stability. Other researchers have also acknowledged UV-curing 

technology as 5E, which stands for Efficiency, Energy saving, and economical and 
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environmentally friendly [37-43]. Furthermore, conventional drying of WPU takes a few days 

to cure [44], while WPU derived from JO requires 8 days at room temperature to be cured [45], 

and UV-curable coatings can be cured within seconds at room temperature [46]. Thus, a high 

drying rate is an additional benefit of UV curing. 

The addition of inorganic or organic solid particles to polymers is a very common 

method used to improve their mechanical properties. For inorganic nanofiller, generally, the 

types of ceramic particles are SiO2, Al2O3, ZnO, TiO2, and CaCO3. Compared to metallic or 

organic oxides, ceramic coatings provide a better coating due to their higher hardness and 

strength, even with a lower thickness [47-48]. SiO2 is the most used and studied particle [49-

54]. However, the weakness of silica-based fillers is that high loadings of the particles are 

generally required to show a significant enhancement in the scratch/abrasion resistance of the 

coating, and these high amounts can lead to various other formulation problems associated with 

viscosity, thixotropy, and film formation [55-56]. Al2O3 is an engineering ceramic material 

[57-58] with numerous interesting properties such as wear-resistance [59-61], good dielectric 

[62,63] application, resistance to acid and alkali at elevated temperature, excellent thermal 

conductivity, and can be obtained in high purity up to 99.5% [63-66]. Several studies reported 

on the incorporation of Al2O3 into 2K polyurethane coatings to enhance the scratch behavior 

of the coating. They concluded that the addition of hard particles did not reduce scratch damage 

as assessed by scratch width measurement [67,68]. For polyacrylic coating, one study cited that 

its scratch resistance is improved by adding Al2O3 nanoparticles [68]. Another study reported 

that inorganic filler, Al2O3 is a thermodynamically stable material with trigonal symmetry [69]. 

Due to its favorable physical properties, Al2O3 has been commonly used in the fabrication of 

high-performance nanocomposites [69,70]. Other authors [71] in their studies cited [72-76] 

that Al2O3 is one such ceramic particle that presents itself as an excellent choice of a nanofiller, 

owing to its extremely high hardness retention at elevated temperatures, bio-inertness, ability 

to enhance the pristine polymer's load-bearing ability, and exceptional corrosion resistance. 

Few studies on the effect of Al2O3 on petroleum-based polyurethane acrylate nanocomposite 

coatings for scratch and mar resistance and corrosion protection have been conducted. 

However, a systematic study of the effect of Al2O3 nanoparticles on the physical properties, 

mechanical properties, and other performances of polyurethane coatings has not been well 

demonstrated. 

The goal of this study is to develop biobased and economic UV-WPUA/Al2O3 

nanocomposite coatings, which have not been reported up to date. UV-curable WPUA/Al2O3 

nanocomposite coatings have been considered a novel formation in the research on waterborne 

polyurethane nanocomposite coatings based on vegetable oil-based polyols generally jatropha 

oil-based polyols particularly. Al2O3 was used as a nanofiller at different weight percentages 

(0.3 wt% to 1.2 wt%) loading to study the variation in physical properties and mechanical 

performances and compared with the neat WPUA coating. 

2. Materials and Methods 

2.1. Materials. 

The raw material and chemicals used in this study are listed in Table 1. JOL was 

produced by synthesizing non-edible grade jatropha oils, and all chemicals were reagent grade 

and used as received. The individual particle size Al2O3 was 20 nm, which is consistent with 

the vendor's specification on the suspension and a specific surface area of > 138 m2/g. It is 
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hydrophilic, nearly spherical, was supplied in white powder form, and 99 wt% purely γ-Al2O3. 

Al2O3 nanoparticles used were of reagent grade/higher purity. A photoinitiator, bphenol, was 

selected and added to the formulation to generate free radical, which initiates polymer chain 

growth of the acrylate group to produce a thermosetting polymer. 

Table 1. Materials for UV-WPUA/Al2O3 coatings. 

Designation Chemical identification Supplier 

JO Jatropha oil BATC Development Berhad, Malaysia 

H2O2 Hydrogen peroxide 30% Merck, Germany 

CH3OH Methanol Merck, Germany 

DMPA 2,2-bishydroxymethylpropionic acid Aldrich Chemicals 

NMP n-methyl pyrollidone 98% Aldrich Chemicals 

IPDI Isophrene diisocyanate Aldrich Chemicals 

HEMA 2-hydroxyethyl methacrylate Aldrich Chemicals 

DBTDL Phtalic anhydride anddibutyltin dilaurate Aldrich Chemicals 

MEK Ethyl methyl ketone Meck, Germany 

TEA Triethylamine, 99% Systerm 

FA Formic acid Systerm 

MgSO4 Magnesium sulphate anhydrous Systerm 

 Pyridine Systerm 

Al2O3 Alumina nanoparticle, gamma, 99%, 20nm, Hydrophilic, 

specific surface area > 138 m2/g, morphology: nearly 

spherical 

Research nanomaterial, Inc, Houston, USA. 

Bphenol 

TMPTA 

Benzophenol 50wt% 

Trimethylolpropane triacrylate  

Ciba Specialty Chemicals Inc., Switzerland. 

Ciba Specialty Chemicals Inc., Switzerland. 

 
Figure 1. Synthesis route for epoxidized JO and polyol-based JO [3]. 
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2.2. Synthesis of WPUA dispersion. 

Briefly, epoxidized jatropha oils (EJO) were synthesized by the epoxidation method 

before being characterized by OOC value and FTIR analysis and further used for JOL 

synthesis. The JOL was produced by the hydroxylation method, and it was used for 

characterized hydroxyl value, FTIR analysis and further used for WPUA synthesis. Details of 

the synthesis route of JOL have been reported in the previous study by the same authors [5] 

with slight modifications. Figure 1 shows the elementary steps for the synthesis of the JOL.  

Table 2. Sample designation and composition of WPUA/alumina dispersion. 

Sample 

designation 

Composition (Molar ratio) 
(%) 

Alumina 

Molecular 

Weight 

(g/mol) 

Molecular weight 

distribution 
JOL 

(OH) 

DMPA 

(OH) 

IPDI 

(NCO) 

HEMA 

(OH) 
TEA 

A0WPUA 0.1930 0.0729 0.2742 0.0768 0.0438 0.0 121783 1.092107 

0.3A20WPUA 0.1930 0.0729 0.2742 0.0768 0.0438 0.3 121871 1.095420 

0.6A20WPUA 0.1930 0.0729 0.2742 0.0768 0.0438 0.6 121958 1.111964 

0.9A20WPUA 0.1930 0.0729 0.2742 0.0768 0.0438 0.9 122113 1.135555 

1.2A20WPUA 0.1930 0.0729 0.2742 0.0768 0.0438 1.2 122359 1.146747 

The preparation approach for WPUA oligomer is illustrated in Figure 2, and the 

formulation of the synthesis WPUA is shown in Table 2. 60 g JOL was added into a four-

necked flask equipped with a reflux condenser, mechanical stirrer, dropping funnel, and the 

flask was placed in a silicone bath. 

The system was performed under a dry N2 atmosphere, continuously stirred until the 

temperature reached 60°C. Then, IPDI was slowly dropped wisely for 30 minutes under a 

constant temperature of 60°C. Afterward, a calculated amount of DBTDL was added, and the 

reaction mixture was heated to 80°C and kept at a temperature for 2 h to prepare the ­NCO 

terminated prepolymer. Next, the mixture was reacted with a certain calculated amount of 

DMPA dissolved in a small amount of NMP at 80°C for another 2 h to attain the -NCO 

terminated prepolymer containing carboxy group. Then, the mixture was cooled to 60°C, and 

MEK was added to control the viscosity of the prepolymer. HEMA was dropped slowly and 

allowed to be reacted for another 3 h at 60°C to cap the entire terminal -NCO group. Then, 

polyurethane acrylate (PUA) oligomer was obtained, being cooled to 40°C, and the carboxylic 

acid group was neutralized by TEA for 30 minutes. A calculated amount of distilled water was 

dispersed into the system under vigorous stirring for 30 minutes. Finally, MEK was removed 

by vacuum distillation under low pressure, and WPUA oligomer was obtained. 

2.3. Preparation of UV-WPUA/Al2O3 coatings. 

The formulation of UV-curable WPUA/Al2O3 nanocomposite is indicated in Table 3. 

Al2O3 nanoparticles in the size range of 20 nm with loading composition of 0.3, 0.6, 0.9, and 

1.2 wt% were dispersed in neat WPUA emulsion and sonicated for 35 minutes to minimize 

aggregated alumina particles. A series of nanocomposite coatings were obtained and coded as 

0.3A20WPUA, 0.6A20WPUA, 0.9A20WPUA and 1.2A20WPUA, respectively. 

TMPTA monomer and bphenol were added to different amounts of WPUA/Al2O3 

dispersion; the mixture was homogenized at room temperature for 15 min with a homogenizer. 

The monomer and photoinitiator concentration were kept constant in all formulations. 

Thereafter, the formulated coatings were coated on a glass substrate (10 cm × 10 cm × 0.3 cm) 

using 120 bar coaters at 120 µm wet films thickness and given a flash off for an hour before 

being cured by a UV-curing machine with a high-pressure mercury lamp. The exposure time 
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was 10 s to get a completely dried coating. The film was considered fully cured after five passes 

under UV light based on a non-tackiness test using a finger (ASTM D1640). The coated 

substrate and film cured nanocomposite coatings were kept for further characterization.  

 
 

Figure 2. Synthesis route for WPUA dispersion. 

Table 3. The formulation of UV-WPUAD/Al2O3 coatings. 

Sample Code 
Composition of materials (wt%) 

Al2O3 WPUA TPMTA Bphenol Co- I 

Neat WPUA 0.0 75.0 25 3 1 

0.3A20WPUA 0.3 74.7 25 3 1 

0.6A20WPUA 0.6 74.4 25 3 1 

0.9A20WPUA 0.9 74.1 25 3 1 

1.2A20WPUA 1.2 73.8 25 3 1 

*Co-I: Co-initiator 
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The illustration of UV-WPUA/Al2O3 nanocomposite coating is schematically presented 

in Figure 3.   

 
Figure 3. Schematic illustration of UV-WPUA/Al2O3 nanocomposite coating. 

2.4. Characterization.  

2.4.1. Physiochemical properties.  

The presence of oxirane oxygen content, OOC (%) of EJO and acid value, and OH 

value of JOL was determined by the volumetric titration method according to AOCS Tentative 

Method Cd 9-57, revised 1963, ASTM D4662-03 Test and ASTM D4274-16, respectively [5]. 

OOC was conducted to check the disappearance of the oxirane ring during the synthesis of EJO 

process. Under the prescribed conditions of AOCS Cd 9-57 method, oxygen was titrated 

directly using a hydrobromic acid solution in glacial acetic acid. From the OOC measurement, 

the relative conversion to oxirane (RCO) value was calculated by the following Eq (1): 

RCO=
𝑂𝑂𝐶𝑒𝑥𝑝

𝑂𝑂𝐶𝑡ℎ𝑒𝑜𝑟𝑦
 × 100%        (1) 

Where OOCexp is the experimentally determined oxirane oxygen, and OOCtheory is the 

theoretical maximum oxirane oxygen. These parameters were calculated according to Eqs (2) 

and (3).  

OOCexp =
1.60𝑉𝑁

𝑊𝑡
 × 100        (2) 

where V and N are the volume and normality of the HBr solution and Wt is the weight of the 

sample.  

OOCtheory =
𝐼𝑉0/2𝐴𝑖

100+(𝐼𝑉0/2𝐴𝑖)𝐴0
 × 100       (3) 

where Ai (126.9) and A0 (16.0) are atomic masses of the iodine and oxygen, respectively, and 

IV0 is the initial iodine value of the sample.  

2.4.2. FTIR analysis. 

IR analysis was performed in the wavenumber region of 4000 to 400 cm-1 using an 

FTIR spectrometer (Bruker Tensor 11, Ettlingen, Germany) equipped with an attenuated total 

reflectance (ATR), which consists of a diamond disc as an internal reflection element. The 

spectrum of air was used as a background before each sample analysis. Background and sample 

spectra were taken in a room with a temperature around 21-23°C at a spectral resolution of 

4 cm−1, and for each measurement, 32 scans were performed. ATR-FTIR was used to confirm 
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the synthesis of EJO and JOL and demonstrate UV-WPUA formulations' photopolymerization 

following the conversion of acrylate double bonds on coating films after UV exposure.  

2.4.3. Morphology studies.  

UV-WPUA and UV-WPUA/Al2O3 coated morphologies of resulting nanocomposites 

were observed by Field emission scanning electron microscopy (FESEM, GeminiSEM*500 

developed using Gemini technology by Carl Zeiss, Germany) equipped with a system for 

energy dispersive X-Ray spectrometer (EDX) to confirm the present of Al2O3 nanoparticles in 

the polymer matrix. EDX spectra were measured with the energy of the primary electron beam 

of 20 keV. Samples were coated with platinum (Quorum Q150T, sputter-coater, Kent, UK) in 

order to prevent sample charging. 

2.5. Coating characterization. 

2.5.1. Glossiness. 

The influence of Al2O3 nanoparticles on the optical UV-WPUA coatings was measured 

in terms of 60° and 20° gloss according to ASTM Method D1033-61 (1977) by means of a 

gloss meter (Mirco-TRI-gloss, BYK-Gardner, Columbia, MD, USA). The measured gloss is 

an average standard of 10 measurements at angles incident light of 20°.  

2.5.2. Contact angle. 

The surface properties and wettability of neat UV-WPUA and UV-WPUA/Al2O3 

coated films were measured by static contact angle (CA) measurement using the optical 

tensiometer instrument (Theta Lite, Biolin Scientific, Finland) equipped with a camera 

following the sessile liquid droplet method in the air at room temperature with 2 µL droplets 

of deionized water. 

2.5.3. Pendulum hardness. 

The hardness of UV-WPUA\Al2O3 coatings was determined by measuring the 

deflection angles of a pendulum oscillating on the coating samples according to the standard 

ASTM D4366 (Pendulum hardness tester, BYK-Gardner). The hardness value corresponded 

to the damping time of the pendulum from 6 to 3 (König pendulum). Hardness determination 

characterizes or forecasts the behavior of a coating subjected to such practical conditions as 

complying with the hardness definition.   

2.5.4. Pencil hardness test. 

The pencil hardness test is the Wolf-Wilburn method was used to measure the hardness 

or the qualitative determination of anti-scratch resistance of coatings according to the ASTM 

D-3363-05 [77]. The pencil test selection to measure anti-scratch resistance is due to its 

simplicity and acceptance in the field of surface characterization of industrial coating [78]. The 

test consists of using a set of pencils (Dervent Graphics, Workington, UK) with different 

hardness in a decreasing order to determine the first pencil that does not produce any mark on 

the coating surface. The hardness value in the Wolf-Wilburn scale, Hw (6B to 6H range of 

pencils), was used for the test. Then, the hardness of such a pencil is taken as the hardness of 

the coating. 
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2.5.5. Scratch test. 

The scratch (macro) on the coated substrates was measured with the help of a 

mechanical scratch tester (Model: 413, Erichsen Scratch hardness Tester) in accordance with 

ASTM G 171. The scratching steel ball tip with a diameter of 1 mm was drawn in a circular 

motion on the coating substrates using a weight load varying from 0.1N to 10 N. The load that 

managed to penetrate or crack the films was recorded as the maximum scratch resistance of the 

coatings.  

2.5.6. Adhesion test. 

The cross-hatch adhesion test (Biuged, Guangzhou, China) follows ASTM D3359-02 

and provides a qualitative evaluation of surface coating adhesion performance while dry 

through a visual examination. The kit consists of cross-hatch adhesion testers, a cutter blade, 

standard adhesive tape, magnifying glass, and a soft brush. A cross-hatch pattern was made by 

a cross-cut cutter on the surface of the coating, and the detached flakes of coatings were cleaned 

with a soft brush. Standard adhesive tape was applied over the cross-hatch cut, and the tape 

was pulled up quickly back upon itself as close to an angle of 180° as possible. The remaining 

coating was judged by comparison with descriptive illustrations in ASTM standard. The 

classification of the test result is shown in Table 4. The test was performed on three replicates 

of each coating system. 

Table 4. The standard evaluation criteria for coating adhesion  

Qualified Adhesion Requirement: Adhesion ≥ 4B 

5B The edges of the cuts are perfectly smooth, and there is no fall-off at the squares or the lattice. 

4B Small flakes of the coating fall off at the edge or intersections of the squares, and the total area of fall-off 

is less than 5%. 

3B Small flakes of coating fall off along the edges and at intersections of the squares, and the area of fall-off is 

between 5% and 15%. 

2B Flakes of coating fall off along the edges and at parts of the squares, and the area of fall-off is between15% 

and 35%. 

1B Flakes of coating fall off along the edges of cuts in large ribbons and entire squares, and the area of fall-off 

is between 35% to 65%. 

0B Flaking and detachment is the access of 65%. 

3. Results and Discussion 

The synthesis mechanism of WPUA derived from JOL by in situ polymerization 

method, as illustrated in Figure 1 and Figure 2, involves three major steps. Firstly, JO was 

converted into EJO via epoxidation reaction process, followed by the second step, which is 

EJO was transformed into JOL via hydroxylation reaction process. In the third step, WPUA 

synthesis was prepared according to the conventional batch-feed process, in-situ 

polymerization method because this technique is most suitable, safe, and economical for small 

scale. EJO derived from JO was prepared with some modifications according to reported 

procedures in the literature [5,79,80].  

Table 5. Physiochemical properties of JO, EJO, Polyol based-JO and WPUA dispersions. 

Sample Acid Value 

(mg of KOH/g) 

OOC* 

(%) 

Hydroxyl Number 

(mg of KOH/g) 

Physical Appearance 

JO - - - Liquid, Golden yellow 

EJO 23.78±0.3 4.34±0.6 - Liquid, Light Yellow 

JOL 

WPUA 

26.47±0.6 

6.97±0.03 

- 

- 

171±5.3 

- 

Liquid, Yellowish 

Emulsion, Milky white, no odor 

*OOC = Oxirene oxygen content 
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3.1. Physiochemical properties. 

Table 5 shows some of the physicochemical properties of EJO, JOL, and WPUA. The 

EJO and JOL samples are in liquid, while WPUA is in an emulsion form. The acid values of 

EJO and JOL are 23.78 and 26.47 mg of KOH/g, respectively. The higher acid value of EJO 

and JOL indicates that it contains a higher amount of free acid. The authors [81] reported that 

the resins with higher acid values contributed to an increase in the pendulum hardness rate of 

the coating. OOC values of EJO are about 4.34% indicating the percentage of epoxy groups 

present in the acid backbone, while the OH value of JOL is 171 mg of KOH/g. A pure color of 

the raw material, JO is golden yellow, and after the epoxidation and hydroxylation reaction, 

EJO and JOL are slightly brighter with light yellowish and yellowish colors, respectively. The 

color of WPUA dispersion is milky white. All these chemical characterizations are within the 

range of data that has already been performed by many researchers [5,82,83]. 

3.2. Chemical analysis. 

The synthesized neat UV-WPUA and UV-WPUA/Al2O3 coatings were characterized 

by FTIR. Figure 4 and Figure 5 show the infrared spectra of JO, EJO, Polyols, neat WPUA, 

and WPUA/nano-Al2O3 composite coatings, respectively. Typically, the carbon-carbon double 

bonds are present in most vegetable oils, as shown in the characteristic peak of JO. The 

spectrum of JO in Figure 4(a) indicated a CH stretching of saturated fatty acid backbone at 

2950 cm-1 and 2858 cm-1, which correspond to a stretching band of the terminal methyl group 

(CH3) and methylene proton (CH2) of triglyceride molecule, respectively. The peak around 

1744 cm-1 is attributed to the carbonyl group (C=O) of the triglyceride backbone. A significant 

functional group of unsaturated fatty acid was shown at 3009 cm-1, which indicated the vinyl 

proton of unsaturation double bond (CH=CH). The double bond is quite strong in the JO, but 

it disappeared in the EJO in Figure 4(b) due to the consumption of double bonds in the 

epoxidation reaction to form epoxy rings.  

 
Figure 4. FTIR spectra of (a) JO; (b) EJO; (c) Polyols; (d) neat UV-WPUA coatings. 
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The broad absorbance of polyol at 3425 cm-1 in Figure 4(c) shifted to 3365 cm-1 in 

Figure4(d), showing that the OH group was transformed into a hydrogen-bonded NH group. It 

is observed that isocyanate and hydroxyl groups in Figure 4(d) were not present in the 

spectrum, indicating that all monomers had completely reacted during polymerization/curing. 

Once polyol-based JO reacts with IPDI and HEMA to form PUA, the NCO group of IPDI 

responds with both hydroxyl polyol and HEMA to form a urethane bond (NHCOO). Figure (d) 

shows the absence of NCO band at 2270 cm-1, and the presence of the N-H band at 3365 cm-1 

reveals the occurrence of the polymerization process. The absorption peak of terminal 

methylene groups (=CH2) observed at 1666 cm-1 indicates incorporating the C=O bond of 

HEMA into the polyurethane chains. Meanwhile, the stretching vibration is shown at 2859 - 

2924 cm-1 and 1087 cm-1 correspond to methanediyl groups (-CH2-), methyl groups (-CH3-), 

and ether groups (-C-O-C-) respectively [84-86]. These findings have shown the successful 

synthesis of WPUA. 

Figure 5 presented the comparison of the FTIR spectra WPUA according to the neat 

UV-WPUA coating and UV-WPUA/Al2O3 coating with different compositions. The typical IR 

spectrum of the neat WPU showed bands near 3330 cm-1 (N-H stretching), 1700 cm-1 (C=O 

stretching), and 1540 cm-1 (C-N-H bending). The characteristic carbonyl group peak appearing 

at 1700 cm-1 region notify about the change in intermolecular bonding such as hydrogen 

bonding and dipole-dipole between carbonyl group. From the spectrum, UV-WPUA/Al2O3 

coatings did not reveal any -OH stretch as in spectra of Al2O3, suggesting that the Al2O3 

nanoparticles have been embedded into the WPUA matrices. Furthermore, all the spectra do 

not show significant changes in absorption peaks with the increase of Al2O3 nanoparticles 

composition, indicating that the incorporation of Al2O3 nanoparticles did not interfere with the 

curing process WPUA.  

  
Figure 5. FTIR spectra for UV-cured WPUA filled various loading nano-Al2O3 coatings.  

3.3. Microstucture. 

In order to confirm the dispersibility of the Al2O3 nanoparticles to the WPUA 

dispersion, FESEM/EDX analysis was conducted, and the results are shown in Figure 6. Figure 
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6 shows the scanning electron micrographs of the synthesized WPUAs (neat WPUA coating 

and WPUA/Al2O3 nanocomposite coatings) at ×300000 magnifications with an acceleration 

voltage of 5 kV. FESEM images of neat UV-WPUA and UV-WPUA/Al2O3 coatings have 

clearly revealed the presence of one phase, and all the surface coatings were smooth uniform, 

and no cracks were detected. It means that the nanocomposite coatings show a better mixing 

of the soft and hard segments. The distribution of Al2O3 nanoparticles within the WPUA matrix 

was generally uniform, with no evidence of extensive settling. The images' bright dots and 

tread-like structures are attributed to the Al2O3 nanoparticles. The dispersion of Al2O3 

nanoparticles in the WPUA matrix at lower loading (0.6 wt%), as shown in Figure 6(c), is 

found to be homogeneously dispersed throughout the WPUA matrix without any 

agglomeration. But agglomeration is seen at higher (0.9 and 1.2 wt%) loadings depicted in 

Figure 6(d) and Figure 6(e), respectively. In 0.6 wt% Al2O3 nanoparticles loading micrographs, 

well-dispersed nanoparticles throughout the entire surface could be attributed to the induced 

Van der Waals force between polymer and Al2O3 nanoparticles which exceeds the existing 

interparticle forces during sonication [87]. 
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Figure 6. Morphology (FESEM) and energy dispersive X-ray analysis (EDX) spectrum of film coating, (a) Neat 

WPUA; (b) 0.3A
20

WPUA; (c) 0.6A
20

WPUA; (d) 0.9A
20

WPUA; (e) 1.2A
20

WPUA. 

The purity and elemental composition of the WPUA/Al2O3 coatings were confirmed by 

the EDX measurement, as shown in Figure 6. EDX analysis confirms that only carbon (C), 

oxygen (O), and aluminum (Al) elements are present in the sample coatings, which is in good 

agreement with the stoichiometric composition of UV- WPUA/Al2O3 coatings. O, C, and Al 

are the main elements of WPUA/Al2O3 coatings, and the carbon peak belongs to both samples, 

which are neat WPUA and WPUA/Al2O3 coatings. The presence of Al and O element peak 

clearly showed the purity of Al2O3 nanoparticles (Figure 6 (b) - Figure 6(e)), and it confirmed 

the successful presence of Al2O3 in the samples. Atomic and weight percentages of the relevant 

elements are attached as an insert in their respective EDX graphs. 

3.4. Coating characterization. 

3.4.1. Glossiness. 

The gloss values of surface coatings indicate that the UV-WPUA/Al2O3 coatings give 

a very high gloss surface. The values exceed 90 GU and 100 GU for measuring geometry of 

60 ° and 20° for all tested coatings. Figure 7shows the glossiness of UV-WPUA coatings with 

different compositions Al2O3 nanoparticles. The average gloss of neat WUA coatings was 148 

GU. Incorporation of Al2O3 nanoparticles content up to 0.6 wt.% does not affect the glossiness 

of the coatings, while further increasing the nanoparticles up to 1.2 wt.% reduced the glossiness 

to 130 GU. The reason is that lower amounts of Al2O3 nanoparticles allow the coatings to flow 

more smoothly and uniformly. Another factor contributing to the high glossiness value is the 

smaller nanoparticles, and narrow size distribution particles fill the surface irregularities, 

providing a smoother surface with more compact air boundary surfaces [88,89]. 
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Figure 7. Glossiness of UV-WPUA/Al2O3 coating with different compositions Al2O3. 

3.4.2. Water contact angle. 

The static water contact angle was carried out to analyze the wettability or hydrophilic–

hydrophobic properties of WPUA/Al2O3 coatings. Regarding water contact angles, it is 

accepted that a surface is hydrophilic if the contact angle value is less than 90° [90]. As 

illustrated in Figure 8, it was observed that the contact angles of neat WPUA coating is about 

77.7° while a constant of 68.1° for WPUA/Al2O3 at different compositions between 0.3 – 0.9 

wt%, showing hydrophilic properties, whereas the contact angles of WPUA/Al2O3 coatings 

decrease gradually to about 67.9° (12.4%) as the content of Al2O3 nanoparticles increased. 

However, the composition (0.3wt% - 1.2%wt) of Al2O3 nanoparticles embedded into WPUA 

dispersion was seen. The wettability value remains stable, which gives information that the 

composition of Al2O3 nanoparticles embedded into WPUA did not affect the wettability 

properties in the substrate tested. These results indicated that the wettability of the coating 

could be improved after the incorporation of Al2O3 nanoparticles, and this variation can be 

credited to the presence of an abundant surface hydroxyl group of Al2O3 nanoparticles. 

Furthermore, Al2O3 contributes to hydrophilicity due to particles themselves being hydrophilic 

(-Al2O3).  

 
Figure 8. Static contact angle results of UV- WPUA/Al2O3 coating with different compositions Al2O3. 
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3.4.3. Pendulum hardness. 

Hardness is the resistance of a material to localized plastic deformation [91]. Figure 9 

shows the pendulum hardness of WPUA/nano-Al2O3 coatings as a function of nanoparticle 

content. It was found that the neat WPUA coatings show a pendulum hardness of 27.9 sec. The 

addition of 0.3, 0.6, 0.9 and 1.2 wt% of Al2O3 nanoparticles leads to mark pendulum hardness 

improvement around 63.4%, 63.4%, 28.8% and 4.7% respectively.  

 
Figure 9. Pendulum hardness of UV-WPUA/Al2O3 coating with different compositions of Al2O3. 

With an increase in the nano-Al2O3 content (0.3 to 1.2 wt%), the hardness of 

WPUA/nano-Al2O3 coatings increases and declines, but the hardness values are still high 

compared with unfilled ones nano-Al2O3 coatings. The hardness of WPUA coatings filled with 

0.3 wt% and 0.6 wt% nano-Al2O3 content were the greatest values hardness among other 

compositions, which increased by 63.44% higher than that of 0 wt% nano-Al2O3. The reason 

may be that adding a small amount of Al2O3 nanoparticles to the WPUA matrix could fill the 

pores arising from the water evaporation during the curable of WPUA and the contact areas 

between the WPUA matrix.  

 Since 0.3 wt.% and 0.6 wt.% nano-Al2O3 filled WPUA composite coated on glass 

substrates shows the highest value of hardness and hence selected as the optimal nano-Al2O3 

content in WPUA. The addition of a small and optimal amount of nano-Al2O3 can exhibit 

strengthened and strong filler-matrix interaction, which plays an important role in improving 

the tribology properties of composites coating. Adding 0.9 wt.% and 1.2 wt.% nano-Al2O3 into 

the coating matrix can make their structure harder. Nevertheless, it is possibly also decreasing 

the hardness of the coating due to the increased roughness of the coating surface. Both 

contradictory impacts might challenge each other, pointing to a tiny variation in the hardness 

of the coating [92]. 

3.4.4. Pencil hardness and Scratch resistance.  

The pencil hardness test is a standard industrial method that can roughly evaluate the 

short-term scratch resistance of the nanocomposite coatings [78,91,93,94]. Table 6 shows the 

result of pencil hardness and scratch resistance WPUA/Al2O3 coatings. The pencil hardness 

27.9

45.6 45.6

39.2

29.3

0

10

20

30

40

50

0 0.3 0.6 0.9 1.2

P
e

n
d

u
lu

m
 H

a
rd

n
e

s
s

 (
S

e
c

)

Nanoalumina composition (%)

75% WPUA

https://doi.org/10.33263/BRIAC132.193
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC132.193  

 https://biointerfaceresearch.com/ 16 of 22 

 

reveals continuous improvement with the increasing Al2O3 nanoparticles composition. As 

compared to the neat WPUA, it was noted that the increasing of Al2O3 nanoparticles raised the 

hardness of the coatings from H to a maximum of 5H. It has the most improvement in four 

higher grades up to 1.2 wt% nano-Al2O3 compositions. The improvement of pencil hardness 

owing to the addition of nanofillers has been reported by other researchers [78].  

Table 6. Statistical data of pencil hardness and scratch-resistant of UV-WPUA/Al2O3 coatings using a diamond 

tip with 90°. 

Sample code Alumina Content 

(%) 

Pencil hardness Resistant to scratch, 

N 

Neat PUA  0 2H±0.0 - 

0.3A20PU  0.3 4H±0.0 1.5±0.0 

0.6A20PU  0.6 4H±0.0 1.5±0.0 

0.9A20PU  0.9 5H±0.0 2.0±0.0 

1.2A20PU  1.2 5H±0.0 2.0±0.0 

The incorporation of Al2O3 nanoparticles into the WPUA dispersion matrix improved 

the scratch resistance in all the cases tested compared to neat UV-WPUA coating. According 

to the results in Table 5, it was observed that neat UV-WPUA coatings failed at 0 N load, 

whereas the UV-WPUA/Al2O3 coatings could resist up to the 2 N load. This shows that the 

UV-WPUA/Al2O3 coatings have better scratch resistance compared to the neat UV-WPUA 

coatings. The improved scratch resistance of coatings after adding inorganic nanoparticles is 

mainly ascribed to the improved basic mechanical properties of nanocomposite coatings. After 

the scratch test, the scratched tracks of coatings were studied by an optical microscope. It can 

be found that the neat UV-WPUA coating fractured as early as the first round of the testing 

ended. The authors [95] reported that the pencil hardness of coatings reaches 4H-5H, enabling 

potential application as a protective film on PC covers for mobile phones. 

3.4.5. Adhesion.  

Based on the statistical analysis, the type of substrate significantly influenced the 

overall adhesion strength of the samples, while the type and layer thickness of coatings, as well 

as the number of layers applied to the surface of specimens, have not significantly affected the 

adhesion resistance of the panels used in this work. According to Table 7, the results show that 

all UV-WPUA/Al2O3 coatings (0.3 wt%, 0.6 wt%, 0.9 wt%, and 1.2 wt%) and neat WPUA 

coatings showed adhesion of 5B and 4B, respectively. These results refer to the ASTM standard 

(Table 4) for the cross-hatch adhesion test performed. It was observed that the WPUA/Al2O3 

coatings had experienced no peeling with neat WPUA has experienced less than 5%. These 

results demonstrate that the Al2O3 nanoparticles are well dispersed in polymer matrices and 

enhance the adhesion strength of coatings performance. The authors [3] reported that poor 

dispersion of nanofillers in a polymer coating matrix could lead to low adhesion strength 

because close packing of nanoparticles often hides the hydroxyl groups required to form polar–

polar bonds with the steel surface.  

Table 7. Crosshatch adhesion of UV-WPUA/Al2O3 coatings. 

Panel  

type 

Sample          

designation 

Alumina content 

(%) 

Wet coating thickness 

(µm) 

Average  Adhesion 

strength 

 Neat WPUA 0.0 120 4B 

 0.3A20WPUA 0.3 120 5B 

Glass 0.6A20WPUA 0.6 120 5B 

 0.9A20WPUA 0.9 120 5B 

 1.2A20WPUA 1.2 120 5B 
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4. Conclusions 

The study aimed to develop UV-WPUA/Al2O3 coating properties superior to the neat 

coating. Renewable resource-based UV-WPUA/Al2O3 coatings were successfully prepared 

from jatropha oil, a renewable and sustainable resource, via in situ and anionic self-emulsifying 

methods. These coatings were cured by UV light. FTIR spectra indicated that EJO, JOL, and 

WPUA dispersion derived from jatropha oils successfully synthesized, and FESEM/EDX 

examinations of UV-WPUA/Al2O3 showed Al2O3 at the low concentration were well dispersed 

in the matrix. The incorporation of Al2O3 nanoparticles into WPUA dispersion demonstrates 

their ability to improve optical, mechanical simultaneously, and coating performances at low 

filler contents (0.3 – 1.2 wt.%). It was observed that the neat UV-WPUA coating is highly 

glossy and hydrophilic, with a water contact angle of 77.7°. The incorporation of Al2O3 

nanoparticles in the coating has decreased the water contact angle to 12.36%. However, the 

water contact angle UV-WPUA/Al2O3 coatings remained almost constant compared to neat 

UV-WPUA coating. The pendulum hardness was greater than those of the neat WPUA coating, 

which was increased by 63.4% at filled 0.3 wt% Al2O3 nanoparticles. At a relatively low 

percentage loading Al2O3 nanoparticles content, UV-WPUA/Al2O3 coatings show excellent 

adhesion and good resistances toward scratch properties, including pencil hardness, compared 

to neat UV-WPUA. It is concluded from this work that the resulting UV-WPUA/Al2O3 

nanoparticles transparent films are possibly interesting for the generation of UV-WPUA 

nanocomposite coatings with improved physical and mechanical properties provided by 

inorganic alumina nanoparticles.  
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