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ABSTRACT 

 

The resources for palm oil in Malaysia are readily available, renewable, and have lower 

operating costs than any petrochemical oil resource. In this work, silane-modified anatase 

titanium dioxide (TiO2) nanoparticles (NPs) were hybridized with acrylated palm olein (APO) 

(NPs) synthesized by ionizing acrylic palm oil resin to develop an antimicrobial additive for 

surface coating applications. The effects of their incorporation on the palm oil film coating's 

layer as well as the physicochemical characteristics of the hybrid APO and TiO2 organic-

inorganic NPs composites were investigated. The results included compatibility, chemical 

properties, morphology, roughness, water contact angle, thermal stability, transmittance, 

hardness, crosslinking and anti-scratch effects on coating surfaces. The test coating sample, 

POBUA-IPDI, presented a slightly higher adhesion and good crosslinking density, which 

improved hydrophobicity, thermal stability, and anti-scratch properties.  This could be ascribed 

to a greater surface tension between the molecular forces of an object and the composite resin 

in the presence of TiO2-APO NPs compared to other coatings.  Antimicrobial features were 

minimal due to the coating sample's TiO2 low content of 1%. On the other hand, the microbial 

inhibition zone can be detected due to the natural hydrophobic nature of palm oil and the 

chemical cross-linking capabilities of coating products after exposure to UV radiation that limit 

growth or do not allow microbial attachment surrounding the coating layer's surface. The study's 

findings demonstrated that a palm oil composite coating product by using TiO2 as a nanofiller 

can improve the product's thermal, mechanical, and antimicrobial properties and has the 

potential to be employed as a surface protective layer. 
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INTRODUCTION 

 

Research studies on the development of palm oil-based materials are being conducted to 

accommodate the country's varied industrial sectors. Inter-industry nuclear technology that 

advances palm oil resin research through the use of radiation technology, such as gamma, 

electron beam (EB), and ultraviolet (UV) for the production of multi-functional products, 

particularly in the field of surface coating. 

 

Over the last two decades of research, it has been discovered that the effect of irradiation on palm 

oil materials can improve the physiochemical, thermal, and mechanical properties of these new 

products in order to meet their specifications and applications in industrial and healthcare 

demands. Indeed, its value as a renewable material compared petrochemical-based products 

makes it one of the primary plant oil sources for advanced research (Stavila, 2023). Furthermore, 

as compared to thermal or other conventional processes, nuclear technology utilized as an 

advanced material processing technique is more environmentally friendly, resulting in lower 

greenhouse gas (GHG) emissions. 

 

On the other hand, titanium dioxide (TiO2) nanoparticles (NPs) also known as titania is one of 

the nanofillers that are biocides and widely employed in the industrial sector, including the 

production of nanocomposite materials that guarantee to improve the original physiochemical, 

thermal, and mechanical properties of the material. Many studies reveal that the presence of TiO2 

NPs in a material can endow it with antimicrobial property.  In addition, TiO2 NPs also has 

unique features, such as non-toxicity, easy UV-activation, chemical stability, environmental 

friendliness, inertness, corrosion resistance and, low cost harvesting which has made it one of 

the choices as an antimicrobial agent.  

 

Medical, food and beverage, building and construction, textile, and other industries have the 

highest demand for antimicrobial coatings (Zhao, 2011; Mamat Rokhmat, 2017; Abbas, 2018; 

falco, 2018; Kartini, 2018; Baig, 2020; Tran, 2020; Tudu, 2020; Chuang, 2021; Kumaravel, 

2021). Anti-microbial coatings are classified into two types: biocides (which include silver, 

copper, titania and zinc compounds) and resin (which includes acrylic, polyurethane, epoxy, 

polyester, and others). Anti-microbial additives or biocides can enhance qualities that includes 

dimensional stability, heat and chemical resistance, and chemical stability while preventing the 

growth of microbes in finished products or polymers. 

 

The pitfalls and challenges in this current sector are the potentials for the development of 

antibiotic resistance, strict regulations, and health concerns with biocide use. The better choice 

is to use natural polymers with the conjunction with radiation curing technologies.  The palm 

oil-based resins, such as acrylic- and polyurethane-types are actively being developed for surface 

coatings of wood, paper, and metal applications because they are environmentally friendly and 

less harmful. Whereas, radiation curing technology is a green technology because it can offer 

less or zero volatile organic compounds (VOCs) release to the environment as compared to 

traditional methods (Salih, 2012; Tajau, 2013; Tajau, 2014; Salleh, 2016). Figure 1 represents 

the various type of resin-coated substrates, such as glass, paper, and wood.   
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Figure 1 The potential application of coating products on various surfaces: (a) glass (b) paper 

and (c) wood substrates 

 

The study aimed to develop anti-microbial additives for use in surface coatings. The work 

focuses on the encapsulation of titanium oxide (TiO2) with NPs made of acrylated palm oil 

(APO), which also serves as nanocarriers for anti-microbial agents (Chouirfa, 2019; Tajau, 

2021). These NPs will be integrated with palm oil-based resins for use as an antimicrobial 

additive in surface coatings by using radiation curing technology (Li, 2006; Ingrosso, 2015; 

Vuong, 2020). 

 

 

METHODOLOGY 

 

Preparation of UV Curable Organic/Inorganic Hybrid Coating 

 

The sol-gel method was used to prepare the hybrid coatings. APO NPs of 5 mg with titanium 

dioxide (TiO2-APO NPs) were each weighed in a 20 mL flask. Ethanol of 5 mL were added to 

each flask. The TiO2-APO NPs solution was sonicated for 2 h. After that, 5 mL of resins 

respectively from the acrylic, i.e., EPOLA (Mw = approximately 2,000 Dalton) and the 

polyurethanes (Mw = approximately 5,000 Dalton) i.e., POBUA-IPDI, POBUA-IPDI-PETIA 

and POBUA-TDI-HEA were prepared in four different flasks. Two set of samples for each resin 

were prepared. About 1 wt% of TiO2-APO NPs solution was added to the first set of each resin 

and the another set of resin was prepared without addition of a nanofiller for comparison 

purposes. Then, all samples were sonicated for 1 h.  
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Radiation curing process  

 

The formulated resin was cured by using UV irradiation with a medium pressure mercury vapor 

lamp of IST-UV Dryer (Switzerland) about 7.0 mA and 10 m/min per pass with 0.72 J/cm2. The 

sample was coated on the glass, wood and paper substrate by using 40 μm thickness hand bar 

coater for product evaluation.  

 

Characterization of UV Curable Organic/Inorganic Hybrid Coating 

 

Physical and chemical properties testing 

 

The coating films performance was tested by using the Byk labotron pendulum hardness tester 

(Konig Method) in accordance with DN 53157 for hardness test. The coating films underwent 

scratch resistance test by using Erichsen universal scratch tester (model 413) according to DIN 

53799 and the cracking property of the film were analyzed by an optical microscope (Zeiss Primo 

Star) for examining the surface of the films. The direct tape test method was used in this study 

for adhesion testing on the paper substrate according to the ASTM D3359-09 Test Method B 

Cross Cut Tape Test. The optical contact angle (Biolin Scientific, TL 100) was utilized to 

determine the hydrophobicity of the coating. The transmittance of the coating films was analyzed 

by using Byk Haze-Gard I Haze Meter according to the ASTM D1003; D1044.  An FTIR 

spectrophotometer (Bruker's Tensor II) was used to analyze the chemical functions. The gel 

content test also was conducted by using soxhlet extractor method (Salih, 2012). The X-ray 

diffraction (XRD) spectra were obtained using a PANalytical PW3040/60 X'Pert PRO 

(Netherlands).  The TiO2 NPs chemical composition was characterized using FESEM equipped 

with an energy dispersive X-ray (EDX) (Oxford instrument). 

 

Thermal testing 

 

The thermal decomposition property of the designated NPs was analyzed by using the 

thermogravimetric analysis (TGA) analyzer (model NETZSCH) (German) at a temperature 

range of 35 °C to 900 °C and heated at a rate of 10 °C/min in a nitrogen gas atmosphere.   

 

Morphology analysis 

 

The FESEM images were captured by using a Zeiss microscope (model Philips XL40) and 

analyzed at the voltage range of 1 kV.  The surface roughness was analyzed by using the atomic 

force microscopy (Nanowizard II).  

 

Antimicrobial testing 

The coating film was contaminated with standard strains of gram-negative bacteria 

(Escherichia coli –code of ATCC 25992) provided. ATCC 25922 is a recommended reference 

strain for antibiotic susceptibility testing. Inhibition zones were analyzed after 24 h incubation 

of plates at 37 °C.  
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RESULTS AND DISCUSSION 

 

Physicochemical Properties 

 

Chemical interaction  

 

The study's raw materials were EPOLA and POBUA resins, which were later modified to create 

EPOLA and polyurethane coatings (Figure 2, a-b). The surface of the TiO2 nanoparticles was 

altered by using silane precursors via the sol-gel process before being encapsulated by the APO 

NPs (Horkavcová, 2021; Mahltig, 2018; Cotolan, 2016). Figure 2a shows the reaction 

mechanism of the sol-gel approach for silane-modified TiO2 modification and the interactions 

between organic-inorganic hybrid coatings between those particles and APO nanoparticles 

(Figure 2, c-d). 

 

 
Figure 2. Chemical synthesis route for the production of palm oil-based resins based  

on the patent innovation registration number: (a) EPOLA production (PI2016704907) and  

(b) POBUA production (MY-142814-A), and schematic diagram of chemical structure 

interaction for development of TiO2-APO NPs and the acrylic-type composite resin:  

(c) Silane-modified TiO2-APO nanoparticles and (d) organic-inorganic hybrid composite of the 

TiO2-APO NPs with the coatings: (i) acrylic-based nanocomposite and 

 (ii) polyurethane-based nanocomposite 
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FTIR analysis and Nano-TiO2 content evaluation 

 

The chemical functional group of carbonyl and ester (C=O), carbon double bond (C=C), ester (-

C-O), hydrocarbon (-C-H), and TEOS are the key indicators used to evaluate the curing process 

in coatings.  The infrared tests results showed the resolution of ATR FTIR of the resins and 

films/ coatings as displayed in Figure 3, and the results are summarized in Table 1.  The reaction 

between the -OH group of silane-modified TiO2-APO NPs with the acrylic and urethane ester 

groups respectively showed a decrease in peak intensity at carbonyl 1,720 cm-1 and 1,722 cm-1 

(Figure 2d, i-ii and Figure 3, a-b).  Furthermore, as demonstrated in Table 1, the occurrence of 

cross-linking reactions has resulted in a decrease in the peak intensity of the active functional 

groups.  

 

Meanwhile, the FTIR spectra showed the presence of anatase TiO2 NPs in the coating films. The 

functional group spectra of Ti-O and Ti-O-Ti were at 669 cm-1 and 806 cm-1 for the acrylic film, 

and at 656 cm-1 and 808 cm-1 for the polyurethane composite film (Figure 3, a-b).  A comparable 

analysis of the FTIR spectrum of anatase TiO2 NPs revealed these relative functional groups, as 

reported by Praveen et al. (2014).  The TiO2 NPs characterization of anatase type was also proven 

using XRD as shown in Figure 4. 
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Figure 3 FTIR spectra of the resin composites after curing: (a) nano-TiO2-acrylic composite 

film; (b) nano-TiO2-IPDI-polyurethane composite film 

 

 

Table 1 FTIR frequency range and functional groups in the sample after curing process 

 

Wavenumber, cm-1 Decreases of peak after curing 

(a) Acrylic (b) Polyurethane 

C=O carbonyl 1720 1722 

C=O ester 1684, 1640 - 

-C=C- 1634, 1632 1634, 1617 

-C-O 1280 1267, 1293 

-C-H 898 898 

TEOS 711 840 

Ti-O, Ti-O-Ti 669, 806 656, 808 
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Figure 4 XRD spectrum of anatase TiO2 NPs 

 

Furthermore, the EDX analysis of composite films was depicted in Figure 5a and Figure 5b. The 

findings revealed the presence of nano-TiO2 chemical elements in nano-TiO2-acrylic composite 

film and nano-TiO2-IPDI-polyurethane composite film were 0.52% and 6.89%, respectively. 

Furthermore, the addition of nano-TiO2 in acrylic composite film and polyurethane composite 

film calculated by using UV-Vis spectrophotometer were 6.42 mg/L and 6.98 mg/L, respectively 

(Figure 5c), whereby the percentage value is corresponding to the EDX’s element percentage, 

especially the nano-TiO2-IPDI-polyurethane composite film. 

 

Therefore, the effects of key reaction parameters, such as type of soft and hard segments of the 

polymer bonds influence the physical properties of coatings.  The soft segment of polymer is 

responsible for facilitating the incorporation of the nanofiller mixture into the polymer chain 

(Figure 2d).  Similarly, a higher molecular weight (Mw) of polyurethane allows for a greater 

uptake of nanofiller volume than the smaller size Mw of acrylic. 
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Figure 5 EDX elemental mapping of the nano-TiO2: (a) nano-TiO2 acrylic composite and (b) 

nano TiO2-IPDI polyurethane composite, (c) Calibration curve of TiO2 in ethanol solution by 

using UV-Vis spectrophotometer 

 

 

Surface characterization and hydrophobicity 

 

The FESEM images showed that the TiO2-APO NPs were less than 150 nm in size and were 

spherical shape (Figure 6).  Vuong (2020) also found a similar result with TiO2 NPs in the 

acrylate urethane coating.  Nanocoatings that containing the TiO2-APO NPs produced a high-

water contact angle.  The present findings demonstrated the hydrophobic behavior by showing 

that the inclusion of TiO2 NPs raised the contact angle for both acrylic- and polyurethane-type 

composite coatings, with a value greater than 90o (Figure 6e).  The addition of NPs such as 

graphite to the palm oil-based coating produced a similar effect, as reported by Alias in 2022(b).  

The polyurethane- and acrylic-based films that showed hydrophilic properties had turned to 

hydrophobic by the presence of TiO2 NPs as a composite film (Figure 6e). Furthermore, a small 

roughness surface of acrylic composite coating at 77.83 nm was proposed to be the reason for 

the higher hydrophobicity rate (Figure 6 d-e).  The composite coating film of acrylic-type 

exhibited substantially higher rate of water contact angle although the polyurethane-IPDI 

composite coating resulted a higher value of water contact angle (Figure 6e ii, iv).  
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Figure 6 FESEM image of nanoparticles: (a) TiO2 NPS, (b) APO NPs, (c) TiO2-APO NPs, (d) 

AFM image of acrylic- and polyurethane composite coatings comprising TiO2-APO NPs and       

(e) Water contact angle measurement of acrylic- and polyurethane-type coatings 

 

 

Thermal and Mechanical Properties 

 

Plots of the thermogravimetric (TG) reduction rate versus the temperature measured under a N2 

atmosphere are displayed in Figure 7, and the results are summarized in Table 2. The acrylic and 

polyurethane films underwent a three-step thermal degradation profile while the composites 

bond underwent a four-step thermal degradation profile (Figure 7).  

 

In the present work, synthesis revealed the influence of TiO2-APO NPs on the thermal 

performance of composite coatings. The thermal stability of the polymer composite coatings 

doped with TiO2-APO NPs increases.  TGA results showed that the presence of TiO2 NPs 

practically decelerated the decomposition of composites backbone by means of a significant 

improvement in thermal property for surface coating applications.  A comparable result was 

produced using TiO2 NPs in the thermoplastic polypropylene nanocomposites coating, as studied 

by Bendaoued et al. (2022).  

 

https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS0140700718302044&psig=AOvVaw3K8mA6q5nn4QD5F9JrrCN2&ust=1691727135844000&source=images&cd=vfe&opi=89978449&ved=0CBMQjhxqFwoTCMiXouyc0YADFQAAAAAdAAAAABAs
https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FS0140700718302044&psig=AOvVaw3K8mA6q5nn4QD5F9JrrCN2&ust=1691727135844000&source=images&cd=vfe&opi=89978449&ved=0CBMQjhxqFwoTCMiXouyc0YADFQAAAAAdAAAAABAs
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The polyurethane-IPDI type coating containing TiO2-APO NPs demonstrated superior thermal 

properties as compared to the acrylic-based type coatings and common polyurethane film, with 

degradation profile started at peak temperatures of 197 oC (Li, 2006).  The degradation of the 

acrylic and polyurethane films started at 130 oC and 157 oC, respectively while the acrylic-

composite bond started at peak temperature of 133 oC.  Figure 2d (ii) shows that the presence of 

a hard segment network and TiO2-APO NPs made polyurethane-IPDI-based coating films more 

stable.  

 

 

 
Figure 7 TGA curves of the polymer coatings: (a) TG curve and 

 (b) Derivative thermogravimetry (DTG) curve 
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Table 2 Thermal degradation temperatures of coatings obtained with thermogravimetric 

analysis (TGA) (N2) 

Coatings First-step 

thermal 

temperature (oC) 

Second-step 

thermal 

temperature (oC) 

Three-step 

thermal 

temperature (oC) 

Four-step thermal 

temperature (oC) 

Acrylic film 130 382 469 - 

Acrylic 

composite coating 

133 384 454 673 

Polyurethane film 157 387 477 - 

Polyurethane 

composite coating 

197 385 470 672 

 

Table 3 reveals the mechanical properties of coatings under various testing conditions. The 

incorporation of TiO2-APO NPs into the coatings increased the gel content property. Increased 

gel content means increased crosslinking, thermal and several mechanical strengths, as 

evidenced by the polyurethane-IPDI type coating, which has improved thermal,  

anti-scratch, and adhesion properties (Shahnooshi, 2019) 

 

Table 3 Mechanical property of coatings at different preparation conditions 

 

Coatings Acrylic-based resin Polyurethane-based resins 

EPOLA POBUA-IPDI POBUA-IPDI-

PETIA 

POBUA-TDI-HEA  

Control With 

NPs 

Control With 

NPs 

Control With NPs Control With 

NPs 

   

Gel content (%) 66.75 96.31 90.66 97.88 85.58 97.69 72.92 100 

Scratch test, N 2.0 3.0  1.0  4.0  3.0  2.5 5.0  4.0  

Adhesion, Percent area 

remained, % 

(on white paper 

surface) 

 

72 

 

92 

 

84 

 

100 

 

92 

 

52 

 

98 

 

100 

Hardness, % 92.67 8.77 90.66 27.98 93 42.72 89.67 59.88 

Transmittance, % 85.70 86.3 89.4 86.3 88.80 86.4 85.83 86.5 

 

The addition of TiO2-APO NPs to the coatings resulted in increased anti-scratch properties 

(Table 3).  For polyurethane, the anti-scratch property of IPDI-based aliphatic diisocyanate 

increased while the end-capped type, such as the IPDI-PETIA-aliphatic diisocyanate and the 

TDI-HEA-aromatic isocyanate decreased, respectively (Table 4).  Figure 8 shows the 

diisocyanates and monomers commonly used for polyurethane synthesis.  Type of diisocyanate 

and monomer influenced the polyurethane property.  The anti-scratch property of acrylic and 

polyurethane-IPDI type composites increased due to its rigid crosslinking network as compared 

to the other coatings (Page, 2007; Ingrosso, 2015; Verma, 2018; Alias, 2022 a,b) (Table 2). 

According to the findings of a study conducted by Alias et al. (2022, a,b) cross-linked 

polyurethane (POBUA) surfaces have the ability to function as a barrier coating that protects 

mild steel surfaces from corrosive substances.   
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Table 4 Scratch test of coatings at different preparation conditions 

 

 
 

 
Figure 8 The diisocyanates: (i) IPDI (Isophorone diisocyanate), (ii) TDI (Toluene 

diisocyanate) and the monomers: (iii) PETIA (Pentaerythritol triacrylate),  

(iv) HEA (2-Hydroxyethyl acrylate) used in polyurethanes synthesis 

 

The coating sample exhibited an increased adhesion property after the addition of TiO2-APO 

NPs, which attributed to improved surface tension between the molecular forces of the object 

and the composite resin (Winnicki, 2021) (Table 3). However, hardness did not increase 

indefinitely with increasing crosslink density.  The TiO2-APO NPs had a larger influence on 

hardness because the coating hardness had decreased with addition of 1wt% of NP-TiO2 content 

in the blend.  The result presented that as the soft and hard segments of the polymer chain gets 

irregular by TiO2-APO NPs, the hardness property of the coating decreases (Figure 2, d2). 

Previous studies have shown that TiO2 NPs is distributed on the soft segment of the polyurethane 

which involves the interaction of -OH groups of TiO2 NPs and the ester groups of polymers 

(Salahshoori, 2023).  A high crosslinking density but a low hardness feature may arise from the 

typical termination processes of free radical polymerization on the dead polymers/ monomers, 
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given the needless side reactions that lead to non-active polymers/ monomers (Yamago & 

Nakamura, 2013).  Similarly, the transmittance results showed almost no significant progress in 

the transmittance properties of the coatings (Table 3). 

 

Polymeric coatings with antimicrobial activity 

 

The antimicrobial assessment showed that no antimicrobial zone had formed (Figure 9).  The 

slight presence of 1wt% of NP-TiO2 seemed had no influence on the antimicrobial activity 

detected on top and bottom surfaces of the film.  However, the center zone potentially revealed 

a clear zone that was unoccupied by E-coli in comparison to the surrounding area that was 

occupied by E. coli (Figure 9). The composite coatings and polyurethane film, displayed 

antimicrobial effect on the central zone as compared to the control acrylic film.  The composite 

coatings and polyurethane film in this study showed a qualitative inhibitory effect.  

 

On the other hand, the hydrophobic nature of the coating due to the chemical cross-linking effect 

could improve its antimicrobial properties on both surfaces, which can potentially be explained 

by the lack of adhesion and microbial growth (Arango-Santander, 2018). The coating's internal 

cross-linking features most likely cause no pores to exist between the polymer network due to 

the durable three-dimensional network that potentially prevents microbes or dirt from growing 

on the surface. 
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Figure 9 Comparative assessment of antimicrobial activity of palm oil-based coatings against 

E. coli (Gram-negative bacteria) 

 

 

CONCLUSION 

 

A variety of unique materials can be functionalized by using the sol-gel technique, which is 

notably useful for creating inorganic-organic coating materials.  The presence of TiO2-APO 

improves the properties of the gel content and anti-microbes.  Acrylic and polyurethane 

composite films containing nano-TiO2 have a high potential for antimicrobial coating 

applications, such as improving the safety of coated surfaces against microbes by increasing the 

volume of TiO2 NPs above 1%.  The study also demonstrated that polyurethane-IPDI composite 

has better thermal, anti-scratch, and several mechanical properties for surface coating 

applications than acrylic-based and common polyurethane coatings.  
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