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Abstract
Environmental concerns about coating material have led manufacturers towards considering bio-based alternatives to con-
ventional petroleum–derived epoxy resins. Considering these concerns with rise in prices and high depletion of petroleum 
resources, a viable alternative polymer resin has been synthesized from characteristic cashew nut shell liquid (CNSL). In 
this study, cardanol, a major component of cashew nut shell liquid, was used to synthesize cardanol-based vinyl ester resole 
(CBVER) and cardanol-based vinyl ester novolac (CBVEN) resins. The vinyl ester resins synthesized were characterized 
using international standard methods. The molecular weight of the resins was determined to be 1069 and 1001 g/mol for 
CBVER and CBVEN, respectively, using gas chromatographic mass spectroscopy (GCMS). Fourier transform infrared 
(FTIR) and thermogravimetric (TGA) analysis were used to identify the functional groups and analyze the material weight 
changes with stability relative to temperature. FTIR results revealed functional groups typical of thermosetting resin. The 
results of the mechanical and thermal properties of the resins showed improved performance and material’s thermal stabil-
ity (up to a temperature of 280 °C), respectively. The chemical resistance properties of the cardanol-based vinyl ester resins 
showed improved performance when subjected to solvent, alkalis, and acids, an indication of anti-corrosive properties. The 
better performances of cardanol-based vinyl ester resins obtained from this study is justifiable and suggest applicability in 
coatings, for both anticorrosion and interior/exterior decorations.
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1  Introduction

The synthesis and development of polymeric products from 
sustainable origin have created great awareness among 
researchers who are in search of alternatives to petrochemi-
cal materials. This search is as a result of high cost of petro-
leum-based materials and increased diminution level asso-
ciated with natural mineral deposits. These viable mineral 
deposits can function as substitute raw materials [1] for use 
in polymer industries. Currently, many concerns have been 

developed towards stabilization of chemical approaches with 
proficient predominant modifications to improve the level of 
effectiveness, at the same time, decreasing or maybe elud-
ing utilization of poisonous substances, solvents, and costly 
catalysts [2]. Within this context is introduced a sustainable 
material such as cashew nut shell liquid (CNSL), which is 
targeted towards advanced and secured chemical approaches 
with waste reduction. This chemistry technique introduces 
opportunities of novel fabricating paths that are not only 
self-sustaining, but also eco-friendly [3]. Therefore, a salient 
factor in the modern-day research is to explore enhancement, 
in addition to appropriate designing of chemical synthesis, 
by means of alternative strategies, reduction of by-products, 
and the deployment of continuous [4] raw materials [5]. The 
need to utilize natural materials in coatings development 
is essential as it is cost-effective over importation of syn-
thetic materials and at the same time serves as a source of 
revenue generation. Most researches on natural resins only 
centred on their production and curing characterization [6], 
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without mechanical and end use properties. Raw materials 
such as vegetable oils from natural resources have been uti-
lized to synthesize polymer products through the addition 
of functional groups like hydroxyl, epoxy, phenolic, and/or 
carboxyl groups. These functional groups are added to the 
fatty acid chains of the vegetable oil. Polymers manufactured 
from vegetable oils and their derivatives exhibit exceptional 
hydrolytic stability and thermo-mechanical properties owing 
to the hydrophobic nature of the side chain [7].

Cashew nut shell is one of the major agricultural waste 
products that are available in abundance, renewable, and 
cost-effective. Economically, protecting industrial and 
household equipment with these bio-based resins will be an 
avenue of converting waste to wealth. CNSL is a by-product 
of cashew nut industries which is a feasible raw material 
used for numerous industrial applications which include pol-
ymers, plastics, lubricants, resins, and antioxidants [8–10]. 
CNSL grasps significant prospective as a foundation for 
unsaturated hydrocarbon phenol which is an exceptional 
monomer for polymer manufacturing [11]. CNSL appears 
as a reddish brown viscous liquid within the soft honeycomb 
structure of the shell of cashew nuts, gotten from the cashew 
tree, Anacardium oxidentale. A number of research works 
have been reported on CNSL extraction [6], chemistry, and 
constitution [12–15]. Four major constituents of CNSL have 

been reported to be 3-pentadecylphenol (cardanol), 5-pen-
tadecenyl resorcinol (cardol), 6-pentadecenyl salicylic acid 
(anacardic acid), and 2-methyl, 5-pentadecenyl resorcinol 
(2-methyl cardol) [11, 16–18]. The phenolic constituents of 
raw and technical CNSL are presented in Table 1.

An expansive range of chemical reactions can emanate 
from CNSL due to its chemical structure, and can be seen 
as presented in Fig. 1.

CNSL have found applications in the production of 
exceptional phenolic resins for coatings applications, brake 
lining of automobiles, heat and waterproof paints, corrosion-
resistant varnishes, and insulating enamels for the electrical 
industry, lamination, and as friction materials [17]. Gener-
ally, condensation reactions with electrophilic compounds 
like formaldehyde, chain polymerization by means of double 
bonds within the side chain with acid catalysts, or function-
alization at the hydroxyl group are employed in the manu-
facture of polymeric products from CNSL and cardanol. 
These polymers subsequently undergo oligomerization to 
obtain functionalized pre-polymer [20, 21]. The literature 
on cardanol is loaded with numerous patents and reports, 
but its industrial utilization has been lagging behind. One of 
the most interesting aspects of the structure of cardanol is 
its ability to undergo polymerization by both step and chain 
reaction mechanisms. Added to this, is its amenability to 

Table 1   Phenolic constituents 
of raw and technical CNSL [19]

Component/other material (wt. %) Natural CNSL Technical CNSL

Cardanol (%) 1.20 62.86
Cardol (%) 11.31 11.25
2-Methyl cardol (%) 2.04 2.08
Anacardic acid (%) 64.93 –-
Polymer (and minor materials) by difference 20.3 23.8

Fig. 1   Reactions of CNSL [19]
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manipulations through chemical modifications. Being phe-
nolic in nature, cardanol undergoes the conventional alde-
hyde condensation reactions to give novolacs and resole 
resins owing to terms of polymerization. The procedure of 
cardanol isolation from decarboxylation residue gives rise 
to phenolic resins and polymer biocomposites. It is notewor-
thy that India and Nigeria are the second and third largest 
producers of cashew nut in 2010 with a production capac-
ity of 613,000 and 594,000 metric tons (MT) respectively 
[22]. The kinetics of the alkali catalyzed cardanol through 
condensation of formaldehyde have been studied [23, 24]. 
The authors functionalized cardanol with orthophosphoric 
acid and oligomerized, which resulted in pre-polymers that 
performed as multi-functional additives. Saminathan [25] 
reported a study on the main-chain liquid crystalline poly-
mer containing a phenyl azo group of cardanol. In his study, 
cardanol was oxidized with phase transfer catalyzed per-
manganate and the oxidized product 8-(3-hydroxyphenyl) 
octa-noic acid was copolymerized with p-hydroxy benzoic 
acid to produce a thermotropic liquid-crystalline copolymer 
[26]. Although, there are a few attempts on the synthesis, 
chemical modification and functionalization of cardanol 
and its polymers. Studies on detailed investigations on the 
structural properties and characterization of cardanol-based 
products are limited. Ranjana and Deepak [9] reported a 
study on the kinetics of acid catalyzed formaldehyde con-
densation of cardanol. Results revealed that phenolic resins 
obtained from condensation of cardanol and formaldehyde 
exhibited outstanding adhesive property and structural integ-
rity [27]. However, they concluded that the results obtained 
could suffice for polymers with high temperature resist-
ance [28]. Cardanol with diazotized p-anisidine/diazotized 
p-sulphanilic acid and pre-polymer resins was synthesized 
through condensation with formaldehyde and two organic 
compounds, o-hydroxy benzoic acid and α-naphthol, in the 
presence of acid catalyst. The spectral analyses on these res-
ins were reported to be excellent [28].

Vinyl ester resins (VERs) are thermosetting polymers 
from esterification reactions of epoxidized resins and car-
boxylic acids with unsaturation at the chain end. Several 
other epoxy resins like diglycidyl ether of bisphenol A or 
higher homologues, epoxidized phenol–formaldehyde 
novolac resin, and polypropylene oxide diepoxide are also 
employed as thermosetting matrix for the manufacture of a 
range of reinforced structures such as pipes, tanks, scrubber, 
and ducts. Besides the above applications, vinyl esters find 
applications in coating materials, adhesives, molding com-
pounds, structural laminates, electrical insulation products, 
etc. Vinyl esters of epoxy novolac/resole resins are devel-
oped for the production of chemical storage tanks, pipes and 
ducting, fume extraction systems, and gas cleaning units due 
to their superior toughness and chemical resistance proper-
ties at elevated temperatures [29–32].

However, the use of cinnamic acid for the production of 
vinyl ester resins has not been reported thus far, to the best 
of our knowledge. In this study, the effectiveness of utilizing 
cardanol for vinyl ester resin synthesis through condensation 
of phenolic resin and cinnamic acid (an unsaturated mono-
carboxylic acid) was employed. This study was also aimed 
at synthesizing resins from cost-effective and sustainable 
materials with excellent mechanical and thermal properties 
which can be utilized in coatings systems and other polymer 
nanocomposites for automotive applications. Consequently, 
in spite of purity of products, functioning clarity, duration, 
cost, VOCs, waste management, and in the design of an 
enhanced approach for the manufacture of products that uses 
cardanol as starting material, this study also compared two 
different types of vinyl ester resins, evaluated their perfor-
mances and confronted results obtained for future prospects 
on the development and production of coatings and nano-
composites for automotive applications.

2 � Experimental

2.1 � Materials

The cashew nuts (CN) used in this study was obtained 
from fresh cashew-nuts assembled from cashew plants (A. 
occidentale) of Abia State University, Uturu, Abia State, 
Nigeria. The chemicals NaOH, KMnO4, NaClO2, HNO3, 
NaCl, NaHCO3, and H2SO4 were sourced from a chemical 
shop in Onitsha Head Bridge and used as received. Anhy-
drous sodium sulfate (Na2SO4 — 99%), hexane (C6H14 — 
98.5%), methanol (CH3OH — 99.8%), ammonium hydrox-
ide (NH4OH — 28–30%), hydrochloric acid (HCl — 37%), 
formaldehyde (CH2O — 36.5–38%), diethylenetriamine 
(DETA, C4H13N3 — 99% — Sigma-Aldrich), toluene 
(C7H8 — 99.5%), epichlorohydrin (CH3H5ClO — 92.5%), 2- 
napthol (C10H8O — 99%), cinnamic acid (C9H8O2 — 50%), 
and triethylamine (C6H15N — 99.5%) were used without any 
preceding modification.

2.2 � Synthesis of cardanol‑based vinyl ester resins

CNSL extraction, cardanol isolation, and vinyl ester resin 
synthesis were carried out utilizing similar methods reported 
in the literature [33, 34] with slight modifications. Cardanol-
based vinyl ester novolac (CBVEN) and resole (CBVER) 
resins with mole ratios 1:0.8 and 1:1.2 of cardanol (C) to 
formaldehyde (F) were prepared respectively, using sodium 
bicarbonate (NaHCO3), an acid catalyst and sodium hydrox-
ide (NaOH) catalyst at a temperature of 40  °C to form 
dimethylol resin. The dimethylol resin formed was further 
reacted with 2-napthol to condense it to phenolic resin. The 
reaction product was cooled and dried under vacuum at 
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60 °C while maintaining the pH between 7 and 8 by adding 
10 wt% of sulphuric acid. The cardanol-based phenolic res-
ins (CPR) thus formed was further epoxidized by treatment 
with molar excess of epichlorohydrin at a temperature of 
60 °C with the addition of 50% solution of sodium hydrox-
ide. The temperature was further raised to 120 °C, after addi-
tion of NaOH with continuous stirring to produce triglycidyl 
ether of cardanol resin which was further vacuum-distilled 
to remove excess epichlorohydrin. The product obtained 
was subjected to additional reaction through esterification 
to obtain cardanol-based epoxydized vinyl ester resin using 
cinnamic acid. The reaction was performed using triethyl-
amine catalyst and hydroquinone (200 ppm as inhibitor) 
at 90 °C in nitrogen atmosphere for about 5 h to attain a 
product that contained less than 10 acid value [35]. Possible 
reactions for the synthesis of the cardanol-based vinyl ester 
resin are shown in Fig. 2.

Mild steel panels with dimensions 120 × 100 mm were 
produced using mechanical press, and a small hole was 
produced on the coupons to support the thread. The pre-
pared metal coupons were degreased in xylene, washed 
with distilled water, cleaned, dried, weighed, and stored 
for subsequent use. Calculated amounts of the resin sam-
ples were weighed into 250-mL capacity beakers, and for 
each sample, methyl ethyl ketone peroxide (MEKP) and 
co-octoate (catalysts) were mixed in a concentration of 4 
and 2 wt% respectively, and were poured into the beak-
ers. The prepared coupons were dipped totally in 250-mL 
volume glass beakers having 200 mL of the resin samples 
with the help of a glass rod and thread. After immersion, 
the test samples were carefully removed and allowed to 
cure with the help of laboratory oven at different tem-
peratures, 40, 60, 80, and 120 °C for 6 h.

Fig. 2   Reaction of cardanol based vinyl ester resin
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2.3 � Microstructural analysis

The morphological architectures of the synthesized resins 
were analyzed using JEOL-SEM (JSM-6390LV) within 
the acceleration range of 5–20 kV. The fractured surfaces 
of the cured resins were characterized using SEM micro-
graphs. Samples of substrates were smeared with Pt prior 
to observation.

2.4 � Fourier transform infrared spectroscopy

The functional groups present in the cardanol based vinyl 
ester novolac (CBVEN) and cardanol based vinyl ester resole 
(CBVER) resins were recorded utilizing FTIR with attenu-
ated total reflectance (ATR). FTIR spectra within the range 
of 500–4000 cm−1 at a resolution of 4 cm−1 were used in 
the analysis.

2.5 � Gas chromatography‑mass spectrometry

Fractions were analyzed via Shimadzu GC-17A/MS 
QP5050A (GC–MS system): DB-5HT capillary-column 
(30 m × 0.251 mm, 0.1 µm film thickness); carrier-gas: 
helium 1.7 mL/min; column-inlet pressure 107.8 kPa; col-
umn flow = 1.7 mL/min; linear velocity = 47.3 cm/s; total 
flow 24 mL/min; carrier flow 24 mL/min; injector tem-
perature 280  °C; detector temperature 300  °C; column 
temperature 100 (1 min) — 310 °C at 10 °C/min (15 min). 
Operational conditions of the mass spectrometer were 70 eV 
of ionization energy. Recording of mass spectra occurred 
within 40 – 450 m/z.

2.6 � Thermogravimetric analysis

The vinyl ester resins TGA was studied through a thermal-
analyzer using nitrogen at a flow-rate of 30 mL/min and a 
steaming speed of 10 °C/ min between 25 and 600 °C.

2.7 � Mechanical behaviour

The mechanical behaviour of the resins such as Young’s 
modulus, tensile strength, and elongation at break were con-
ducted using Zwick/Roell (Z005) universal testing machine 
according to ASTM Standard D638-14 at a tensile velocity 
of 50 mm/min under room temperature. Dumbbell-shaped 
films of dimension 30 mm long, 15 mm width, and 1 mm 
thickness were made for each sample.

2.8 � Chemical resistance

A blank acid solution of 0.6 M HCl (aggressive medium) 
was prepared using distilled water. The dried resin film sam-
ples were dipped entirely in 250-mL glass beakers consisting 

of distilled water, 0.6 M sodium hydroxide (NaOH), sodium 
chloride (NaCl), sodium carbonate (Na2CO3), acetic acid 
(CH3COOH), hydrochloric acid (HCl), and sulfuric acid 
(H2SO4). The solutions were kept under room temperature 
and monitored every 24 h. At the expiration of each time 
duration, the test samples were removed from the solution 
and the resistance of the resin films to acid, alkalis and sol-
vent were determined. The film samples were also subjected 
to ultraviolet light (UV) to determine their resistance to envi-
ronmental conditions.

3 � Results and discussions

3.1 � Physical–chemical characteristics of cashew nut 
shell liquid

The percentage yield of CNSL was 45.85 ± 0.2% indicative 
of high oil yield. The percentage yield of 30.61 ± 0.200% and 
within the range of 15–30% for CNSL have been reported 
[36, 37]. The results of the physicochemical characterization 
of the CNSL are presented in Table 1. From the result, it was 
observed that the oils contained high molecular weight fatty 
acids, which was considered to be non-edible oil, indicating 
points of unsaturation, a very important material property 
for coating systems. It is worthy of note that unsaturated 
fatty acids contain active sites which can be functionalized 
for polymerization reactions on coating materials with suit-
able approaches. However, with unsaturation, polymers can 
be modified by polymerization through auto-oxidation and 
chemical reactions using their internal active sites. Built 
into unsaturation (double bonds) allows functionalization 
of polymer products through various reactions such as epoxi-
dation, hydrogenation, halogenations, hydroxylation, acryla-
tion, maleinization, ozonolysis, and dimerization [38–45] 
(Table 2).

A decreased saponification value was observed for 
cardanol which was found to be lower than the raw CNSL. 
Raw CNSL has a high relative density due to the anarcadic 
acid present in the oil. There was an observed intermolecular 
attraction between the electronegative oxygen atom and the 
partially positive hydrogen atom of the phenol core, which 
resulted in the closely-packed molecules. The specific grav-
ity of the cardanol was decreased due to removal of hydro-
gen bonds in the course of decarboxylation and isolation; 
however, the viscosity (at 100 °C) of the resins were deter-
mined to be 50 and 43 for CBVER and CBVN respectively, 
typical of vinyl ester resin [46]. The cardanol exhibited an 
increased iodine value which is a measure of the amount of 
unsaturation in a given oil. The unsaturation of the samples 
owing to the side chain was slightly different for raw CNSL 
and cardanol (Table 1). The iodine values of more than 140 
in the fractions indicate drying oils [47]. The iodine value 
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CNSL obtained from this study is an indicative of non-
drying oil. A process of trans-esterification was employed 
during the synthesis to aid drying. There was a variation in 
the viscosity values. Raw CNSL contained anarcardic acid 
as the major constituent with the –COOH group in the ortho 
position of the phenol core. It, therefore, displayed strong 
dipole–dipole interaction between the partially positively 
charged hydrogen atom and the strong electronegative oxy-
gen atom. However, the molecules were held together by the 
presence of intramolecular hydrogen bonding.

3.2 � Gas chromatographic mass spectroscopic 
analysis of CNSL

Gas chromatographic analysis of cardanol reveals 
attainment of morphine, ethyl ether, 7-octyl-2-ol, 

2-methyl-6-methylene, 6-oxabicyclo-3-hexane, 3, 4-epox-
ycyclopentanone, 11(2-cyclopentene-1-yl) undecanoic 
acid, O-cresol; 2-methylphenol; 95–48-7; 2-hydroxy-
toluene; 2-Cresol; O-methylphenol, benzenepropaneni-
trile, 2-methyl-1-nonene-3-yne [2-methylnon-1-en-3-yne 
IUPAC], and 1, 4-cyclohexadiene-1-carboxylic acid. The 
GCMS of these chemicals are shown in Fig.  2, while 
Table 3 reveals the peaks obtained.

From Fig. 3, the compounds were detected in the posi-
tive chemical ionization-mode (PCI) via their quasi-molec-
ular ions [M + H] + (m/z 55.1), [M − H]+ (m/z 59.0). All 
mass spectra in Fig. 3 exhibit characteristic alkyl-amine 
ions: [C4H9NH2]+ (m/z 55.1), [CH3OH+CH2]+ (m/z 69), 
[C6H13NH2]+(m/z 85), and [C7H15NH2]+(m/z 86). The 
molecular weight of the resins was determined to be 1069 
and 1001 g/mol for CBVER and CBVEN respectively.

Table 2   Physico-chemical 
properties of (a) raw CNSL and 
cardanol and (b) CBVR and 
CBVN

a
Parameter Raw CNSL Cardanol
Saponification (mgKOH/g) 230.01 162.69
pH at 32 °C mol/l 9.39 9.26
Moisture content (%) 7.95 0.1
Acid value mgKOH/g 9.40 4.9
Free fatty acid (mgKOH/g) 46.98 24.68
Peroxide value mm/kg 8.0 9.4
Specific gravity g/cm3 1.14 1.12
Density kg/m3 0.934 0.921
Iodine value (mg/100 g) 16.074 37.224
Smoke point °C 116 180
b
Parameters CBR-vinyl ester resin CBN-vinyl ester resin
Colour Dark red/reddish brown Pale yellow/light brown
Smell Mild phenolic Mild phenolic
Moisture 10.00 6.00
pH 5.56 4.33
Density (g/ml) 0.91 0.89
Specific gravity 0.96 0.90
Viscosity at 100 °C 50.00 43.00
Refractive index 1.46 1.44
Boiling point (°C) 70.00 160.00
Flash point (°C) 88.00 187.00
Smoke point (°C) 74.00 160.00
Fire point (°C) 103.00 200.00
Cloud point (°C) 9.00 7.00
Pour point (°C) 3.00 4.00
Acid value (mg/KOH) 0.75 1.48
Free fatty acid (%) 0.37 0.74
Peroxide value (mgKOH/g) 5.54 4.96
Iodine value (g) 265.39 224.72
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3.3 � Microstructural analysis

Figure 4 shows the SEM micrograph of the resins (Fig. 4a) 
CBVER and (Fig. 4b) CBVEN. It was observed that the 
micrographs of both resins exhibited layered structure 
with rough surface which may be attributed to deformation 
[48] and/or degradation during the curing process. How-
ever, the SEM micrograph in Fig. 4b exhibited continuous 
crack-propagations on a straight path towards the direction 
of the thickness. The observed rough surface appearances 
on CBVER and CBVER are ideal and implied typical brit-
tle fracture surface of thermosetting resins [49, 50]. The 
surface roughness was seen to be more pronounced with 
CBVEN. However, some clusters were seen on the SEM 
image (Fig. 4a) which revealed bond-cleavage interaction 
attributed to agglomeration. A SEM micrograph of commer-
cial epoxy resin with uninterrupted crack propagated along 
the thickness direction path was reported by Tiimob et al. 
[51]. Several researches have reported similar trend of rough 
SEM micrographs of commercial epoxy resins with continu-
ous crack propagation along the thickness direction [52–54]

3.4 � Functional group analysis

The FTIR spectral knowledge of the samples revealed 
availability of varying linkages, such as carboxylic groups, 
unsaturated aliphatic hydrocarbons (alkenes), and other dis-
tinctive heights. FTIR analysis presented in Fig. 5 revealed 
peaks at wave number within 500 and 4000 cm−1 range as 
a result of C-H external bending vibration, C-H in-plane 
bending, and out-of-plane C–H wagging [55]. An observed 
peak depicted around 3410–3380 cm−1 was ascribed to O–H 
stretching of H-bonding which consisted of alcohols and 
phenols on the surface of cardanol, and the vinyl ester resins. 
Detected peak around 3000 cm−1 was ascribed to the O–H 
stretch of carboxyl functional groups. The height situated at 
2900 cm−1 was ascribed to C-H symmetric stretch vibration 

of cardanol, while that situated at 2850 cm−1 was ascribed 
to stretching frequency of C-H for vinyl ester resins. The 
absorption peak at 1560 and 1370 cm−1 depicts the C–C 
and C-H stretching vibration of cardanol, while the band at 
1120 cm−1 was ascribed to C-O bonds stretching of alcohols, 
carboxylic, esters, and ethers for the vinyl ester resins, which 
confirmed a characteristic cardanol resin. The peaks at 550 
and 900 cm−1 were ascribed to C–Br stretch and C-Hoop 
(epoxy group) present in the vinyl ester resins, respectively. 
The absence of a peak at 1000 cm−1 confirmed the comple-
tion of esterification reaction and formation of vinyl ester 
resins as seen in CBVER and CBVEN FTIR graphs. Fur-
thermore, the C–H out-of-plane bending absorption peaks 
of the terminal vinyl group for cardanol and the resins were 
observed between 890 and 910 cm−1. Similar results for 
C-H bending of vinyl ester linkages for cardanol at 991 and 
910 cm−1 were reported [56]. Furthermore, the FTIR of the 
sample resin films during cure for various temperatures (at 
3-h interval) is presented in Fig. 5b. Characteristic peaks at 
2880 and 2900 cm−1 were ascribed to C–H stretch vibra-
tions of alkane for CBVER (Fig. 5a) and CBVEN (Fig. 5b) 
at 40 °C respectively. Notable peaks at 2920, 2940, 2980, 
and 2960  cm−1 ascribed to C–H stretch vibrations were 
observed for CBVER and CBVEN for 60 and 80 °C respec-
tively. However, the CBVER and CBVEN resins exhibited 
O–H stretch of alcohols at 3350  cm−1 peak (Fig. 5c–f). 
Other notable peaks observed were 1200 – 1390 cm−1 and 
940–900; 740–650 cm−1 ascribed to C–F stretch of alkyl hal-
ides and = C–H bend of alkenes for the resins at 40–80 °C. 
The FTIR spectra of specified samples are represented in 
Fig. 5.

3.5 � Mechanical properties of vinyl ester resin films

The results of the optimum tensile strength and tensile 
stress with reference to strain are represented in Fig. 6. 
The ultimate tensile strength of the CBVER and CBVEN 

Table 3   Total peaks and derivative m/z accruable from the varying spectra of the attained chemicals

Chemical Molecular formula Total peaks m/z top Peak m/z 2nd highest m/z 3rd 
highest

Morpholine C4H9NO 35 57 29 87
Ethyl ether C4H10O 24 31 59 74
7-octyl-2-ol, 2-methyl-6-methylene C10H20O 29 59 43 41
6-oxacyclobi-3-hexane 3, 4-epoxycyclopentanone C5H6O2 45 55 41 27
11(2-cyclopentene-1-yl) undecanoic acid C16H26O3 60 41 37 53
O-cresol (2-methylphenol; 95–48-7; 2-hydroxytoluene; 

2-Cresol; O-methylphenol)
C7H8O or CH3C6H4OH 62 108 107 79

Benzenepropanenitrile C9H9N 92 107 108 79
2-methyl-1-nonene-3-yne [2-methylnon-1-en-3-yne IUPAC] C10H16 43 79 77 93
1,4-cyclohexadiene-1-carboxylic acid C7H8O2 80 79 137 78
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at 120 °C curing temperature were determined to be 20.8 
and 18.5 MPa (Fig. 6a, b) respectively. Similarly, the 
Young’s modulus of the resins cured at 120 °C was deter-
mined to be 2.60 and 2.47 MPa for CBVER and CBVEN 
respectively. It was observed that the tensile strength of 
the vinyl ester resins relied on the degree of curing. The 
high values observed for the mechanical properties of 

the resins may be attributed to the process of epoxida-
tion which may have increased the crosslink density of 
the resins [34]. With increased crosslink density, more 
polymer chains were consolidated together and became 
tougher to be broken.

Subsequently, in this study, the samples with higher 
degree of curing exhibited improved tensile strength. 

Fig. 3   Mass spectra for a morphine; b ethyl ether; c 7-octen-2-ol, 
2-methyl-6-methylene; d 6-oxacyclobi-3-hexane; e 3, 4-epoxycyclo-
pentanone; f 11(2-cyclopentene-1-yl) undecanoic acid, O-cresol; g 

O-methylphenol, benzenepropanenitrile h 2-methyl-1-nonene-3-yne 
[2-methylnon-1-en-3-yne IUPAC]; and i 1, 4-cyclohexadiene-1-car-
boxylic acid
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However, vinyl ester resins cured at 120 °C exhibited 
higher tensile strength and elongation than those cured 
at 40 °C. Interestingly, the values obtained for the fail-
ure strain for CBVER and CBVEN showed a gradual 
increase. The increased tensile strength and elongation 
at break observed may be ascribed to shear yield insti-
gated by the deformed structure of the resins cured at 
120 °C. Furthermore, increased failure strain exhibited 
by the resins may also be due to the presence of C15 
long chains existing in cardanol [57]. As polymers are 

hardened and cross-link density is increased, elongation 
at break generally drops.

On the other hand, the microgels formed at high tem-
perature may not be as good as those formed at low tem-
perature. These structures may exhibit rubberlike particles 
in vinyl ester resins, which can bring about the shear yield 
of the matrix [58]. The values of the mechanical proper-
ties of CBVER were higher than those of CBVEN. This 
may be due to the fact that CBVER had less terminal 
cardanol units in the system than CBVEN.

Fig. 4   SEM micrograph of a 
CBVER and b CBVEN

Fig. 5   FTIR structure analysis 
of cardanol based vinyl ester 
resins for A complete curing 
at 120 °C for 6 h and B during 
curing at 40, 60, and 80 °C for 
3 h

Fig. 6   Tensile properties of 
vinyl ester resins cured at vari-
ous temperatures
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3.6 � Thermogravimetric analysis

The TGA and derivative thermogravimetric (DTG) curves 
are a characteristic property which determines the thermal 
behaviour and identifies the decomposition of materials at 
a certain temperature. The degradation of vinyl ester resins 
were investigated and shown in Fig. 7. The resins were stable 
up to a temperature of about 280 °C for CBVER and CBVEN 
respectively. Initial degradation of both resins occurred at 
280 °C with an initial weight loss of 10 and 21% for CBVER 
and CBVEN respectively. The initial degradation of these 
resins may be attributed to elimination of moisture contained 
in the resin. However, the TG curves maintained a similar 
pattern/behaviour which is in agreement with TG curves 
for conventional resins [59–61]. Degradation occurred in 
four stages, at 280, 370, 480, and 550 °C for CBVEN with 
corresponding weight loss percentages at 89, 62, 53, and 
18%. For CBVER, the degradation occurred at 280, 320, 
400, and 420 °C with percentage weight loss at 78, 62, 51, 
and 28% respectively. The vinyl ester resins exhibited maxi-
mum weight loss at 420 and 550 °C with total volatilization 
at 620 and 680 °C for CBVEN and CBVER respectively. 

Additionally, the TGA analysis conducted under nitro-
gen atmosphere may have enhanced the rate of the resin’s 
decomposition, which consequently reduced the activation 
energies of decomposition resulting in improved thermal 
stability exhibited by the resins [62]. Moreso cross-links 
introduced during curing may have also contributed to the 
improved thermal stability exhibited by the resins. Improved 
thermal stability exhibited by the CBVEN over CBVER may 
be attributed to aromatic content of CBVEN resin. It is wor-
thy of note that higher aromatic contents in vinyl ester resins 
enhance its thermal stability. However, the TGA curves of 
both resins followed a similar route. A slightly lower value 
of maximum degradation temperature of 500 °C for vinyl 
ester resin was reported by [63]. Similar TGA with initial 
degradation of 265 °C for cardanol based vinyl ester resin 
was reported [64]. The improved thermal stability of this 
study is promising and can compare favourably with the 
commercial-based epoxy resins [65].

3.7 � Dynamic mechanical analysis

The storage modulus (E′), loss modulus (E″), and damping 
(tan δ) of the vinyl ester resins have been studied using 
DMA (Fig. 8). The glass transition temperature (Tg) by E′ 
was determined as the temperature at which the E′ begins 
to decline (onset temperature), while that of E″ and tan δ 
showed peaks at the glass transition. Figure 8 shows the 
storage modulus, loss modulus (E″), and damping (tan δ) 
as function of temperature for the vinyl ester resins cured 
at 120 °C. From Fig. 8a, the Tg by E′ onset was determined 
to be 115 °C and 105 °C, while the Tg of E″ by peak was 
determined to be 120 and 118 °C for CBVER and CBVEN 
respectively. However, the Tg by tan δ was determined to 
be 150 and 140 °C (Fig. 8b) for CBVER and CBVEN 
respectively. The high Tg exhibited by the vinyl ester resins 
studied is desirable for thermosetting polymer resins [65]. 
Changes in Tg are very important for the performance of 
thermosetting polymers. Tg can provide insight into fun-
damental changes in molecular chain dynamics and can 
have a critical impact on polymer applications. It can be Fig. 7   TGA of vinyl ester resins

Fig. 8   DMA analysis of the 
vinyl ester resins for a storage 
modulus and tan δ and b loss 
modulus
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seen from Fig. 8 that the temperature has a great influ-
ence on the storage modulus and loss factor of the resins. 
The storage modulus of the resins decreased sharply with 
increased temperature. The reason is that at low tempera-
ture, the material is in a glass state, but as the temperature 
increases, the material changes from a glass state to a rub-
ber state and the materials become rubber-like. However, 
the figure revealed that at lower temperature, below Tg, 
the storage modulus of the vinyl ester resins increased. 
This was attributed to the fact that at lower temperatures, 
the resins take longer time to relax (relaxation time). At 
this time, the vibrational energy is rapidly distributed over 
the entire volume of the polymer resins. In this case, lit-
tle mechanical loss was encountered [66]. Similar results 
reported that vinyl ester resin’s Tg by E′ onset and Tg by 
E″ peak increased from 106 to 108 and 131 to 133 °C 
[67]. Figure 8 b reveals one single peak of tan δ which 
implied complete cure of the resins. However, this result 

indicated complete elimination of residual reactions that 
can adversely affect the mechanical properties of the 
resins.

3.8 � Chemical resistance properties

The chemical resistant properties of the resins with their cor-
responding weight loss are presented in Fig. 9 and Table 4. 
The chemical resistance and solvent compatibility are the 
major decisive parameters for adhesion in coatings. Table 4 
shows the comparative study on the alkalis and acid resist-
ance of the cured resin films. From Table 4, it was clearly 
revealed that the cured films prepared exhibited maximum 
resistance towards distilled water (Fig. 9a, d). The cured 
films immersed in distilled water exhibited no effect, and 
maintained homogeneity throughout the period of immer-
sion. This could most probably be ascribed to the hydro-
phobic nature of the resin’s backbone, which repelled any 

Fig. 9   Chemical resistance properties
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probable interaction between the cross-linked resins back-
bone and water. More so, the cured films immersed in 0.6 M 
NaOH and Na2CO3 also exhibited good resistance to alkalis 
(Fig. 9b–c, e–f). This trend could further be interrelated to 
the highly cross-linked structure of the vinyl ester resins 
synthesized, which could also be confirmed by their excel-
lent thermal stability exhibited. The ether functional groups 
coupled with the unsaturated hydrocarbon side chains, such 
as C = C double bonds present in the synthesized resins, led 
to improved resistance to solvent and alkalis. Mukesh and 
Anagha [44], reported excellent chemical resistance on a 
study of epoxy resin from cardanol as partial replacement 
of bisphenol A-based epoxy for coating. However, weak 
acid resistance (0.6 M acetic, hydrochloric, and sulphuric 
acids) was observed for the cured films (Fig. 9g–h, j–k). 
The cured films immersed in 0.6 M H2SO4 were affected to 
a large extent. These coated films exhibited either dissolu-
tion, loss in gloss, scorching, blushing, or shrinkage in the 
course of immersion period (Fig. 9i, l), presumably, as a 
result of saponification of ester groups [68]. The above result 
was evident of highly cross-linked structure exhibited by the 
resin, which could have brought about increased polarity of 
the system. The CBVEN was adversely affected (Fig. 9i). 
Accordingly, the prepared CBVEN system possessed poor 
strong acid resistance, irrespective of exceptional alkali and 
solvent resistance. Additionally, the cured films of CBVER 
were found to exhibit better chemical resistance properties 
compared to CBVEN (Fig. 9d–f, j–l). However, in the case 
of weight loss, it was evident from Table 4 that the resin 
film coupons showed more dissolution in hydrochloric, sul-
phuric, and acetic acids. From Table 4, the film’s behaviour 
was certain that the resins regulated the dissolution of mild 
steel coupons exposed to NaOH, Na2O3, and H2O. It can be 
concluded that sulphide ion was more aggressive to mild 
steel than chloride ion. This may be attributed to the stabil-
ity of mild steel in hydrochloric acid compared to sulphuric 
acid as a result of variation in the electronegative potentials 

of sulphide and chloride ions [69]. These results could be 
inferred from the lower values of material loss exhibited by 
the materials upon immersion in the media. The acid solu-
tions initially impeded the dissolution process, but thereaf-
ter, gradual weakening effect sets in with time on the resin 
film layers which resulted in deformation; Fig. 9g, h, i, l). 
On the other hand, it was observed that the material loss 
varied linearly with time in UV exposure and showed some 
discolouration from deep brown to light brown (Fig. 9m, 
n) for CBVER and CBVEN respectively. However, the lin-
ear correlation could be ascribed to the fact that the resin 
films exhibited some level of resistance to UV within the 
time of exposure. Conversely, the CBVEN film exhibited 
discolouration upon salt water immersion, while the CBVER 
film showed evidence of rust and blistering upon salt water 
immersion (Fig. 9o, p).

4 � Conclusion

Novel low-viscosity cardanol-based vinyl ester resins were 
synthesized through reaction with cinnamic acid. The curing 
investigation of the two different vinyl ester resins at vary-
ing temperatures showed a similar process. However, low 
cured properties of the resins showed that these cardanol-
based vinyl ester resins would be useful for moderate tem-
perature applications. The resins molecule exhibited signifi-
cant improvement in TGA, tensile, and chemical resistance 
properties. These improvements may be due to complete 
reaction of the functional groups which resulted in a highly 
cross-linked network thereby significantly improved TGA, 
tensile, and chemical resistance properties of the resins. The 
presence of C15 aliphatic chain, two anhydride function-
alities, and aromatic ring could be the factors accountable 
for exceptional mechanical, in addition to chemical resist-
ance properties observed. Similar results are expected to be 
achievable by the use of diverse methods to fully or partially 

Table 4   Comparative study on 
the alkalis and acid resistance of 
the cured resin films

N/B 1 unaffected, 2 loss in gloss, 3 softening observed, 4 shrinkage observed, 5 slight loss in adhesion, 6 
film partially removed, 7 film completely removed

S/N Chemicals CBVER CBVEN

Chemical 
resistance

Weight loss (g) Chemical 
resistance

Weight loss (g)

1 Distilled water 1 0.01 1 0.01
2 Sodium hydroxide (NaOH) 1 0.01 1 0.03
3 Sodium carbonate (Na2CO3) 1 0.04 1 0.05
4 Acetic acid (CH3COOH) 2 0.06 2 0.08
5 Hydrochloric acid (HCl) 2 0.08 2 0.10
6 Sulfuric acid (H2SO4) 4 0.20 3,4 0.40
7 Sodium Chloride (NaCl) 5,6 0.40 2 0.06
8 Ultraviolet light (UV) 2 0.020 2 0.02
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methacrylate the cardanol molecule. Overall, it can be con-
cluded that the synthesized cardanol-based vinyl ester resins 
can be utilized in composites and coating applications, for 
both industrial and architectural purposes and anticorrosion.
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