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Abstract

In this current research, castor oil based fatty amide (COFA) and monoglyceride (COMG)
were synthesized separately in the laboratory and subsequently reacted with itaconic acid to
produce alkyd resins named as COFAIA and COMGIA, respectively. Afterwards, a boron
based triacrylate monomer, (borane-triyltris(oxy))tris(ethane-2,1-diyl) (BAM) was prepared
via esterification of boric acid and hydroxyethylacrylate (HEA), in a molar ratio of 1:3 using
p-toluene sulphonic acid (pTSA) as a catalyst. Structural determination of synthesized
materials COFAIA, COMGIA and BAM were done by Fourier transform Infrared
Spectroscopy (FTIR) and Nuclear Magnetic Resonance (NMR).Then, using synthesized
materials, various UV curable coating formulations were prepared by blending varying
compositions of COFAIA or COMGIAwith BAM (0 to 5% in w/w). These compositions
were coated as a film on mild steel and wood panels and cured under UV radiations. The
cured coatings were evaluated for different properties by performing various tests such as
cross-cut adhesion, pencil hardness, gloss test, impact resistance, scratch resistance, and stain
test. Chemical resistance was evaluated by immersion method in 2N NaOH, 2N HCI, xylene,
and water while anticorrosion property was determined in 3.5% NaCl solution. Thermal
stability of synthesized compounds of COFAIA, COMGIA and BAM were studied by
thermogravemetric analysis (TGA). Surface morphology and crystallanity of synthesized
coating films were studied by scanning electron microscopy (SEM) and X-ray diffraction
(XRD) analysis. Also, stain property of coatings was carried on coated wood panel. The
results show that BAM incorporated UV curable films display superior performance by
enhancing studied properties for their coating applications.
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1. Introduction

As need of eco-friendly coatings rises, the bio-based materials have become increasingly
important[1-3]. Various renewable resources (vegetable oils, nutshells, carbohydrates, natural
rubber, proteins and other bio-based materials) have been used for the improvement of
coating materials[4]. Bio-based coatings have special properties over conventional
petroleum-based coatings for instance fast curing, low energy requirement, low toxicity,
biodegradability, better environmental compatibility as well as they are cost effective and
easily available[5-7]. Therefore, bio-based coatings are receiving increasing attention in last
decades [8]. Among the different renewable resources, vegetable oils, polysaccharides,
pectin etc are being used for the preparation of bio-based UV-curable resins[9-11]. These
materials can be modified into UV-curable coatings with good performance and potential
applications in various coating. Vegetable oils (castor, palm, soya, bean linseed, sunflower,
cotton seed, neem, karanja, coconut etc.) are effortlessly accessible and renewable
comparatively low cost resources obtained from different oilseeds [12-25] Among these,
castor oil is non edible vegetable oils, bearing an important hydroxyl- functional groups
which is suitable for chemical modification and allows its use in different polymeric
materials such as coatings, adhesives and polyurethane foams[13][14]. In recent years, castor
oil has been widely investigated as a renewable starting material for the preparation of bio-
based UV-curable coatings applications [15].

UV curing is an efficient technique in which liquid oligomers and multifunctional
monomers are rapidly converted into a cross-linked polymer network by exposure to UV
radiation[16]. This method has gained importance in industrial applications such as adhesive,
polymer nanocomposites, and protective coatings because it provides faster curing than
thermal curing methods, also reduce the use of volatile organic solvents, which makes the

process more environmentally friendly [17-18].



Numerous researchers worldwide are investigating the different kinds of UV-curable
resins that have different individuality like self-healing, flexibility, recyclability, solvent-free,
improved hydrophobicity, thermal stability, good optical, adhesion, hardness, abrasion
resistance, and mechanical qualities[19-27]. Chen et al. developed a fully bio-based, solvent-
and photoinitiator-free UV-curable coating with flame-retardant and UV-triggered self-
healing properties. The prepared coatings exhibited excellent thermal stability, solvent
resistance, recyclability, and multifunctional performance, making them promising for
sustainable advanced coating applications[28]. The UV-curable epoxidized soybean oil
acrylates were developed by Attia and coworkers for coating which were reinforced with
silane-modified AlO3; nanoparticles. They have found that coatings were exhibited excellent
corrosion protection, inhibition efficiency up to 99% and significantly improved barrier
performance on steel surfaces[5]. Mustapha and co-workers has developed modified UV-
curable epoxidized palm oil polyurethane acrylate coatings with acrylation-thiol. They have
found that the UV curing time was reduced by 30 s at the optimum 4 phr loading while
improving crosslinking density and coating properties[29]. Sesia et al. incorporated tannic
acid as a natural additive into bio-based UV-curable epoxy coatings to improve their
adhesion to steel substrates. They have observed that the incorporation of tannic acid
significantly improve the adhesion of the UV-cured coatings while maintaining good coating
performance[30]. Onen et al. developed the soybean oil-based UV curable coatings for
aluminum alloys containing phosphorus. They have reported that UV-cured coatings
exhibited excellent adhesion, improved corrosion resistance, and enhanced coating
performance, demonstrating their potential as sustainable protective coatings[31]. Zytka et al.
has investigated and studied the functional properties of UV-curable epoxy coatings
containing natural plant-based fillers. In their study researchers have reported that the

modified coatings exhibited good mechanical performance together with enhanced



antibacterial activity, demonstrating the potential of natural additives in UV-curable coating
systems[32-34].

In recent years, bio-based materials and polyurethane acrylate have been studied for
developing flame-retardant UV-curable coatings by adding suitable flame-retardant
compounds or applying a protective flame-retardant coating on the surface [35-41].

In the present study, castor oil-based monoglyceride and castor oil-based fatty amide
was utilized as a sustainable feedstock for the synthesis of bio-based UV-curable resins. The
boron-based flame-retardant additive was incorporated into the UV-curable coating
formulations, and the resulting coatings were evaluated for their physicochemical,
mechanical, thermal, and flammability properties.

2. Experimental

2.1. Materials

The raw materials such as Castor Oil, Glycerol, Itaconic acid, p-Toluene sulphonic acid
(pTSA), Hydroquinone (HQ) and Ethyl Methyl Ketone were adopted from Loba Chemie Pvt.
Ltd. The catalyst dibutyltin dilaurate (DBTDL) was obtained from TCI Pvt. Ltd. Boric acid
was obtained from Spectrochem Pvt. Ltd. Mumbai (India). The cross-linker isophorone
diisocyanate (IPDI), 1-Hydroxycyclohexyl phenyl ketone (photoinitiator) and 2-
Hydroxyethyl acrylate (HEA) were acquired from Sigma Aldrich, Pvt. Ltd. The chemical
calcium oxide (CaO), diethanolamine, sodium methoxide, toluene, and xylene were
purchased from Qualligen Chemicals Pvt. Ltd. All the chemicals during the research work
were used without purification.

2.2. Synthesis of Castor oil based monoglyceride (COMG)

The castor oil based monoglyceride (COMG) was synthesized by the reaction of
castor 0il (36.8 g, 0.1 M) and glycerol (8.5 g, 0.2 M) using calcium oxide (0.5 g) as a catalyst.

All the required amount of reaction materials were charged into a three-necked round bottom



flask which was equipped with an overhead mechanical stirrer, thermometer and condenser.
The reaction mixture was heated at 120° C with continuous stirring for 3 h. The formation of
COMG was confirmed by dissolving the obtained product in methanol [43-44].
2.3. Synthesis of COMG based polyester polyol
The COMG based polyester polyol was prepared by reacting COMG (30 g) with

itaconic acid (6.3 g) in the presence of a catalyst pTSA (0.8 g) and add HQ (0.1g) as an
inhibitor. The necessitated amounts of materials were mixed in a three-necked round bottom
flask equipped with an overhead mechanical stirrer, thermometer and condenser. The reaction
mixture was heated with continuous stirring at 120-140°C for 3h. The progress of the reaction
was monitored by checking acid value after one hour interval and stopped when the acid
value reached 10 mg of KOH/ gram of sample[1]. The synthesis process has been shown in
figure 1.
2.4. Synthesis of Castor oil based fatty amide (COFA)

The castor oil based fatty amide (COFA) was synthesized by reacting castor oil (46.35
g) with diethanolamine (15.75 g) using sodium methoxide (0.6 g) as a catalyst. The reaction
was carried out in a 250 mL three necked round bottom flask equipped with an overhead
stirrer, thermometer, dropping funnel and condenser. The flask was placed in an oil bath and
the reaction mixture was stirred at 80° C for 15 min under nitrogen atmosphere. Castor oil
was then added slowly to the reaction mixture over a period of 20 min with continuous
stirring, while the temperature was gradually increased to 120° C. The reaction mixture was
maintained at 120° for a further 3 h with continuous stirring. The formation of fatty amide
was confirmed by thin layer chromatography (TLC). After cooling, the product was dissolved
in diethyl ether and washed with 15% aqueous sodium chloride solution. The organic layer
was dried using anhydrous sodium sulfate, and the solvent was removed using a rotary

vacuum evaporator to obtain the castor oil based fatty amide[44].



2.5 Synthesis of COFA based polyester polyol

The fatty amide based polyester polyol was prepared by reacting COFA (20 g) with
itaconic acid (4.03 g) using pTSA (0.8 g) as a catalyst and HQ (0.3 g) as an inhibitor. The
required amounts of reaction materials fatty amide (COFA), itaconic acid, pTSA and HQ
were added and heated at 140 °C upto 3 h in a three necked round bottom flask equipped
with an overhead mechanical stirrer, thermometer and condenser. The improvement of the
reaction was monitored by measuring the acid value at one hour intervals and the reaction
was stopped when the acid value reached upto 10 mg KOH/g of sample. The synthesis
procedure has been shown in figure 2.
2.6 Synthesis of Boron acrylate monomer

Boron acrylate monomer (BAM) was prepared by reacting boric acid (5.05 g) with 2-
hydroxyethyl acrylate (HEA) (19.41 g) in the presence of p-toluene sulphonic acid (pTSA 0.5
g) as a catalyst and a small amount of hydroquinone (HQ) as an inhibitor. The reaction
mixture was heated and stirred at 120° C in a 100 mL two necked round bottom flask
equipped with a Dean-Stark apparatus and condenser under reflux for 3 h. After completion
of the reaction, the solvent was removed using a rotary vacuum evaporator. The obtained
BAM was an orange colored liquid with a yield of 99%. The overall reaction scheme is show
in figure 3 [45].
2.7 Synthesis of UV Curable resins from COMGIA and COFAIA

The UV curable resins were prepared by a two step process at 70°C by using IPDI
(8.892 g, 0.04 mol), HEA (5.2 g, 0.04 mol) and COMGIA (1 eq.mol) in the presence of
DBTDL (0.3% w, 0.072 g) catalyst. In the first step, IPDI (8.892 g, 0.04mol), DBTDL (0.072
g), and hydroquinone (0.029 g) were taken in a three-necked round bottom flask fitted with a
mechanical stirrer, reflux condenser and thermometer. HEA (5.2 g, 0.04mol) was then added

slowly to the reaction mixture over a period of 30 min with continuous stirring. In second



step, the resulting (IPDI+HEA) mixture was reacted with COMGIA (5.25 g, 0.0025 mol) at
70 °C (figure 1). The same procedure was followed for the preparation of the COFAIA based

UV curable resin (figure 2).
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2.7 Preparation of UV- Curing panels

The various UV-curable coating formulations were prepared using COMGIA resin (1
g), BAM (1-5% w/w), and a photoinitiator (3% w/w) dissolved in a mixed solvent system of
methyl ethyl ketone (MEK) and xylene. The formulations containing COMGIA and BAM
were designated as COMGIA 0% BAM, COMGIA 1% BAM, COMGIA 2% BAM,
COMGIA 3% BAM, COMGIA 4% BAM, and COMGIA 5% BAM, respectively. Similarly,
formulations based on COFAIA resin containing varying concentrations of BAM were
prepared and coded as COFAIA 0% BAM, COFAIA 1% BAM, COFAIA 2% BAM,
COFAIA 3% BAM, COFAIA 4% BAM, and COFAIA 5% BAM, respectively. The prepared
formulations were applied on mild steel panels, glass substrates and wood surfaces using a
brush. The coated substrates were then exposed to UV radiation using a 4 kW UV lamp with
a wavelength range of 300-400 nm for 30-35 s. The UV exposure resulted in the formation of

fully cured coating films.
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2.8. Characterizations
2.8.1. End group analysis of COMGIA and COFAIA

The end group analysis of the COMGIA and COFAIA compounds were determined
in terms of hydroxyl and acid values according to ASTM D1957-86 and ASTM D1980-87,

respectively.

Acid Value = 56.1xvolume of KOH consumedXexact concentration of the KOH solution (Eq.1)

weight of the resin sample in grams

56.1xvolume of KOH consumedXxexact concentration of the KOH solution

Hydroxyl Value = — Acid Value ---(Eq.2)

weight of the resin sample in grams

Also, the C=C double bond content of the prepared compounds was determined from

the iodine value using ASTM D-5768.

12.69X(B—S)XN
w

lodine Value = (Eq.3)

In the iodine value determination, ‘B’ represents the volume in mL of sodium thiosulfate
(Na2S203) solution used for the blank titration. While ‘S’ represents the volume in mL
NayS»0; solution was used in the back titration. The term ‘N’ denotes the normality of the
NazS203 solution and “W” is the weight of the sample in grams. The factor ‘12.69’ is a
conversion factor, calculated from the molecular weight of iodine (126.9 g/mol) and the fact
that iodine reacts with sodium thiosulfate in 1:2 ratio.

2.8.2. FTIR and NMR studies of COMGIA, COFAIA and BAM:

The presence of functional groups (hydroxyl, carboxyl and C=C groups) and the
structural determination of COMGIA, COFAIA and BAM compounds, were characterized by
fourier transform infrared spectroscopy (FTIR) (Bruker Alpha-II instrument) and nuclear
magnetic resonance (NMR) spectroscopy (Bruker Avance III HD 400 MHz spectrometer).

The NMR spectra were recorded in chloroform (CDCl3) as the solvent and tetramethylsilane

(TMS) as the standard.
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2.8.3. Gloss

By using the calibrated digital gloss meter (BYK Additives & Instruments), the gloss
of the COMGIA-BAMs and COFAIA-BAMs coating panels were determined at an angle of
95°.
2.8.4. Flexibility

A conical mandrel instrument (Raj Scientific Co., Mumbai, India) was used for the
determination of the flexibility of the COMGIA-BAMs and COFAIA-BAMs coating films
applied on mild steel panels.
2.8.5. Pencil hardness

The determination of pencil hardness of the COMGIA-BAMs and COFAIA-BAMs
coating panels were carried on a pencil hardness tester (BYK Additives & Instruments)
according to ASTM D3363[46].
2.8.6. Cross-cut adhesion

The adhesion of the UV cured COMGIA-BAMs and COFAIA-BAMs coating to the
substrate was evaluated using a cross-cut adhesion tester (Elcometer, Model 107) according
to ASTM D3359 [47].
2.8.7. Impact resistance

The tubular impact tester was used for the determination of impact resistance on
coating mild steel panels. In this test, an indenter weighing of 1.36 1b weight was dropped
from different heights, starting from 5 inches and gradually increasing up to 100 inches, onto
the coated panels. The test was continued until visible damage, such as cracking peeling or
detachment of the coating films were observed. The impact resistance was determined based
on the maximum height at which the coating remained intact without visible cracking or
deformation. All the UV cured COMGIA-BMAs and COFAIA-BAMs coating panels were

evaluated using tubular impact tester.
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2.8.8. Chemical resistance

The immersion method was used for the determination of the chemical resistance of
UV cured COMGIA-BAMs and COFAIA-BAMs in different chemical solutions, including
acid (2N HCI), alkali (2N NaOH), 3.5% NaCl solution, water and xylene at room temperature
for 7 days. The coated panels were visually examined at 24 h intervals and the changes on the
coating surface, such as loss of gloss, swelling, deterioration and formation of cracks were
observed and recorded.
2.8.9. Stain resistance

The stain resistance was performed on the UV- cured COMGIA-BAMs and
COFAIA-BAMs coated wood panels according to ASTM D3023-98. The various staining
material was used such as turmeric water, ketchup, permanent parker, ink, lipstick, oil
(mustard oil).
2.8.10. Flammability

The flammability of UV-cured COMGIA-BAMs and COFAIA-BAMs coating films
was approved out according to ASTM D635.
2.8.11. Thermal gravimetric analysis

The thermal stability of the coating films (COMGIA-BAMs and COFAIA-BAMs)
was determined by thermogravemetric analyzer (TGA). During this process, an
approximately 3to 5 mg of each sample was heated from 40 to 700 °C at a constant heating

rate of 10 °C/min under a nitrogen atmosphere.
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2.8.12. Study of surface morphology

The surface morphology of the UV-cured COMGIA-BAMs and COFAIA-BAMs
films were studied using field emission scanning electron microscopy (FESEM) (TESCAN
VEGA 3 LMU).
2.8.13. X-ray diffraction study of coating films

X-ray diffraction (XRD) analysis was carried out to study the crystallanity of the UV-
cured COMGIA-BAM and COFAIA-BAM films.
3. Results and discussion
3.1. End group analysis of COMGIA and COFAIA

The acid, hydroxyl and iodine values which are mentioned in Table 1, have more
importance for evaluating the properties of the prepared resins as well as for coating. They

are used as sign of the completion of reactions between MG or FA and itaconic acid.

Table 1 End group analysis

Sr.no. | Sample Acid value Hydroxyl value Iodine value
(mg of KOH/g) | (mg of KOH/g) (I2/100 g of sample)
1 COMGIA 10.6 246.9 197.5
COFAIA 104 233.5 178.3

3.2. Functional group analysis by FTIR

The functional groups present in the synthesized COFAIA, COMGIA and BAM were
characterized using FTIR spectroscopy; the corresponding spectra are shown in Figure 5. The
FTIR spectrum of BAM Figure 5 (a) shows the carbonyl (C=0) stretching band obtained at
1722 cm™. The band observed at 2979 cm™ due to the presence of CH. groups was

confirmed. The peak at 1132 cm’!

is pointed to the C=C group unsaturation. The peak at
784cm’™! indicates the -B-O-C- stretching. The FTIR spectrum of COMGIA Figure 5 (b)
shows a peak at 1720 cm™ due to the carbonyl group (C=0), while the C=C bending

vibration was observed at 1193 cm™. The peak observed at 2873 cm™ and 2990 cm™ in

15




FTIR due to the —CH»- group stretching. The FTIR spectrum of COFAIA Figure 5 (c) shows
a peak at 1209 cm™ , indicating the presence of C=C groups. The peak at 1720 cm™ was
assigned to the carbonyl (C=0) group, while the band at 1635 cm™ was attributed to the
amide (-NH—CO-) group. The peak obtained at 2870 cm™ and 2988 cm™ in FTIR due to

the —CH»- group stretching.

a) BAM
b) —— COMGIA

COFAIA
19 c) COFAIA

1b) comGIa®Hz

-
a) BAM

3500 3000 2500 2000 1500 1000 500

wawvelenght cm’

Figure 4. FT-IR spectra of a) BAM b) COFAIA ¢) COMGIA

3.3. TH NMR spectral study of COFAIA, COMGIA and BAM

The figure 6 of 'THNMR spectra of COMGIA shows peaks and different types of proton. The
peak at 0.9 ppm corresponds to terminal methyl group (-CH3). The peak obtained between
1.3 to 1.6 ppm due to the methylene group (-CH). The peaks between 1.9 to 2.3 ppm
regarding to -CH»-C=C- and —CH»-CO- groups, respectively. The peaks ranging from 4.2 to
4.8 ppm indicated the proton attached to carbon with hydroxyl group (H-C-OH). The band

obtained at 3.7 ppm due to the proton of hydroxyl group (-OH). The proton on alkene group

16



(~CH=CH-) obtained at the band 5.3 to 5.7 ppm. The figure 7 shows the 'HNMR spectra for
COFAIA in which chemical shifts observed for COFAIA at of 0.9 ppm for methyl group (-
CH3). The chemical shifts ranging from 1.3 to 1.5 ppm indicates methylene group (—CH>) in
fatty chain. The chemical shifts ranging from 1.8 to 2.3 ppm due to the protons in —CH>—
C=C- and —CH>—C=0 groups. The chemical shift at 4.1 to 4.3 ppm indicates the protons —
CH>—O- and —CH>—N- groups. The chemical shift at 3.5 ppm corresponding to —OH group.
The chemical shift between 5.2 to 5.4 ppm corresponds to protons on unsaturation (—

CH=CH-). The 1HNMR spectra of BAM is shown in figure 8
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3.4. Mechanical properties
3.4.1. Gloss

Gloss in a coating refers to the reflectivity of the sample surface. The results of gloss
test of COFAIA-BAMs and COMGIA-BAMSs are mentioned in Table 2 and Table 3,
respectively.The results show that the gloss of the coatings decreased with increasing BAM

content in the coating formulation.

3.4.2. Cross-cut adhesion test

The cross-cut adhesion test was used to evaluate the adhesion of the coatings to the
mild steel panels. The coatings showing no detachment within the square lattice or along the
cut edges were considered to have good adhesion strength. The cross-cut adhesion results of
the COFAIA-BAMs and COMGIA-BAMSs coatings are presented in Table 2 and Table 3.
The adhesion of the coatings increased with increasing BAM concentration in the
formulation. This improvement may be attributed to the increased crosslinking density of the

coating network with increasing BAM content.

3.4.3. Pencil hardness test

The pencil hardness results of the COFAIA-BAMs coatings are shown in Table 2.
The coating of COFAIA 0% BAM, COFAIA 1% BAM, COFAIA 2% BAM and COFAIA
3% BAM, were passed up to 3H, 4H, 4H and 4H respectively, while coatings of COFAIA 4%
BAM and COFAIA 5% BAM were passed up to 6H, 6H respectively. Due to enhance the
concentration of BAM in the coating of COFAIA 4% BAM and COFAIA 5%BAM showed
better performance than lower concentration of BAM (Table 2). While in COMGIA-BAMs
pencil hardness are shown in Table 3. COMGIA 0% BAM, COMGIA 1%BAM and
COMGIA 2% BAM were passed up to 3H, 3H, and 4H, respectively. While coating of
COMGIA3%BAM, COMGIA4%BAM and COMGIA5S%BAM were all showed better

performance due to BAM percentage and passed up to 6H respectively (Table 3).
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3.4.4. Impact resistance

The impact resistance test was carried out to evaluate the ability of the coating films
to resist cracking, peeling or detachment from the substrate under sudden deformation. The
results presented in Table 2 and Table 3 show that the coating panels containing 0-4% BAM
passed the impact resistance test, whereas the coatings containing 5% BAM failed. The
failure at higher BAM concentration may be attributed to an increase in the brittleness of the
coating film due to the higher BAM content.
3.4.5. Flexibility Test

The flexibility test was carried out to evaluate the ability of the coating films to with
stand bending and deformation without cracking, peeling or loss of adhesion. As shown in
Table 2 and Table 3, all the coating panels containing 0—4% BAM passed the flexibility test,
whereas the coatings containing 5% BAM failed. The failure at higher BAM concentration
may be attributed to an increase in the brittleness of the coating films with increasing BAM

content.

Table 2 Mechanical properties of COFAIA-BAMs

Sr.No. | Sample Gloss at 95 | Cross-cut Pencil Impact Flexibility
adhesion hardness resistance test

1 COFAIA 0% BAM 104.59 1B 3H Pass Pass

2 COFAIA 1% BAM 109.81 2B 4H Pass Pass

3 COFAIA 2% BAM 101.83 2B 4H Pass Pass

4 COFAIA 3% BAM 98.63 3B 4H Pass Pass

5 COFAIA 4% BAM 96.78 3B 6H Pass Pass

6 COFAIA 5% BAM 95.82 4B 6H Fail Fail

Table 3 Mechanical properties of COMGIA-BAMs

Sr.No. | Sample Gloss at 95° | Cross-cut Pencil Impact Flexibility
adhesion | hardness resistance test

1 COMGIA 0% BAM 105.78 1B 3H Pass Pass

2 COMGIA 1% BAM 104.06 1B 4H Pass Pass

3 COMGIA 2% BAM 96.47 2B 4H Pass Pass

4 COMGIA 3% BAM 9421 3B 6H Pass Pass

5 COMGIA 4% BAM 94.16 4B 6H Pass Pass

6 COMGIA 5% BAM 89.99 4B 6H Fail Fail
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3.4.4. Chemical resistance and Immersion Test

The chemical resistance of the UV-cured COMGIA-BAM and COFAIA-BAM
coatings was evaluated against 2 N HCI, 2 N NaOH, 3.5% NacCl solution, water and xylene
for up to 168 h. All COFAIA-BAM and COMGIA-BAM coatings showed loss of gloss and
deterioration of the coating film after exposure to 2 N HCI. This may be attributed to the
reaction of the acidic solution with the ester groups present in the coating. In 2 N NaOH
solutions, all COMGIA-BAM coatings were affected, whereas the COFAIA-BAM coatings
showed partial deterioration. The COMGIA-BAM coatings showed better chemical
resistance towards 3.5% NaCl solution, water and xylene compared with the COFAIA-BAM

coatings. The observations are presented in Table 4 and Table 5 and Figure 9 and Figure 10.

Table 4 Immersion test of COFAIA-BAMs

Sr.no. | Samples\ chemicals 2N HC1 | 2N NaOH | 3.5% NaCl | Water | Xylene
1 COFAIA 0% BAM a b e d e
2 COFAIA 1% BAM a c c e e
3 COFAIA 2% BAM a c b b d
4 COFAIA 3% BAM a e d b e
5 COFAIA 4% BAM a c d C e
6 COFAIA 5% BAM a c d e e

Note : a = loss of gloss, b = film swelling, ¢ = slight cracking, d = partial removal of the film,
e = unaffected.

Table 5 Immersion test of COMGIA-BAMs

Sr. no. | Samples\ chemicals 2N HCl | 2N NaOH | 3.5% NaCl | Water | Xylene
1 COMGIA 0% BAM a d e d

2 COMGIA 1% BAM a b d e e

3 COMGIA 2% BAM a a b e e

4 COMGIA 3% BAM a c d b e

5 COMGIA 4% BAM a b d b e

6 COMGIA 5% BAM a b d e e
Note : a = loss of gloss, b = film swelling, ¢ = slight cracking, d = partial removal of the film,

e = unaffected.
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3.4.5. Stain resistance:

The stain resistance test was carried out to evaluate the ability of the UV-cured coatings to
resist staining by different substances and to determine their ease of cleaning. The stain
resistance of the UV-cured wood coatings was evaluated according to ASTM D3023-98
using permanent marker, ink, turmeric water, lipstick, ketchup and oil. The staining agents
were placed on the coated surface and kept for 24 h before cleaning. Ketchup stains were
completely removed by washing with water, while lipstick, permanent marker, ink and oil
stains were completely removed after cleaning with ethanol, indicating excellent stain
resistance of the UV-cured coatings. In the case of turmeric water, the stain intensity
decreased after cleaning, although slight residual staining was observed. This may be due to
the presence of curcuminoids, which are hydrophobic polyphenolic compounds that can
interact with the coating surface, making turmeric stains relatively difficult to remove [15].
Among the two modifiers, fatty amide (FA) exhibited slightly better stain resistance than
monoglyceride (MG), particularly against lipstick and permanent marker at lower modifier
contents. However, both FA- and MG-based coatings achieved excellent stain resistance
toward all staining agents at higher modifier contents. The improved stain resistance may be
attributed to the formation of a densely crosslinked three-dimensional network during UV
curing, which can restrict the penetration of staining molecules into the coating matrix. As a
result, the UV-cured coatings showed good resistance to both water-based and oil-based
staining agents. The comparative stain resistance results are presented in Table 6 and Table 7,

while the corresponding observations are shown in Figure 11 and Figure 12.
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Table 6 . Stain resistance of COMGIA-BAMSs

Sr. no. | Samples Lipstick | Turmeric | Ketchup | Ink | Permanent | Qil
+water marker
1 COMGIA 0% BAM 3 4 5 5 3 5
2 COMGIA 1% BAM 4 5 5 5 4 5
3 COMGIA 2% BAM 5 5 5 5 5 5
4 COMGIA 3% BAM 5 5 5 5 5 5
5 COMGIA 4% BAM 5 5 5 5 5 5
6 COMGIA 5% BAM 5 5 5 5 5 5
Note: 1= stain does not removed, 2=partially removed, 3=slightly, invisible, 4=invisible,
S5=excellent.
Table 7 Stain resistance of COFAIA-BAMs
Sr. no. | Samples Lipstick | Turmeric | Ketchup | Ink | Permanent 0Oil
+ water marker
1 COFAIA 0% BAM 4 4 5 5 4 5
2 COFAIA 1% BAM 5 4 5 5 4 5
3 COFAIA 2% BAM 5 5 5 5 5 5
4 COFAIA 3% BAM 5 5 5 5 5 5
5 COFAIA 4% BAM 5 5 5 5 5 5
6 COFAIA 5% BAM 5 5 5 5 5 5

Note: 1= stain does not removed, 2=partially removed, 3=slightly, invisible, 4=invisible,

S=excellent.

Turmeric
+water

Lipstick

Ketchup

Permanent
marker

Figure 8. Stain resistance of COFAIA-BAMs
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Figure 9. Stain resistance of COMGIA-BAMs
3.5. Flammability test

The linear burning rate (LBR) of the film samples was evaluated using the ASTM D635
horizontal flammability test[48]. Film samples of (40 to 50 mm) were prepared for both the
film COFAIA BAM and COMGIA BAM, show in Figure 13.

LBR (mm/min) was calculated using the equation 4

Burning distance(mm)x60

LBR =

(Eq.4)

Time taken (s)

Where, the burning distance is the fixed distance. Time taken is the duration for the flame to
travel this distance. The factor ‘60’ is a unit conversion factor into minutes because the
burning rate is reported in mm per minute, shown in Table 8 and Table 9 and observations in
Figure 13. From the observations of flame retardancy test, it was determined that as the

amount of BAM increases in coatings the flame retardancy increases.

Table 8 Flammability test of COFAIA-BAMs

Sr. no. | Samples Burn distance (mm) Burning time(s) LBR (mm/min)
1 COFAIA 0% BAM 40 20 120

2 COFAIA 1% BAM 40 23 104.3

3 COFAIA 2% BAM 40 27 88.8

4 COFAIA 3% BAM 40 30 80.8

5 COFAIA 4% BAM 40 34 70

6 COFAIA 5% BAM 40 40 60
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Table 9 Flammability test of COMGIA-BAMs

Sr.no. | Samples Burn distance Burning time(s) LBR
(mm) (mm/min)
1 COMGIA 0% BAM 40 15 160
2 COMGIA 1% BAM 40 20 120
3 COMGIA 2% BAM 40 24 100
4 COMGIA 3% BAM 40 28 85.7
5 COMGIA 4% BAM 40 32 75
6 COMGIA 5% BAM 40 34 70.5
Before After

Without Boron

icorporated :-

With Boron

incorporated :-

Figure 13. Flammability test
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3.6. Thermal study of COFAIA-BAMs and COMGIA-BAMs films

The thermal behaviour of the COFAIA-BAM and COMGIA-BAM coatings was studied
using thermogravemetric analysis (TGA). All the polyurethane coatings showed a three-step
degradation pattern [23]. The incorporation of BAM improved the thermal stability of both
coating systems, as indicated by the gradual increase in the onset decomposition temperature,
temperature at 50 wt.% weight loss (Tso), and char residue with increasing BAM content. For
the COMGIA-BAM coatings, the onset decomposition temperature increased from 203 to
257 °C, the Tso increased from 376 to 392 °C, and the char residue increased from 1.359 to
3.754 mg. Similarly, for the COFAIA-BAM coatings, the onset decomposition temperature
Ton increased from 211 to 252 °C, the Tso increased from 358 to 393 °C, and the char residue
increased from 0.403 to 1.557 mg. The improved thermal stability with increasing BAM
content may be attributed to the formation of a more densely crosslinked polymer network
during UV curing. The 5 wt.% BAM formulations showed the highest thermal stability in
both coating systems. Overall, the COMGIA-BAM coatings showed slightly higher thermal
stability than the COFAIA-BAM coatings, as indicated by the higher onset decomposition
temperature and greater char residue obtained for the COMGIA-BAM system. The TGA

results are presented in Table 10 and Table 11, Figure 14 and Figure 15.

Table 10 Thermal parameters of COMGIA-BAMs coatings

Sr. Sample Onset decomposition 50% wt loss Weight(mg)
no. temperature temperature residue at 650 °C
(Ton) in °C (Ts0) in °C

1 COMGIA 0% BAM 203 376 1.359

2 COMGIA 1% BAM 218 379 1.557

3 COMGIA 2% BAM 220 383 2.042

4 COMGIA 3% BAM 225 384 2.181

5 COMGIA 4% BAM 233 385 3.487

6 COMGIA 5% BAM 257 392 3.754

27




110+

1

Weight %
£33

T 2 FEEFE

a)

c)

COMGIA0% BAM
b) —— COMGIA 1% BAM
COMGIA 2% BAM

d) —— COMGIA 3% BAM
e) COMGIA 4% BAM
f)—— COMGIA 5% BAM

100

T T T T T T T T T T T
200 300 400 500 600 700

Temparature (n C)

Figure 14. Thermo gravimetric curves of COMGIA-BAMs

Table 11 Thermal parameters of COFAIA-BAMs coatings

Sr. Sample Onset decomposition 50% wt loss Weight(mg)
no. temperature temperature residue at 650 °C
(Ton) in °C (Ts0) in °C

1 COFAIA 0% BAM 211 358 0.403

2 COFAIA 1% BAM 221 372 1.293

3 COFAIA 2% BAM 229 377 1.333

4 COFAIA 3% BAM 231 381 1.351

5 COFAIA 4% BAM 239 386 1.441

6 COFAIA 5% BAM 252 393 1.557
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Figure 15. Thermo gravimetric curves of COFAIA-BAMs

3.7. Surface morphology of coatings

The surface morphology of the UV-cured coatings was studied using scanning
electron microscopy (SEM). All the coating films were observed to be free from trapped air
bubbles and pinholes during film casting[49]. The SEM images showed some patched
regions on the coating surfaces, which may be related to the non-uniform distribution of rigid
and flexible segments, except for the COMGIA 1% BAM and COFAIA 1% BAM coatings.
The COFAIA-BAM coatings (Figure 17) exhibited comparatively smoother and more
homogeneous surfaces than the COMGIA-BAM coatings (Figure 16). The COMGIA-BAM
coatings showed slight surface roughness and some agglomerated domains at higher BAM
concentrations. The relatively uniform morphology of the COFAIA-BAM coatings may be

associated with the molecular structure of the fatty amide-based resin, which can provide
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better intermolecular interactions and compatibility within the UV-cured urethane-acrylate

network.

WOz 15.73 mm
Dot SE, BSE
Dato{midy): 04128725
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Figure 10. SEM images of COMGIA-BAMs
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Figure 17. SEM images of COFAIA-BAMs

3.8. Study of crystallinity of the coatings by XRD

X-ray diffraction (XRD) was used to study the crystalline or amorphous nature of the
UV-cured coatings by analyzing the diffraction patterns of the samples [50]. The XRD
patterns of the COMGIA-BAM and COFAIA-BAM coatings are shown in Figure 18 and
Figure 19, respectively. The absence of sharp and distinct diffraction peaks in the XRD

patterns indicates that all the prepared coatings are predominantly amorphous in nature.
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Figure 18. XRD study of COFAIA-BAMs coatings
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Figure 19. XRD study of COMGIA-BAMs coatings

4. Conclusions

The current study we can conclude that the synthesis of castor oil-based UV-cured
resins, COMGIA and COFAIA, were effectively completed. The boron acrylate monomer
(BAM) was synthesized and incorporated in various amounts into the UV-curable coatings.
The coating properties of the UV-cured coatings were evaluated and compared to their
analogues. Among the COMGIA coatings, the COMGIA 4% BAM coating sample exhibited
excellent coating properties, while among the COFAIA coatings, the COFAIA 4% BAM
coating showed excellent coating properties. The COFAIA 5% BAM and COMGIA 5%
BAM coatings demonstrated excellent chemical resistance. All coatings exhibited
outstanding stain resistance. The thermal studies revealed that the thermal stability of the
coatings increased with increasing BAM content; therefore, the COMGIA 5% BAM and
COFAIA 5% BAM coatings showed better thermal stability. Furthermore, the flame-
retardant performance evaluated by the LBR test improved with increasing BAM
concentration in the coatings. The SEM analysis revealed a homogeneous and smooth surface

morphology for COFAIA-BAM coatings, indicating proper distribution of BAM within the
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coating matrix. In contrast, COMGIA-BAM coatings exhibited a slightly inhomogeneous
surface morphology. The XRD spectra confirmed the crystalline nature of both COFAIA-
BAM and COMGIA-BAM UV-cured coatings. Compared to their analogues, the COMGIA
4% BAM and COFAIA 4% BAM coatings generally exhibited superior coating and
mechanical properties. Overall, the incorporation of BAM significantly enhanced the coating
performance, thermal stability, and flame-retardant characteristics of the UV-cured coating

systems.
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              56 . 1 × volume   of   KOH   consumed × e xact   concentration   of   the   KOH   solution  weight   of   the   resin   sample   in   grams


        12 . 69 × ( B − S ) × N  W
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