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EVALUATION OF AN ACID CATALYZED HETEROGENOUS REACTION CONDITION TO 
SYNTHESIZE POLYEPOXY CARDANOL 
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Abstract
A heterogenous reaction condition using acetic acid along with an ion exchange resin is evaluated in obtaining polyepoxidized cardanol 
derived from cashew nut shell liquid (CNSL). Standard analytical techniques combined with spectroscopic analysis, Fourier Transform 
Infrared (FTIR) and Nuclear Magnetic Resonance (NMR) and Matrix-Assisted Laser Desorption/Ionization-Time of Flight/ Mass Spectrometry 
(MALDI-TOF/MS) suggest the formation of products with varying degrees of epoxy functional groups. The resulting products were also 
compared with those produced through a 24-hour reaction catalyzed by formic acid, which is more acidic. More importantly, this study 
reveals that a similar outcome can be achieved in a much shorter time using the method that involves the heterogenous reaction condition.
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Introduction

Cashew nut shells are non-edible, inexpensive, easily acces-
sible, and one of the best alternatives to nonrenewable fossil re-
sources. Decarboxylation of cashew nut shell liquid (CNSL), also 
known as cardanol, is a complex mixture of natural phenols.1 The 
meta-phenolic ring with 3 non-conjugated C=C double bonds on a 
hydrocarbon chain containing 15 carbons, is predominantly found 
despite the fact that the chemical composition of cardanol depends 
on the origin of the cashew nuts.1, 2 Other prominent chemical 
structures include the meta-phenolic ring with mono or difunction-
al C=C double bonds on its hydrocarbon chain. 

Cardanol is of significant interest to researchers due to its ar-
omatic ring possessing higher cohesive force, unlike many other 
agricultural or vegetable-based resources such as soybean oil and 
castor oil with aliphatic chains. Hence, cardanol provides unique 
characteristics that can enhance overall physio-mechanical proper-
ties of the resulting products. Cardanol and its derivatives are often 
utilized in preparation of polymeric materials such as surfactants, 
plasticizers in PVC, epoxy resins, and diluents. The unsaturated 
side chain of cardanol is versatile in developing various bio-based 
building blocks. One of the variants in obtaining such building 
blocks is the transformation of unsaturated C=C double bonds to 
epoxy or oxirane functional groups.

Several studies have investigated the epoxidation of the side 
chain of cardanol and its derivatives using different oxidants, 
catalysts, and reaction conditions. For instance, the C=C double 
bonds of the side chain were epoxidized by adding hydrogen per-
oxide dropwise to a heated solution in toluene with formic acid 
and p-toluensulfonic acid.3 Similar procedures were followed in 
the epoxidation of cardanol glycidyl ether using formic acid.4 
Epoxidation of the side chain of internal C=C double bonds of 
the cardanol derivatives was also performed successfully using 
meta-chloroperoxybenzoic acid (m-CPBA).5-7 Nevertheless, the 
major drawback of using strong acids is the side reactions open-
ing the oxirane ring/s reducing the epoxy contents of the resulting 
products.5 To minimize the effect of strong acids, the reaction was 
also carried out with enzymes such as lipase along with acetic acid 
and hydrogen peroxide in toluene.8 Various organic acids were 
also evaluated under enzymatic reaction conditions.9 Similar to 

the epoxidation of cardanol and its derivatives, several reports on 
epoxidation of other natural oils such as soybean oil, castor oil, 
etc. using acidic catalysts were also published.10-18 These studies 
also involved heterogenous reaction condition using acetic acid 
and ion exchange resins that provided the desired products with 
minimal side reactions. Acetic acid being the weaker acid com-
pared to other organic acids such as formic acid and peroxy ac-
ids,19, 20 ion exchange resins are usually added with acetic acid for 
the synergistic effects. Despite the fact that many successful ep-
oxidation reactions on C=C double bonds of agriculturally based 
natural oils such as castor oil, soybean oil, etc. were reported using 
heterogenous reaction condition with the ion exchange resin and 
acetic acid,10, 13-18 this reaction condition has not yet been explored 
extensively for the epoxidation of the side chain of cardanol and 
its derivatives.21, 22 Therefore, our current work focuses on acetic 
acid catalyzed heterogenous reaction condition to obtain polyep-
oxy cardanol derivatives. The resulting products were evaluated 
by standard analytical methods combined with Fourier Transform 
Infrared (FTIR) spectroscopy, Matrix-Assisted Laser Desorption/
Ionization-Time of Flight Mass Spectrometry(MALDI-TOF/MS), 
1H and 13C Nuclear Magnetic Resonance (NMR) spectroscopies. 
Moreover, the results were compared directly with the products 
obtained from the more acidic formic acid catalyzed reaction.

Experimental

Materials:
Cardanol glycidyl ether (CGE), NC-513 was kindly provided 

by Cardolite Corporation. Acetic acid and toluene were received 
from Fisher Chemical. Ethyl acetate, hydrogen peroxide, and an-
hydrous sodium sulfate were purchased from VWR Chemicals, 
and Amberlite ICR 120H was obtained from Supelco.

Synthesis
Method 1: The epoxidation was conducted by heating a mixture of 
35.655 g (0.2 eq. wt.) cardanol glycidyl ether (CGE), 6 g (5.7 mL, 
0.1 mol) acetic acid, 8.913 g Amberlite (25 % w/w Amberlite to 
cardanol) and 17.84 g (20.58 mL toluene, 50 % w/w toluene to car-
danol) at 60 °C, in a 3-neck R. B. flask equipped with a thermome-
ter, an addition funnel and a magnetic stir bar. 33.92 g, (30.54 mL, 
0.3 mol) of 30 % hydrogen peroxide was added to the reaction 
mixture slowly over the course of about an hour. 
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After the complete addition of hydrogen peroxide, the tem-
perature was increased to 70 °C and continued the reaction for 
5 hours. The reaction mixture was cooled to room temperature, 
and the ion exchange resin was filtered off, followed by extraction 
while neutralizing the solution to pH ~7. The solvent was removed 
using the rotary evaporator prior to analysis.

Method 2: Following the literature procedure,3, 4 17.83 g (0.1 eq) 
cardanol glycidyl ether (CGE), 4.025 g (3.29 mL, 0.1 mol) formic 
acid and 23.03 g (19.94 mL) toluene were added to a 3-neck R. 
B. flask equipped with a thermometer and an addition funnel. 34 
g (30.63 mL, 1 mol) hydrogen peroxide was added slowly to a 
stirring solution of the reaction mixture at room temperature. Af-
ter that, the reaction mixture was heated to 40 °C and continued 
the reaction for about 24 hours. Once the reaction was complete, 
the product solution was neutralized to pH 7 by using sodium bi-
carbonate solution followed by deionized water. The solvent was 
removed using a rotary evaporator.

Analysis
Viscosities of the cardanol glycidyl ether (CGE) and polyep-

oxy cardanol glycidyl ether (PECGE) were determined by HAAKE 
Viscometer iQ (Thermo Scientific) at 25º C. Iodine values and ox-
irane % were calculated using the titrations the Hanus method and 
ASTM D1652 method respectively. The Attenuated Total Reflec-
tion Fourier Transform Infrared (ATR/FT-IR) spectrometer from 

Thermo Scientific was utilized to analyze the functional groups. 
1H and 13C NMR spectra were obtained from a 600 MHz Bruker’s 
Nuclear Magnetic Resonance (NMR) spectrometer using deuterat-
ed chloroform as a solvent. MALDI-TOF analysis were performed 
from an Electrospray Ionization / Mass Spectrometry (ESI/MS) 
with an Orbitrap Fusion Mass Spectrometer (Bruker UltraflexX-
treme MALDI-TOF/MS). The samples were diluted to approxi-
mately 10 µM in methanol prior to conducting MALDI-TOF/MS 
experiments.  

Results and Discussion

Acetic acid catalyzed heterogenous reaction condition was 
used to epoxidize the C=C double bonds on the side chain of car-
danol glycidyl ether (CGE), NC 513 that delivered orange-yellow  
colored liquid after the 5-hour long reaction.  

The viscosity of the resulting product, polyepoxy glycidyl 
ether (PECGE) was higher, i.e. 25.7 mPa s compared to the start-
ing material 11.84 mPa s. The epoxy equivalent weight of the CGE 
obtained from titration is 555 which is in the range of 425-575 
that the manufacturer, Cardolite Corporation provided. Oxirane 
contents of the products PECGE obtained from titration suggest 
the epoxidation occurred as the epoxy equivalent of the products 
decreased; however, the iodine values of the products were rather 
too high (Table 1) to determine the conversion of the reactions. 
Therefore, 1H NMR spectroscopy was used for accurate estimation 

Fig. 1: 1H NMR spectra of the CGE and the PECGE obtained after acid catalyzed epoxidation reactions	
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of the epoxy values including the conversion. 

1H NMR analysis of cardanol glycidyl ether (CGE) suggests 
the presence of methine and methylene peaks of the glycidyl ether 
at 3.31 ppm and 2.71 ppm respectively (Fig. 1). A multiplet cen-
tered at 5.33 ppm was assigned for internal C=C double bonds. 
Although the chemical structure of the CGE, NC 513 provided by 
the manufacturer indicated only the internal C=C double bonds 
between C8-C9 and C11-C12 of the side chain, the multiplets cen-
tered at 5.80 ppm and 5.05 ppm show the terminal double bond 
also present. The 1H NMR spectrum of the products PECGE ob-
tained after epoxidation using the heterogenous reaction condi-
tions demonstrate that the multiplet corresponding to internal dou-
ble bonds at around 5.33 ppm disappeared with the evolution of 
new peaks in between 2.93 ppm and 3.20 ppm. These results were 
consistent with the 1H NMR spectrum of the PECGE obtained us-
ing formic acid catalyzed 24 hours long reaction. The aromatic 
protons at the range 6.65 ppm and 7.20 ppm were used as a refer-
ence to determine the conversion of the reactions.16 The calcula-
tions suggest that the internal double bonds reacted predominantly, 
whereas the terminal double bond reacted only partially. The study 
also shows the similarity in conversion of the terminal double 
bond between the 5-hour long acetic acid catalyzed heterogenous 
reaction condition (35 %) and the formic acid catalyzed 24-hour 
long reaction (32 %).  

Additionally, epoxy functionalities of the PECGEs were cal-

Fig. 2: 13C NMR spectra of the CGE and the PECGE obtained after acid catalyzed epoxidation reactions

Scheme 1: Acid catalyzed epoxidation of cardanol glycidyl ether (CGE), NC 513

 

 

 

 

 

 

 

 CGE PECGE 
(w/acetic acid) 

PECGE 
(w/formic acid) 

Iodine value (g/100 g) 135±0.52 26.05±0.5 26.00±0.48 

Epoxy content (%) 2.88±0.12 7.41±0.04 7.37±0.04 
Epoxy equivalent (g/eq) 555 216 217 
    

Table 1: Characteristics of the CGE and the PECGE after acid catalyzed epoxi-
dation reactions
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culated using the technique described in published work4, 23 that 
suggests 2.95 epoxies/molecule (2.01 internal epoxies+ 0.94 ter-
minal and primary epoxies) for the products obtained by using the 
heterogenous acidic reaction condition. These results resemble the 
epoxy values 2.93 (2.06 internal epoxies +0.87 terminal and pri-
mary epoxies) of the products obtained from the formic acid cat-
alyzed reaction. However, the internal epoxy value resulted from 
the acetic acid catalyzed heterogenous reaction condition was 
slightly lower compared to the formic acid catalyzed reaction. The 
higher temperature used to perform the reaction that involved het-
erogenous condition may have caused the lower epoxy values as 
the oxirane ring opening reaction is more prone at higher tempera-
ture.24 Nevertheless, the heterogenous reaction condition provided 
relatively higher epoxy values in a much shorter reaction time.  

Likewise, 13C NMR analysis of the CGE shows the peaks 
at 44.77 ppm and 50.23 ppm corresponding to methylene and 
methine carbons of the oxirane ring (Fig. 2). The peaks at 129.33 
ppm, 144.70 ppm and 158.50 ppm were assigned for the aromatic 
ring. Peaks at the range 126.85-130.14 ppm refers to the internal 
C=C double bonds, whereas the peaks at 136.84 and 114.75 the 
terminal C=C double bond which still existed after epoxidation 
performed under the heterogenous reaction condition, indicating 
the terminal C=C double bonds did not react completely. Evolu-
tion of new peaks at 57.28 ppm and 54.11 ppm on the 13C NMR 
spectrum of the PECGE corresponds to new epoxy rings. Similar 
results were observed in the PECGE synthesized from the formic 
acid catalyzed reaction as well.

Furthermore, FTIR spectrum of the starting material and the 
products obtained after the epoxidation reactions were evaluated. 
The spectrum of the CGE contains peaks at 2925 cm-1 and 2852 
cm-1 which are due to -CH stretch of alkyl groups, and a peak at 
3008 cm-1 because of the C=C double bonds (Fig. 3). A broad peak 
at around 3400 cm-1 in the IR spectrum of the PECGE corresponds 
to hydroxyl groups which suggests the presence of hydroxyl 
group/s due to a side reaction, opening the oxirane ring. Never-
theless, the resulting product lacks the characteristic C=C double 

bond peak at 3008 cm-1 confirming that the double bonds reacted.21 
Additionally, the new peaks at 776 cm-1, 847 cm-1 and 910 cm-1 
infers the formation of oxirane (epoxy) rings suggesting successful 
epoxidation using acetic acid with ion exchange resin.5  Similar 
results were observed when compared with the PECGE obtained 
from formic acid catalyzed reaction.

MALDI-TOF/ MS results of the starting material, CGE also 
show a complex mixture that contains varying degree of unsatu-
ration on its side chain, ranging from 0 to 3 double bonds (Fig. 4 
and Table 2). Additionally, an oxirane ring on its side chain with 
no double bond, 1 double bond and 2 double bonds were also ob-
served at 397.28, 395.25 and 393.24. A fragment at 399.29 was 
also found which may be assigned for CGE containing a saturated 
side chain and a hydroxyl group in the aromatic ring.

As the starting material provided for our work contains a com-
plex mixture, the MALDI-TOF of the products, PECGE obtained 
after epoxidation under the heterogenous reaction conditions with 
acetic acid and ion-exchange resin also shows the mixture of the 
epoxidized derivatives (Fig. 5). The side chain of the resulting 
products comprises no to 1 or 2 sets of double bonds (Table 2). 

Fig. 3: Overlay of the FT-IR spectra of the CGE, and the PECGE obtained after 
acid catalyzed epoxidation reactions

Fig. 4: MALDI-TOF / MS of the starting material CGE, NC 513 
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Table 2: Maldi-TOF / MS analysis of the CGE, and the PECGE obtained after acid 
catalyzed epoxidation reactions (ro = ring opening) 

[M]+/before 
epoxidation 

CGE [M]+/after 
epoxidation 

PECGE 
(w/acetic acid) 

PECGE 
(w/formic acid) 

[R3+Na]+ 377.24 [R1’+Na]+ 397.27 397.27 
[R3+Na+H]+ 378.25 [R1’+Na+H]+ 398.27 398.27 
[R2+Na]+ 379.26 [R3’+Na]+ 409.23 409.23 
[R2+Na+H]+ 380.26 [R3’’+Na+H]+ 410.23 410.24 
[R1+Na]+ 381.28 [R2’’+Na]+ 411.25 411.25 
[R1+Na+H]+ 382.28 [R2’’+Na+H]+ 412.25 412.25 
[R3’+Na]+ 393.24 [R2’’+Na]+ (ro) 415.28 415.25 
[R2’+Na]+ 395.25 [R3’’’+Na]+ 425.23 425.23 
[R1’+Na]+ 397.28 [R3’’’+Na+H]+ 426.24 426.24 
[R0+Na+OH]+ 399.29 [R3’’’+Na]+ (ro) 427.24 427.24 
  [R3’’’+Na]+ (ro) 429.26 429.26 
  [R0+74]+ 434.34 434.34 
  [R3’’’+Na+OH]+  441.20 441.20 
  [R2’+74]+  446.30 446.30 
  [R1’+74]+ 448.31 448.31 
  [R2’+74]+ 462.29 462.29 
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A fragment at 415.28 may have resulted due to ring opening of 
diepoxy rings located on its side chain. Likewise, 427.24 suggests 
the side reaction involving terminal epoxy ring opening and 429.26 
could be the result of an internal and terminal ring opening reac-
tions. Other fragments [M+Na+H] +,  [M+Na+O]+ and [M+74]+ 
were also seen which is possibly due to a charge driven process 
occurred during the ionization phenomena.25 Similar results were 
obtained when the epoxidation reaction was performed with for-
mic acid (Fig. 6 and Table 2). 

In conclusion, all the above-described analysis suggests that 
the epoxidation reaction using the heterogenous reaction condi-
tion with acetic acid was successful. The higher reaction tempera-
ture may have stimulated epoxy ring opening resulting in slightly 
lower secondary epoxy values compared to formic acid reaction 
conditions. Nevertheless, the results obtained in a much shorter 

reaction time, 5 hours, were consistent with that of the formic acid 
catalyzed 24-hour long reaction. 
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