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The global coating industry produces tens of millions of metric tonnes of paints each year, and this quantity
continues to grow. Most of these paints are obtained totally or partially from fossil resources, and many of them
still use volatile organic compounds (VOCs) and/or other harmful chemicals. This paper describes the use of the
cashew nutshell liquid (CNSL) as a raw material for synthesis of paint binders (sustainable materials). These binders
are obtained in a single chemical step without tedious separation. These new bio-based materials (renewable
resources) form stable films (green coatings) in a short drying time. The formulated paints are 100% aqueous, have
low toxicity and ecotoxicity and require no additional drying agents or VOCs. Oxidative coupling of the alkylidene
chain and addition of carboxylic acid to the carbon-carbon double bonds are implemented. The products obtained
can be applied on different kinds of surfaces, such as glass slides, metal, wood or concrete, and exhibit good

stability against various solvents and tropical conditions.

Keywords: green coatings/renewable resources/surface/sustainable materials

Notation

M, number average molecular weight
My mass average molar weight

Ry retention factor

) chemical shift (parts per million)

1. Introduction

The chemical industry, including detergents, packaging, plastics,
cosmetics, fibers and coatings, is facing very strong pressure due
to economic and regulatory developments. On the one hand,
erratic price variation and availability of fossil resources need the
most appropriate technologies. On the other hand, social demands
and regulations driven by ecological concerns require new
approaches, new bio-sourced raw materials and finally new
products. Agribusiness waste is usually available on a large scale
and is considered a normal production process result. This
potential raw material is therefore particularly interesting from
both an economic and an ecological point of view.! Cashew
nutshell liquid (Anacardium occidentale L.), or CNSL, is one of
the main wastes from cashew farming and is probably one of the
Indeed, this
potentially, several hundreds of thousands of metric tonnes per

most  attractive. by-product alone represents,

year,z’5 and most of the time, they are buried or burned. This
figure is constantly increasing due to the cashew market boom
and to the great interest in cashew trees during reforestation
processes.®” The interest in CNSL can be explained by the high
content of phenolic derivatives in its composition. ‘Natural
CNSL’ from shell solvent extraction contains anacardic acid,

1.3 This mixture can be

cardol, cardanol and methyl cardo
simplified by thermal decarboxylation of anacardic acid, giving
‘technical CNSL’,'>'* rich in cardanol. Even better, a single
product could be obtained in high yield by reduction of the
alkenyl chain and aromatic ring.'” Admittedly, renewable raw
material use meets the new requirements of the chemical industry,
but it is insufficient because the manufacturing process and
products must also have low ecological impact; toxic reagents and
solvents are unacceptable. For example, in coating and paint
factories, volatile organic compounds, toxic pigments and
additives are to be avoided. In consequence, it is to provide
alternatives to these prohibited substances that new binders have
been synthesized for more environment-friendly paints using
CNSL as a raw material. Some works, including the authors’
previous investigation, have shown that anacardic acid and natural

CNSL can be easily transformed into diacids to give a non-toxic
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mixture of amphiphilic molecules with non-negligible surfactant
properties.'®!” For example, surfactants of anacardic acid and
cardol diacids are readily obtained through Williamson’s reaction
using sodium chloroacetate as an alkylating agent. These reactions
have good yield and selectivity.'” Many important binders in
coatings are polyesters from diacids and polyols.'® 2! There are
also ‘green binders’ from linseed oil, historically used as a binder
in artistic paint.”>?* The structure of the CNSL alkylidene chain
is close to that of linseed oil. Therefore, products originally
created for their amphiphilic properties may also become a diacid
monomer and part of useful new materials in the coating industry.
Paint binders are mainly polymers with a molecular weight
greater than 50 000 Da. That is why in this work, the authors
studied some polyesters of diacids from CNSL and were also
interested in monomers.

2. Experimental section

2.1 General information

Cashew nutshells were harvested in the Boeny region of Madagascar
(16°23'34.6812" south, 47°0' east) in November 2019. Sodium
chloroacetate, potassium hydroxide, p-toluenesulfonic acid (pTSA),
potassium carbonate, tetrabutylammonium sulfate, 1,3-propanediol,
tin (II) octanoate, ethylene carbonate, monobutyltin oxide (MBTO),
boron trifluoride ether, methanesulfonic acid and activated charcoal
were purchased from Sigma-Aldrich and VWR. Solvents and other
materials were obtained from local commercial suppliers (Chimidis)
and used without further treatment and purification. Fillers and
pigments were generously given by Aurlac, the most important paint
factory in Madagascar. Reactions were monitored by thin-layer
chromatography (TLC) using silica gel (60 F254) on an aluminum
plate. This technology was one of the main tools in developed
countries about 40 years ago. Now it has been replaced by liquid
chromatography (LC) coupled with mass spectroscopy (MS) or
nuclear magnetic resonance (NMR), which are currently available in
most university laboratories. This is not the case in Madagascar,
where TLC remains a very powerful technology allowing qualitative
and semiquantitative assessment when ‘authentic samples’ are
available. For this study, NMR, MS, infrared (IR) spectroscopy and
differential scanning calorimetry (DSC) were carried out at the
Institut de Chimie et Biochimie Moléculaires et Supramoléculaires
(ICBMS), University of Lyon 1. NMR spectra were recorded using a
Bruker ALS 500 spectrometer. For NMR interpretation, the
abbreviations were defined as follows: s, singlet; d, doublet; t, triplet;
and m, multiplett A GC 7890B gas chromatograph (Agilent
Technologies) coupled to a 7200 quadrupole time-of-flight mass
spectrometer (Agilent Technologies) and the LC—electrospray
ionization mass spectra were used. The IR spectrometer used was a
Nicolet iS 10 Smart iTR with a diamond attenuated total reflectance
accessory. DSC analyses were carried out using a 3000 Mettler
Toledo apparatus. At first, the temperature was maintained at
25-10°C and then increased to 300°C. Then, a cooling segment from
300 to —10°C and finally an increase from —10 to 300°C were
implemented. The carrier gas was dinitrogen (200 ml/min for the cell
and 50ml/min for the internal oven). The molecular weight

distributions of the final polymers were determined using an Agilent
gel permeation chromatography (GPC) instrument (model 1260
Infinity) consisting of a pump, a refractive index detector and one
MesoPore PL1113-6325 (300 x 7.5 mm) column, using N-methyl-2-
pyrrolidone as an eluent and a flow rate of 0.5 ml/min at 50°C. The
GPC results were calculated with the Addon software using a linear
polystyrene-based calibration curve.

2.2 Experimental part

2.2.1 Extraction of CNSL from cashew nutshells

Cashew shells were crushed and extracted by hot maceration with
butyl acetate. Into a 1 liter flask, 500 g of crushed shells and 310 ml
of butyl acetate were introduced. Then, they were heated at 80°C
for 1 h. After the time was up, the mixture was filtered. The filtrate
was recovered, and shell residues were macerated again with
310 ml of butyl acetate for a second hot maceration. The same
procedure was carried out for a third extraction. At the end, the
three filtrates were evaporated, and after weighing, 39% yield of
CNSL was obtained (Figure 1). The yield and composition were
similar to those obtained by other researchers.*® The CNSL
composition (Figure 2) was determined by LC-MS.

Separations of anacardic acid, cardanol and cardol were
performed using a procedure already described.”**

Extraction number: 3

BuOAc: 310ml/310ml/310 ml
l Temperature: 80°C

Duration: 1h/1h/Th

Crushed shell 500g

BuoAc extracts

Cold filtration
evaporation
I |
CNSL95¢ CNSL 659 CNSL 35¢g
(19%) (13%) (7%)
\ ]
1

CNSL 195 g (39%)

Figure 1. CNSL extraction yields. BUOAC, butyl acetate

OH OH OH OH

v o o o™
HO R R HO R R

Methyl cardol (trace) Cardanol 5%  Cardol 15-20% Anacardic acid 70%
Trace

— 10%
SN 25%
— 65%

R =

Figure 2. Composition of CNSL
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2.2.2 Synthesis of monomers and polyesters
2.2.2.1 SYNTHESIS OF POLYESTER 3: OXYACETIC ACID OF ANACARDIC

ACID 1/1,3-PROPANEDIOL
Anacardic acid (3.42g, 10 mmol) was treated with 2 mol/mol of
potassium hydroxide (KOH; 1.12 g or 20 mmol) and 1.8 mol/mol of
sodium chloroacetate (2.1 g or 18 mmol) in 2 M ethanol at 70°C for
24 h. Ethanol was then evaporated, and the crude mixture was
acidified with hydrochloric acid (HCI) until pH = 3 to be treated with
water (H,O)/ethyl acetate (EtOAc) (50 ml each). The organic phase
was then distilled under vacuum to give 90% oxyacetic acid of
anacardic acid 1. Then, 2 g (5 mmol) of diacid was used for reaction
with 2 mol/mol of 1,3-propanediol (0.7 ml or 10 mmol) at 150°C for
3h to give a diester of 1,3-propanediol 2. This diester 2 was added
to 5 mol% pTSA and heated under vacuum at 150°C for 5h to form
insoluble polyesters, easily recoverable by filtration and washing with
20 ml of EtOAc (10 ml/g). Evaporation of the EtOAc phase led to
80% soluble polyester, which was analyzed using TLC and
hydrogen-1 (‘H) NMR. The remaining 20% was intractable and
insoluble and decomposed at around 200°C.

Solubility tests were tried with different solvents available in the
authors’ laboratory (water, methanol, ethanol, isopropanol (IPA),
butanol, acetone, chloride, N,N-
dimethylformamide, toluene, tetrahydrofuran,
chlorobenzene, acetic acid) without success.

methylene cyclohexane,

chloroform,

Hydrogen-1 NMR of oxyacetic acid of anacardic acid 1
(300 MHz, CDCl;, tetramethylsilane (TMS)): & (parts per million
(ppm)) 7.25-6.7 (m, 3H, CH aromatic); 5.6-5 (m, 7H,
—-CH,CH=CHCH,-CH=CHCH,-CH=CH,); 4.7 (s, 2H,
—-O-CH,-COOH-); 2.6 (m, 2H, Ar—CH,-); 2.4-1.1 (m, 16H,
—CH,— chain).

Hydrogen-1 NMR of diester of 1,3-propanediol 2: (300 MHz,
CDCl;, TMS): 6 (ppm) 7.45-6.7 (m, 3H, CH aromatic); 5.6-5
(m, 7H, -CH,CH=CHCH,-CH=CHCH,-CH=CH,); 4.75 (s,
2H, -O-CH,—COO-); 4.25 (t, 4H, -COO—-CH,-); 4.7 (t, 4H,
—CH,-OH); 2.6 (m, 2H, Ar—CH,-); 2.4-1.1 (m, 16H, —CH,—
chain); 1.8 (q, 4H, -COO-CH,—CH,—CH,-OH).

Hydrogen-1 NMR of polyester 3 (300 MHz, CDCl;, TMS): &
(ppm) 7.25-6.7 (m, 3H, CH aromatic); 5.6-5 (m, 7H,
—CH,CH=CHCH,-CH=CHCH,-CH=CH,); 4.7 (s, 8H,
—0-CH,—COO- in the pattern); 4.3 (t, 8H, -COO—CH,— in the
pattern); and 4 (t, 2H, -CH,—0-); 3.5 (t, 2H, -CH,—OH) 2.6 (m,
2H, Ar-CH,-); 2.4-1.1 (m, 16H, —CH,— chain); 1.7 (2H,
CH,—CH,-CH,-OH).

2.2.2.2 SYNTHESIS OF POLYESTER 6: CARDOL DIOXYACETIC ACID 4/1,3-
PROPANEDIOL

In the same way, 3.18 g of cardol (10 mmol) was treated with

2mol/mol of potassium hydroxide (1.12g or 20 mmol) and

2.4 mol/mol of sodium chloroacetate (2.8 g or 24 mmol) in 2M

ethanol at 70°C for 24 h. Ethanol was evaporated to obtain the

crude extract, which was acidified with hydrochloric acid until pH
= 3 and washed with a water/EtOAc (50 ml each) mixture. The
organic phase was then distilled under vacuum to obtain oxyacetic
acid of cardol 4 with purified yield of 88%. This diacid (2.2 g)
was added to 2 mol/mol of 1,3-propanediol (0.7 ml) at 150°C for
3 h to obtain a diester of 1,3-propanediol 5. Diester S and 5 mol%
PTSA were heated for Sh at 150°C under vacuum. The product
formed was recovered with 20 ml of EtOAc (~10 ml/g) to obtain
40% compound 6. Melting point measurement and DSC analysis
of the insoluble fraction (60%) were carried out without
interpretable results. Only product decomposition was observed at
around 200°C. Compound 6 was the unreactive residue of the
starting diester according to TLC analysis. The same solubility
tests as before were performed on the insoluble fraction, but no
results were obtained; it remained insoluble.

Hydrogen-1 NMR of oxyacetic acid of cardol 4 (300 MHz,
CDCl;, TMS): 6 (ppm) 6.45-6.29 (s, 3H, CH aromatic); 5.7-5
(m, 7H, —CH,CH=CHCH,-CH=CHCH,-CH=CH,); 4.66 (s,
4H, -O-CH,—COOH-); 2.8 (m, 2H, Ar—~CH,-); 1.3-2.6 (m, 16H,
—CH,— chain).

Hydrogen-1 NMR of diester of 1,3-propanediol 5: (300 MHz,
CDCl;, TMS): 6 (ppm) 7.45-6.7 (m, 3H, CH aromatic); 5.6-5
(m, 7H, —CH,CH=CHCH,-CH=CHCH,-CH=CH,); 4.75 (s,
4H, -O-CH,—COO-); 4.25 (t, 4H, -COO-CH,-); 3.6 (t, 4H,
—CH,-OH); 2.6 (m, 2H, Ar—CH,-); 2.4-1.1 (m, 16H, —CH,—
chain); 1.8 (q, 4H, -COO-CH,—CH,—CH,—OH).

2.2.2.3 SYNTHESIS OF POLYESTER 8: DIETHYL OXYACETATE OF CARDOL 7/
1,3-PROPANEDIOL
According to the authors’ previous results,'” 7.9 g or 25 mmol
cardol was treated with 2.2 mol/mol of potassium carbonate (7 g
or 55mmol), 10 mol/mol of ethyl chloroacetate (25 ml) and a
small amount of quaternary ammonium (10 mol% or 875 mg
tetrabutylammonium sulfate) at 80°C for 24h
diethyloxyacetate of cardol 7 with 92% purified yield. Then, 4.9 g
or 10 mmol of diester 7 was reacted with 1 mol/mol of 1,3-

to obtain

propanediol (0.7 ml or 10 mmol) and 5 mol% tin (I) octanoate at
195°C for 8 h under vacuum. At the end of the reaction, 50 ml of
toluene (~10ml/g) was added to recover the polyester formed.
Some insoluble product was observed. Evaporation of the soluble
phase (toluene phase) produced 57% polyester 8, which was
analyzed using GC (Figure S5 in the online supplementary
material). The insoluble part (43%) was analyzed using DSC, and
its melting point was measured, but no significant result was
recorded. Its decomposition temperature was found to be around
200°C. The same solubility tests as previously were performed.

Hydrogen-1 NMR of diethyl oxyacetate of cardol 7 (300 MHz,
CDCl;, TMS): 6 (ppm) 6.3 (s, 3H, CH aromatic); 5.8-5 (m, 7H,
—CH,CH=CHCH,-CH=CHCH,—CH=CH,); 4.7 and 4.55 (s, 4H,
-O0-CH,-C=0); 43 (m, 4H, O-CH,—CH;); 2.8 (m, 2H,
Ar-CH,-); 2.5-1.1 (m, 16H, —CH,— chain).
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2.2.2.4 SYNTHESIS OF POLYESTER 10: CARDOL DIOXYETHANOL 9/
DIMETHYL SUCCINATE

Cardol (3.18g, 10mmol) was reacted with 2.4 mol/mol of
ethylene carbonate (2 g or 24 mmol) in the presence of 2 mol/mol
of potassium carbonate (35 mg or 0.25 mmol) for 2h at 150°C.
Once the reaction completed, the medium was cooled. A 95%
gross yield was calculated. TLC analysis (using EtOAc/hexane
(8/2, v/v) as the eluent system) and chromatographic column
purification (with 100% hexane as eluent) were performed.
Finally, after evaporation of the pure fractions, an isolated
dioxyethanol 9 with 52% of yield was obtained. Then, diol 9
(cardol dioxyethanol) was treated with 2.2 mol/mol of methyl
succinate in the presence of 0.1 mol% MBTO at 150°C for 5h
under vacuum. The product formed was dissolved in 20 ml of
EtOAc, and after evaporation, it produced 75% polyester 10,
which was analyzed using TLC and hydrogen-1 NMR. The
remaining 25% insoluble part was either not treatable or remained
insoluble in other used solvents.

Hydrogen-1 NMR of cardol dioxyethanol 9 (300 MHz, CH,Cl,-
d,, TMS): 6 (ppm) 6.45-6.29 (s, 3H, CH aromatic); 5.7-5
(m, 7H, -CH,CH=CHCH,-CH=CHCH,—-CH=CH,); 4 and 3.8
(m, 8H, OH-CH,—CH,-0-); 2.8 (m, 2H, Ar-CH,-); 2.5-1.1 (m,
16H, —CH,— chain).

Hydrogen-1 NMR of polyester 10 (300 MHz, CH,Cl,-d>, TMS):
6 (ppm) 6.5-63 (s, 3H, CH aromatic); 5.7-5 (m, 7H,
—~CH,CH=CHCH,~CH=CHCH,-CH=CH,); 4.3 and 4 (m, 64H,
O-CH,—CH,—O- in the pattern); 3.6 (s, 3H, -O—-CHs); 2.8 (m,
2H, Ar-CH,-); 2.6 (32H, -OOC-CH,~CH,-COO- in the
pattern); 1.3-2.5 (m, 128H, —CH,— chain).

2.2.2.5 SYNTHESIS OF OXYACETIC ACID OF CNSL 11

Into a 250 ml flask, 34.2 g of CNSL (approximatively 100 mmol if
considering anacardic acid as the main constituent) was mixed with
1.8 mol/mol of sodium chloroacetate (20.8 g or 180 mmol) in the
presence of 2mol/mol of potassium hydroxide (11.2g or
200 mmol) in 100 ml of ethanol at 70°C for 24 h. After cooling,
evaporation of ethanol and addition of 200ml water and
acidification by 80 ml of 2N hydrochloric acid were carried out
until pH of up to 3. Liquid/liquid separation using EtOAc/water
(200 m1/200 ml) was carried out, followed by three times successive
washing with water (200 ml) to remove the salts. Then, the EtOAc
phase was evaporated, and 98% crude oxyacetic acid of CNSL 11
was obtained. Discoloration was performed using 50% by mass of
activated charcoal (FE12510F) in 100 ml of EtOAc. The suspension
was stirred at room temperature (RT) for Sh. After successive
filtration, EtOAc washing and evaporation, partially discolored
CNSL oxyacetic acids 11 were recovered with 76% yield.

Hydrogen-1 NMR of oxyacetic acid of CNSL 11 (300 MHz,
deuterated methanol, TMS): & (ppm) 6.25-7.4 (m, 9H, CH
aromatic for anacardic acid, cardol and cardanol); 5.8-4.8 (m,
21H, —-CH,CH=CHCH,—~CH=CHCH,-CH=CH, for anacardic

acid, cardol and cardanol); 4.6-4.8 (3s, 8H, -O—-CH,—COOH- for
anacardic acid, cardol and cardanol); 2.7 (m, 6H, 3Ar—CH,— for
anacardic acid, cardol and cardanol); 1.3-2.6 (m, 48H, —CH,—
chain for anacardic acid, cardol and cardanol).

2.2.2.6 SYNTHESIS OF OXYACETIC ACID OF CNSL WITHOUT TRACES OF
CNSL 11

Into a 21 double-membrane reactor, 100 g (~293 mmol) of CNSL,
57.4 g or 1.025mol of potassium hydroxide (3.5 mol/mol) and
300 ml of IPA were mixed at 40°C. After complete dissolution of
potassium  hydroxide, 81.6g or 703.2mmol of sodium
chloroacetate (2.4 mol/mol) was gradually added. The flask was
closed, and the temperature was raised to 80°C for 2h. After
cooling, the mixture was poured into a 1liter flask and
evaporated. Three hundred milliliters of water was added to
solubilize the obtained salt, and the pH was maintained at about
7. Then, the aqueous solution was subjected to two successive
extractions with 200ml of EtOAc to remove the remaining
CNSL. After recovering and evaporation of EtOAc phases, the
aqueous extract was treated with 55 ml of 11 N hydrochloric acid.
When the pH was equal to 3, 250 ml of EtOAc was added to
dissolve the oxyacetic acid 11’ formed from CNSL. Finally,
liquid/liquid separation using EtOAc/water was carried out to
obtain the ‘pure’ oxyacetic acid of CNSL 11’, in the EtOAc
fraction.

2.2.3 Evaluation of the drying properties of oligomers
and monomers

The formation of stable films with the monomers and oligomers
synthesized was carried out as follows. A drop of the tested
product was placed on a glass slide and maintained at RT and in
air or in the oven at 60°C. The stickness was manually observed
as a function of time. Once the product became dry, the glass
plate was kept 24 h under drying conditions and then soaked in
water, hexane, ethanol, EtOAc and acetone to check its stability.

2.2.4 Preparation of paint samples and evaluation of film

formation, drying properties and stability of paints
Paint results from the combination of many ingredients, including
binders, fillers, pigments, diluent or solvent and additives. In this
study case, the binder was the oxyacetic acid of CNSL; dolomite
(CaMg(COs),), kaolin, tale (Mg;Si40,0(OH),) and calcium
carbonate (CaCOs) were used as fillers; and iron oxide was used
as a pigment and water was used as a paint diluent. As CNSL
oxyacetic acids are not water soluble, sodium bicarbonate
(NaHCOs) or sodium hydroxide (NaOH) was used as a surfactant
to obtain stable emulsions. Several tests were carried out. For
example, the following formulation 16: 30 g or 75 mmol of CNSL
11 oxyacetic acids (binder) were introduced into 50 ml of water
containing 45 mg NaOH, 1.5 mol %, then 12 g of 20 um dolomite
(filler) and 8 g of red iron oxide PR 190 (pigment) were added
with vigorous mechanical stirring. The solution was stirred
mechanically (700 revolutions/min) at RT for 20-30 min until a
stable emulsion was obtained.
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Supports of different natures (glass, metal, wood plate, cement)
and even the outside wall of the authors’ laboratory were brush-
painted to test the paint effectiveness. After drying, water and
organic solvent sensitivity tests were performed.

2.2.5 Study of the polymerization of the oxyacetic acid
derivative of CNSL under acidic conditions

The oxyacetic derivative of CNSL 11 was treated either with 1 mol/
mol of boron trifluoride ether or methanesulfonic acid overnight at
60°C. In both cases, a rubbery solid insoluble in any solvent was
obtained. To control these acid-catalyzed transformations, 1%
methanesulfonic acid/CNSL was used as a catalyst without a solvent
at 60°C. Reactions were followed using GPC analysis.

3. Results and discussion

3.1 Synthesis of monomers and polyesters

3.1.1 Polyester 3

The first step of the reaction — namely, monomer synthesis — led
to 90% oxyacetic acid of anacardic acid 1. Its polycondensation
led to 80% soluble product and 20% insoluble black residue
(Figure 3), which stayed insoluble in all solvents and had no
melting point (decomposition above 200°C). The fraction soluble

P4 0 (a) 2mol/mol KOH
o , ¢ EtOH
R ONa 700, 24h
1.8 mol/mol
Anacardic acid (b) 6 N HCI

/ HO_Ii
o o o 50
HE NN \n/\o 0 5h, 150 C/©/
0 5mol%
(0} OH
3 15" 131-2n 80%
n

2 mol/mol 0.
oM, -
—_—
COOH 3n ~_OH

in EtOAc 3 was analyzed by hydrogen-1 NMR and was found to
be an oligomer with n = 4 (polymerization degree).

3.1.2 Polyester 6

The first reaction step gave 88% oxyacetic acid of cardol 4. After
polycondensation, 60% of black insoluble fraction (Figure 4) was
obtained and 40% soluble fraction. Based on the TLC analysis,
the soluble product had the same Ry as the monomer (diester 5).
Thus, it was a diester of 1,3-propylenediol 5 (Figure S3 in the
online supplementary material).

3.1.3 Polyester 8

Diethyl oxyacetate of cardol 7 (92%) was
Polycondensation produced 57% soluble product and 43% black
insoluble residue (Figure 5). Toluene-soluble fraction 8 was
analyzed by GC (Figure S5 in the online supplementary material)
and was identified to be an oligomer with p = 6 (polymerization
degree) with My ~ 1700 g/mol.

obtained.

3.1.4 Polyester 10

The preceding sections have shown that polyester synthesis from
oxyacetic acid derivatives of cardol and anacardic acid was difficult
due to simultaneous formation of many insoluble products. The

. 90% 150°C R O ,

O

Figure 3. Synthesis of oligomers of oxyacetic acid of anacardic acid and 1,3-propanediol

(a) 2 mol/mol KOH

OH EtOH o o
0 70°C, 24h
a Lo O o\)LOH
+ ONa
HO R (b) 6 N HCl 88%
Cardol 2.4 mol/mol

HO/\/\OH

2 mol/mol

0 0
HO/\/\OJ\/O\Q/O\)]\O/\/\OH

5
150°C R

T

4h, 150°C
0 0

HO!
HLO/\/\O N 5\\0
0] 5mol%

m

CisHsizn  Insoluble solid

Figure 4. Synthesis of oligomers of oxyacetic acid of cardol and 1,3-propanediol
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OH 2.2 mol/ml /\O)J\/O O\)J\ /\ SnOct; (5 mol %) O/\/\O H
[CHA(CH,):J.NHSO, 195°C, 8h © 0
o 10mol% 2%
Cl 1mm Hg
HO R 7 CWSHN*Z" 8
O~~~ 80°C CisHsizan p
10 mol/mol HO™™>"oH
Oligomer
Nacl of cardol-propanediol (57 %)

Figure 5. Synthesis of oligomers of diethyl oxyacetate of cardol and 1,3-propanediol

authors decided to evaluate the poly(ester) preparation by
transesterification according to the method by Gioia et al®
(Figure 6). At first, the reaction led to 95 or 52% purified
dioxyethanol of cardol 9. After transesterification, 75% soluble
oligomer 10 (Figure 6) in EtOAc with m = 8 was obtained.

3.1.5 Oxyacetic acid of CNSL 11

CNSL oxyacetic acid 11 (98%) was obtained after modifying the
pH with hydrochloric acid solution (Figure 7). Oxyacetic acid
from CNSL 11 was a dark brown product. After discoloration,
with 50% activated charcoal in EtOAc, 76% light brown wax
product was obtained. However, traces of CNSL were still
detected after TLC analysis.

3.1.6 Oxyacetic acid of CNSL 11’ without traces of CNSL

To remove all remaining CNSL in the final product, another way
was proposed. IPA was chosen for its higher boiling point,
allowing the use of high temperatures and having a faster
reaction. Thus, phenolate was treated with sodium chloroacetate

in IPA. The remaining CNSL was selectively extracted at pH 7
using EtOAc (Figure 8). Then, the aqueous solution was acidified
to pH 3 and extracted by butyl acetate to obtain 95% oxyacetic
derivatives of CNSL without traces of CNSL 11’ (Figure S9 in the
online supplementary material).

3.2 Evaluation of the drying capacity of CNSL
derivative oligomers

3.2.1 Drying capacity of oligomers

The drying capacity of oligomer 8 was not evaluated due to the
poor synthesis yield (presence of insoluble product ~50%). Only
oligomers 3 and 10 were tested. They gave non-sticky films at
different formation speeds. Oligomer 3 (product of oxyacetic acid
of anacardic acid 1 and 1,3-propanediol) took 5 days to become
non-sticky, while 2 days were necessary for oligomer 10 (product
of diol from cardol 9 and methyl succinate) to dry at RT
(Table 1). Both materials were stable in water and hexane but
swelled in acetone and ethanol, although 10 was much less
sensitive than 3. Indeed, 10 was spread on a piece of bamboo, and

j\ (a) 2 mol/mol K,CO; 150°C vacuum 4h 9 o
OH O O)J\/\/Y
P 70°C, 24h o o . MeO0C_ A~~~ coome ﬁo f 5
. Ho ~"0H 2 mol/mol 75%
HO R (b) 6 N HC| 0 m
Cardol 2.4 mol/mol 95% (52%) R HO M~ CisHrezn
9
0.1mol% MeOH 10
Figure 6. Synthesis of the oligomer of dioxyethanol cardol/dimethyl succinate
2 mol/mol KOH O °

OH OH
CI/YO
ONa
N HO 1.8 mol/mol
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Figure 7. Synthesis of oxyacetic acid of CNSL 11
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[ CNsL 100 g (~293 mmol) |

57.4g or 1025.5 mmol of KOH
300ml of IPA
81.6 g or 703.2 mmol of sodium chloroacetate

[ Sodium oxyacetate of CNSL pH =7 ]

IPA evaporation (250 ml IPA recovered)
Add 300ml H,0
Wash with EtOAc (3 x 200 ml)

Evaporation of EtOAc phase
(530 ml EtOAC recovered)

CNSL + oxyacetic
acid of CNSL 7.7 g
or 6.5%

Aqueous
phase
J Acidification by HCI (11 N) 55ml at pH = 3

Add 250 ml EtOAC
L/L H,O/EtOAC split (250 ml EtOAc AcOEt recovered)
Evaporation of EtOAc phase

[ Oxyacetic acid of ]

CNSL 11" pH = 3;
111.4 g or 95%

Figure 8. Synthesis and separation of oxyacetic acid of CNSL 11/

Table 1. Film formation with oligomers of CNSL derivatives

Oligomer

after a few days, it looked like a nice slightly colored varnish
(Table S2 in the online supplementary material).

The results presented above show that the oligomers of CNSL
derivatives can form stable and cross-linked films after open air-
drying. Unfortunately, their synthesis is far from being acceptable
from economic and ecological points of view. Acid-catalyzed
polycondensation of monomers requires a long reaction time at
150°C and allows only the formation of small oligomers with a
molecular weight much lower than that generally required in
polyester binders such as glycerophthalic binders. Additionally,
the reaction yield is low due to competitive formation of
undesirable insoluble by-products. Polymerization and cross-
linking occur during polycondensation due to the high level of
CC double bonds, in a proportion similar to that of linseed oil.
The best solution for polyester formation with CNSL derivatives

Formula

Drying time at RT:

days Solvent stability

seems to be transesterification of diol derived from cardol 9.
Nevertheless, this material formation strategy giving a suitable
yield has also significant drawbacks. First, diol synthesis is more
expensive than that of diacid; second, it is available only from
cardol, which must be separated; and finally, oligomer synthesis
requires a tin catalyst and elimination of methanol, both of which
have a strong ecological impact.

3.2.2 Film formation with CNSL constituents and
derivatives
Formation of insoluble materials during polyester synthesis can be
explained by alkenyl chain reactivity. Use of an inert argon
atmosphere during the reaction does not alter insoluble product
formation. IR spectroscopy offered no information on product
structure, and further spectroscopic analyses were also useless due
to their insolubility.
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To understand this phenomenon, the drying capacity of CNSL
derivatives was evaluated (Table 2). For that, drying tests were
carried out. The stickiness of the film was manually checked
regularly (Table 2). Thus, anacardic acid, cardol, cardanol and the
mixture of these products did not form stable films on drying,
even in an oven at 60°C after several days. Dioxyethanol
derivative of cardol 9 behaved the same. Conversely, diacids 1
and 4 derived from anacardic acid and cardol became dry after
2 days and 1 day at RT, respectively. These two compounds dried
even faster at 60°C in the oven. Moreover, ethyl ester 7 failed the
drying tests even after 10 days at 60°C. In contrast, the authors
were very pleased to observe that oxyacetic acid derivative from
natural CNSL containing a high proportion of anacardic acid 11
gave a stable film after air-drying. This mixture of carboxylic acid

Table 2. Drying properties of CNSL derivatives

Product

oo

Drying time at RT

derivatives can therefore be used as a ‘binder precursor’ for paint
formulation.

3.3 Proof of concept: paint formulation tests using
CNSL oxyacetic acid 11 as a binder precursor

Formation of films, stable in water and in organic solvents, from
carboxylic acid derivatives is somewhat difficult to explain by only
oxidative mechanism as postulated for ester oligomers (see above).
Nevertheless, this amazing behavior may be of practical interest,
particularly in the case of the oxyacetic derivative of natural CNSL.
As proof, the authors were able to formulate paint from CNSL
oxyacetic acid 11 using the simplest possible way: combination of a
binder, a filler, a pigment and water (Table 3). Clearly, compared
with modern paint formulation resulting from painstaking

Drying at 60°C Film properties
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optimization by engineers over years, the authors’ method was
different. Oxyacetic derivative of CNSL 11 was used as a binder
precursor. This material was not water soluble and formed a
suspension that must be stabilized. For that, the amphiphilic
properties of oxyacetic acid salt were taken advantage of by adding
a small proportion of base (sodium bicarbonate or sodium
hydroxide). Then, oxyacetic acid derivatives of CNSL 11 had two
functions: binder and surfactant. One hundred grams of paint was
prepared in each case using various fillers and pigments. After
stirring, emulsion was applied with a brush to several supports:
glass slides, wood, metal and concrete. Non-sticky films were
obtained with all formulations tested after 1-3 days. Their stability
with respect to the solvent, water, hexane, ethanol and acetone,
were evaluated on depositing them on glass slides.

When using calcium carbonate as a filler, a solid film was formed,
but it broke down quickly when treated with water, ethanol or
acetone. In contrast, taking talc or dolomite as a filler, the layer was
stable under all solvents, although some swelling was observed
with ethanol and acetone. The best film formation was obtained by
employing dolomite, a higher proportion of the binder (30%) and a
lower  proportion of the filler (12%). With 0.5%
hydrogenocarbonate as the surfactant, phase separation was noticed
after a few hours. The use of 2% sodium hydroxide gave stable
emulsion formation (>1 day) but induced a strong increase in
viscosity. Decreasing the amount of sodium hydroxide (line 5
formulation 16) to 1% appeared to be a good compromise because
it led to a paint with good stability with easy application on brush.

The authors demonstrated that the oxyacetic derivatives of natural
CNSL could be a binder for paint formulation. All coatings
obtained were matte, probably due to the brown color of the
binder. However, it was possible to discolor it by treatment with

activated charcoal. The paint previously formulated was also used
to coat the eastern part of the concrete wall of the International
Associated Laboratory at Antananarivo. Some paintings were
made more than 2 years ago and have experienced various
climatic conditions, including two rainy seasons, alternating high
temperatures, strong sunshine, heavy rains and several cyclones
(coming from the east coast). Little or no degradation was
observed, although conventional exterior paints generally suffered
a lot under these conditions (Figure 9). This ‘discovery’ could
have important applications even if real paint engineer
intervention seemed very advisable to obtain an optimal coating.

3.4 Maechanism considerations

Oxidative polymerization and cross-linking of alkylidene chain
are very well documented, and the CNSL derivative structure is
really consistent with such phenomena.?”*® However, neither
anacardic acid nor cardol nor ester 7 nor diol 9 leads to a cross-
linked material on air-drying. Cardol and cardanol have both a
highly oxidizable alkylidene chain and an antioxidant moiety (the
alkylphenol**2%); the second can inhibit the oxidation of the
alkylidene chain (Figure 10).

Synthesis of oxyacetic acid from CNSL 11 was done without
purification. Its conversion was almost complete, but traces of raw
material (cardol, cardanol and anacardic acid) were still present at
5-7%. This starting material trace was eliminated by dissolving the
crude mixture in a water solution of sodium hydroxide until pH 7
and then ethyl extraction of phenol derivatives. After acidification up
to pH 3 of the aqueous solution, it was treated with EtOAc, and after
evaporation, the purified CNSL oxyacetic acid 11" was obtained with
a good yield. Purified CNSL oxyacetic acid 11’ was used for a range
of different formulations: the first is the optimal formulation 16'; in
the second, cobalt (II) octanoate was added as a drying agent at a

Table 3. Paint formulation tests using CNSL oxyacetic acid 11 as a binder precursor

. . . . . Solvent
Binder Fillers Pigment Solvent Viscosity stability
12 Oxyacetic acid of Calcium carbonate 2Q Blue iron oxide Water 40% High Water —
CNSL 11 Prochimad PU 48 Sodium bicarbonate Hexane +
25% 25% 10% 0.5%/binder Ethanol —
Acetone —
13 11 Talc 20 um Yellow iron oxide Water 40% High Water +
25% 25% Py 42 Sodium bicarbonate Hexane +
10% 0.5%/binder Ethanol + —
Acetone + —
14 11 Dolomite 20 um Yellow iron oxide Water 40% High Water +
25% 25% Py 42 Sodium bicarbonate Hexane +
10% 0.5%/binder Ethanol +
Acetone +
15 11 Dolomite 20 um Red iron oxide Water 50% High Water + +
30% 12% PR 190 Sodium hydroxide Hexane + +
8% 2%/binder Ethanol + +
Acetone + +
16 11 Dolomite 20 um Red iron oxide Water 50% Medium Water + +
30% 12% PR 190 Sodium hydroxide Hexane + +
8% 1.5%/binder Ethanol + +

Acetone + +
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Figure 9. Samples of formulated paintings

OH
Antioxidant part

HO _ TN
J

((

~
Highly oxidable moieties

Figure 10. Oxidizable and antioxidant moieties of cardol

proportion of 5% 17 and 10% 17'; the third had always the same
optimal proportions but using a mixture of 90-80% 11’ and natural

CNSL 10% 18 or 20% 18'. Each paint was spread on 400 cm® of
concrete surface, and the drying time was determined (Table 4).

Paint from CNSL oxyacetic acid without traces of CNSL 16’ was
dry after 10 h. The same product was added with 5% (17) and 10%
(17") of a drying agent cobalt, (II) octanoate; stable films were
obtained after respectively 8 and 4 h under the same conditions.
Finally, adding 10 or 20% of CNSL delayed the film formation by
several hours (16 h for 18 and over 48 h for 18'), unlike the drying
agent that accelerated it. Alkyl phenols such as cardol and cardanol
made drying much slower. Oxidation mechanisms were certainly
involved in the process, but they were far from being the only
mechanisms because the phenol group (cardol and cardanol

Table 4. Effect of drying agents and CNSL on the drying speed of paint film

Binder

10

Drying agent

Stability in solvent after

Drying time (sticky finger test):
h 24h
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contained in the CNSL) acted as an antioxidant.>' First of all, it
was observed that several products without phenolic group (ester 7,
diol 9 etc.) had the same alkylidene chain but did not form stable

0]
OH

0
O/\O(H CH.SO,H 100l

films. Secondly, the binder precursors used were monomers with
two carboxylic groups and only one alkylidene chain, unlike
linseed oil and glycerophthalic (alkyd) binders. Thus, another

05 OH

R, Q O
. /u\/o = O)k/ 1 =
O == A A
60°C
R
100 mmol
L —in
Figure 11. Polymerization of CNSL oxyacetic acid 11
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reaction could also occur: addition of carboxylic acid to CC double
bonds. IR and DSC analyses were done to verify this.

IR spectroscopy of the oxyacetic derivative of CNSL was
complicated, and no clear variation could be observed after
drying. IR spectroscopy of the product 4 dioxyacetic derivative of
cardol was much simpler due to the symmetry of this molecule.
After overnight drying at RT, IR spectroscopy of a film of 4
showed a new band at 1735 cm ', which might attributed to the
formation of the ester bond (Figure S10 in the online

supplementary material).

DSC analysis of CNSL oxyacetic acid mixture 11 shows an
endothermic transition at 114°C. This transition is not reversible,
and the sample becomes a black residue (Figure S11 in the online
supplementary material).

Addition of carboxylic acid on CC double bonds is a known
reaction. Ethyl or isopropyl acetate can be easily obtained in good
yield from corresponding alkene and acetic acid using aluminum-
exchanged montmorillonite as a catalyst.>> The same reaction is
performed with strongly acidic ion-exchange resin
acid.** Self-addition of oleic acid in the presence of a Brensted

or triflic

HOOC COOH
HOOC

m

0 O
COOH

Oxidation/air

-

acid allows the preparation of bio-estolide.”® Addition of
carboxylic acid on alkene is also described with gold®® and iron®’
complexes.

Although these reactions have relatively few synthetic
applications, they can be performed at moderate to low
temperatures and in most of the cases at RT. Bronsted acids, solid
acids, Lewis acids or transition metal complexes can be used as

catalysts.

Treatment of CNSL oxyacetic acid with 1 mol% methane sulfonic
acid induced product oligomerization (Figure 11). Mass evolution
was followed by GPC for 24 h (Figure 12).

The starting material 11 was placed at RT under argon. It was a
brown, viscous liquid that became solid after a few days of
storage. Its GPC analysis (Figure 12, # = 0) showed that the major
component of monomers had M, = 399405 for anacardic
oxyacetic acid 1 and M, = 429435 for cardol dioxyacetic acid 4
and also several others. The more important corresponded to a
trimer (My 1083, M, 1103), and some peaks were attributed to
tetra-, penta- and hexamers. The oxyacetic derivative of CNSL
oligomerized at RT without oxygen. This transformation stopped

Addition of RCOOH on CC
double bonds

HOOC

COOH

Figure 13. Proposed mechanism for polymerization and cross-linking of a CNSL oxyacetic binder

12



Green Materials

CNSL oxyacetic derivatives, new bio-

based binders for paint preparation
Ranarijaona, Rafanoela, Herinirina et al.

Offprint provided courtesy of www.icevirtuallibrary.com
Author copy for personal use, not for distribution

as soon as the product became solid. Six months later, GPC
analysis showed no difference. This was not the case when using
1% methane sulfonic acid at 60°C with stirring. Under these
conditions, the disappearance of the monomer signal and a
continuous decrease in trimers signals were observed.
Simultaneously, the appearance and increase of oligomer signal
with a mass of 44704 g/mol were observed. After 24h
(Figure 12, ¢t = 24h), the latter became the main product (M,
44704, M, 50712), and the reaction mixture solidified.
Hydrogen-1 NMR analysis was performed on this product that
was slightly soluble in deuterated chloroform (CDCl;). Broad
signals were obtained; nevertheless, the carbon (C) sp’~hydrogen
(H) peaks decreased drastically and vinyl proton signals
disappeared (Figure S12 in the online supplementary material).
Thus, the structures of the major products (two carboxylic groups
and three CC double bonds) and the drying conditions (high
concentration of monomers, presence of salts and metal oxide)
allowed the formation of a three-dimensional (3D) network,
thanks to both oxidative coupling and ester formation.

These experimentations show that the polymerization mechanism
through addition of carboxylic acid is also responsible for film
formation, together with oxidative processes (Figure 13).

4. Conclusion

Much work remains to be done to understand fully how small
molecules (of even lower molecular weight than linseed oil) in
mixtures of oxyacetic acid derivatives of natural CNSL form
cross-linked films at RT. Nevertheless, there are at least two
phenomena at work, the first being the oxidative process using a
high level of unsaturation in CNSL derivatives and the second is
the addition of carboxylic acid on CC double bonds. These
hypotheses are supported by both examples from the literature
and experimental results. Given the high level of functionality
(two carboxylic groups and three CC double bonds in the major
product), a 3D network can be formed. To the authors’
knowledge, such an association of coupling reaction has never
been used for material formation and may have more general
applications. The authors have clearly found a potential new
application for the main cashew industry waste. Paint
formulations used in these experiments are so ‘simplistic’ that
many improvements are to be expected from this point. The main
practical result is that this new binder is easily obtained from
natural CNSL without any separation and purification step. A
single synthesis step is performed with a good yield. The reagents
and solvent are relatively safe, and no hazardous waste is
produced. It could be used in 100% water as solvent. This new
binder is more than 90% bio-based. Finally, toxicity and
ecotoxicity have already been assessed as very low for another
application of the same product.'” Considering the potential
production of CNSL, with over a hundred thousand metric tonnes,
and the growing demand for sustainable materials and processes,
this new application may meet the social and economic demand

of customers.

Acknowledgements

The authors thank Orpia for financial support, Aurlac for the
generous donation of chemicals and ICBMS for phys-icochemical
analyses.

REFERENCES

1. Jena S and Singh R (2022) Agricultural crop waste materials — a
potential reservoir of molecules. Environmental Research 206: article
112284, https://doi.org/10.1016/j.envres.2021.112284.

2. Voirin C, Caillol S, Sadavarte NV et al. (2014) Functionalization of
cardanol: towards biobased polymers and additives. Polymer
Chemistry 5(9): 3142-3162, https://doi.org/10.1039/c3py01194a.

3. Sharma P, Gaur VK, Sirohi R et al. (2020) Valorization of cashew nut
processing residues for industrial applications. Industrial Crops and
Products 152: article 112550, https://doi.org/10.1016/j.indcrop.2020.
112550.

4. Mubofu EB (2016) From cashew nut shell wastes to high value
chemicals. Pure and Applied Chemistry 88(1-2): 17-27, https://doi.
org/10.1515/pac-2015-0603.

5. Lubi MC and Thachil ET (2000) Cashew nut shell liquid (CNSL) — a
versatile monomer for polymer synthesis. Designed Monomers and
Polymers 3(2): 123—153, https://doi.org/10.1163/156855500300
142834.

6. Sajeev MV and Saroj PL (2015) Social and economic benefits of
cashew (4nacardium occidentale) cultivation in Dakshina Kannada,
Karnataka: an analysis of the impact, its determinants and constraints.
Indian Journal of Agricultural Sciences 85(6): 821-826.

7. Rege A, Punjabi GA, Jathanna D and Kumar A (2020) Mammals
make use of cashew plantations in a mixed forest-cashew landscape.
Frontiers in Environmental Science 8: 556942, https://doi.org/10.
3389/fenvs.2020.556942.

8. Tyman JHP, Wilczynski D and Kashani MA (1978) Compositional
studies on technical cashew nutshell liquid (cnsl) by chromatography
and mass spectroscopy. Journal of the American Oil Chemists’
Society 55(9): 663-668, https://doi.org/10.1007/bf02682455.

9. Gandhi T, Patel M and Dholakiya B (2012) Studies on effect of
various solvents on extraction of cashew nut shell liquid (CNSL) and
isolation of major phenolic constituents from extracted CNSL.
Journal of Natural Product and Plant Resources 2(1): 135-142.

10. Gedam PH and Sampathkumaran PS (1986) Cashew nut shell liquid:
extraction, chemistry and applications. Progress in Organic Coatings
14(2): 115-157, https://doi.org/10.1016/0033-0655(86)80009-7.

11. Victor-Oji C, Chukwu U and Akaranta O (2020) Comparative study of
cashew nut shell liquid and a commercial demulsifier for treating
crude oil emulsions. Chemical Science International Journal 28(4):
1-17, https://doi.org/10.9734/csji/2019/v28i430148.

12. Chatterjee S, Dhanurdhar and Rokhum SL (2017) Extraction of a
cardanol based liquid bio-fuel from waste natural resource and
decarboxylation using a silver-based catalyst. Renewable and
Sustainable Energy Reviews 72: 560-564, https://doi.org/10.1016/j.
rser.2017.01.035.

13. Gandhi TS, Dholakiya BZ and Patel MR (2013) Extraction protocol for
isolation of CNSL by using protic and aprotic solvents from cashew
nut and study of their physico-chemical parameter. Polish Journal of
Chemical Technology 15(4): 24-27, https://doi.org/10.2478/pjct-2013-
0062.

14. Roy A, Fajardie P, Lepoittevin B et al. (2022) CNSL, a promising
building blocks for sustainable molecular design of surfactants: a
critical review. Molecules 27(4): article 1443, https://doi.org/10.3390/
molecules27041443.

15. Rahobinirina Al, Rakotondramanga MF, Berlioz-Barbier A et al. (2017)
Valorization of Madagascar’s CNSL via the synthesis of one advanced
intermediate (3-pentadecylcyclohexanone). Tetrahedron Letters
58(23): 22842289, https://doi.org/10.1016/j.tetlet.2017.04.093.

13


https://doi.org/10.1016/j.envres.2021.112284
https://doi.org/10.1039/c3py01194a
https://doi.org/10.1016/j.indcrop.2020.112550
https://doi.org/10.1016/j.indcrop.2020.112550
https://doi.org/10.1515/pac-2015-0603
https://doi.org/10.1515/pac-2015-0603
https://doi.org/10.1163/156855500300142834
https://doi.org/10.1163/156855500300142834
https://doi.org/10.3389/fenvs.2020.556942
https://doi.org/10.3389/fenvs.2020.556942
https://doi.org/10.1007/bf02682455
https://doi.org/10.1016/0033-0655(86)80009-7
https://doi.org/10.9734/csji/2019/v28i430148
https://doi.org/10.1016/j.rser.2017.01.035
https://doi.org/10.1016/j.rser.2017.01.035
https://doi.org/10.2478/pjct-2013-0062
https://doi.org/10.2478/pjct-2013-0062
https://doi.org/10.3390/molecules27041443
https://doi.org/10.3390/molecules27041443
https://doi.org/10.1016/j.tetlet.2017.04.093

Green Materials

CNSL oxyacetic derivatives, new bio-
based binders for paint preparation
Ranarijaona, Rafanoela, Herinirina et al.

Offprint provided courtesy of www.icevirtuallibrary.com
Author copy for personal use, not for distribution

20.

21.

22.

23.

24.

25.

26.

14

. Koteich Khatib S, Bullon J, Vivas J et al. (2020) Synthesis,

characterization, evaluation of interfacial properties and antibacterial
activities of dicarboxylate anacardic acid derivatives from cashew nut
shell liquid of Anacardium occidentale L. Journal of Surfactants and
Detergents 23(3): 503—512, https://doi.org/10.1002/jsde.12384.

. Ranarijaona MM, Rambala Rakotomena NAH, Andrianjafy MT

et al. (2021) Development of sustainable chemistry in Madagascar:
example of the valuation of CNSL and the use of chromones as an
attractant for mosquitoes. Molecules 26(24): article 7625, https://doi.
org/10.3390/molecules26247625.

. Hofland A (2012) Alkyd resins: from down and out to alive and

kicking. Progress in Organic Coatings 73(4): 274-282, https://doi.
org/10.1016/j.porgcoat.2011.01.014.

. Ramanen P (2014) Tall Oil Fatty acid-Based Alkyd—Acrylic Copolymers:

Synthesis, Characterization, and Utilization in Surface Coating
Applications. PhD thesis, University of Helsinki, Helsinki, Finland. See
https://helda.helsinki.fi/handle/10138/136510 (accessed 17/11/2022).
Zafar F, Ghosal A, Sharmin E, Chaturvedi R and Nishat N (2019) A
review on cleaner production of polymeric and nanocomposite

coatings based on waterborne polyurethane dispersions from seed oils.

Progress in Organic Coatings 131: 259-275.

Sabila N, Mwangi PM, Kareru P and Thiong’o G (2017) Development
of surface coatings using polyester resin from cashew nut shell liquid
derivatives. Proceedings of the 2017 JKUAT Annual Scientific
Conference, Nairobi, Kenya, pp. 148—155.

Grieb WE and Appleton R (1964) Effect of linseed oil coatings on
resistance of concrete to scaling. Highway Research Record 1964(62):
31-39.

Ardec (2015a) Linseed oil, a natural solution for wood finishing.
Ardec Blog, 6 November. See https://artdec.ca/en/blog/22/linseed-oil-
a-natural-solution-for-wood-finishing (accessed 17/11/2022).

Morais SM, Silva KA, Araujo H et al. (2017) Anacardic acid
constituents from cashew nut shell liquid: NMR characterization and
the effect of unsaturation on its biological activities. Pharmaceuticals
10(1): article 31, https://doi.org/10.3390/ph1001003.

Yuliana M, Nguyen-Thi BT, Faika S et al. (2014) Separation and
purification of cardol, cardanol and anacardic acid from cashew
(Anacardium occidentale L.) nut-shell liquid using a simple two-step
column chromatography. Journal of the Taiwan Institute of Chemical
Engineers 45(5): 2187-2193, https://doi.org/10.1016/j.jtice.2014.07.
012.

Gioia C, Banella MB, Vannini M et al. (2015) Resorcinol: a potentially
bio-based building block for the preparation of sustainable polyesters.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

European Polymer Journal 73: 38-49, https://doi.org/10.1016/}.
eurpolym;j.2015.09.030.

Pizzimenti S, Bernazzani L, Tiné MR et al. (2021) Oxidation and
cross-linking in the curing of air-drying artists’ oil paints. ACS
Applied Polymer Materials 3(4): 1912—1922, https://doi.org/10.1021/
acsapm.0c01441.

Honzi¢ek J (2019) Curing of air-drying paints: a critical review.
Industrial & Engineering Chemistry Research 58(28): 12485-12505,
https://doi.org/10.1021/acs.iecr.9b02567.

Xu X, Liu A, Hu S et al. (2021) Synthetic phenolic antioxidants:
metabolism, hazards and mechanism of action. Food Chemistry 353:
article 129488, https://doi.org/10.1016/j.foodchem.2021.129488.
Ndhlala AR, Moyo M and Van Staden J (2010) Natural antioxidants:
fascinating or mythical biomolecules. Molecules 15(10): 6905-6930,
https://doi.org/10.3390/molecules15106905.

Andrade TDJADS, Araujo BQ, Cit6 AMDGL et al. (2011) Antioxidant
properties and chemical composition of technical cashew nut shell
liquid (tCNSL). Food Chemistry 126(3): 1044-1048, https://doi.org/
10.1016/j.foodchem.2010.11.122.

Ballantine JA, Davies M, Purnell H et al. (1981) Chemical conversions
using sheet silicates: facile ester synthesis by direct addition of acids
to alkenes. Journal of the Chemical Society, Chemical
Communications 1981(1): 8-9, https://doi.org/10.1039/c39810000008.
Heidekum A, Harmer MA and Hoelderich WF (1999) Addition of
carboxylic acids to cyclic olefins catalyzed by strong acidic ion-
exchange resins. Journal of Catalysis 181(2): 217-222, https://doi.
org/10.1006/jcat.1998.2300.

Li Z, Zhang J, Brouwer C et al. (2006) Bronsted acid catalyzed
addition of phenols, carboxylic acids, and tosylamides to simple
olefins. Organic Letters 8(19): 4175-4178, https://doi.org/10.1021/
0l0610035.

Isbell TA, Kleiman R and Plattner BA (1994) Acid-catalyzed
condensation of oleic acid into estolides and polyestolides. Journal of
the American Oil Chemists’ Society 71(2): 169—174, https://doi.org/
10.1007/bf02541552.

Yang CG and He C (2005) Gold(I)-catalyzed intermolecular addition
of phenols and carboxylic acids to olefins. Journal of the American
Chemical Society 127(19): 6966—6967, https://doi.org/10.1021/
ja050392f.

Choi JC, Kohno K, Masuda D, Yasuda H and Sakakura T (2008) Iron-
catalysed green synthesis of carboxylic esters by the intermolecular
addition of carboxylic acids to alkenes. Chemical Communications
2008(6): 777779, https://doi.org/10.1039/b713951a.

How can you contribute?

To discuss this paper, please submit up to 500 words to the
journal office at support@emerald.com. Your contribution
will be forwarded to the author(s) for a reply and, if
considered appropriate by the editor-in-chief, it will be
published as a discussion in a future issue of the journal.

ICE Science journals rely entirely on contributions from

the field of materials science and engineering. Information
about how to submit your paper online is available at
www.icevirtuallibrary.com/page/authors, where you will also
find detailed author guidelines.


https://doi.org/10.1002/jsde.12384
https://doi.org/10.3390/molecules26247625
https://doi.org/10.3390/molecules26247625
https://doi.org/10.1016/j.porgcoat.2011.01.014
https://doi.org/10.1016/j.porgcoat.2011.01.014
https://helda.helsinki.fi/handle/10138/136510
https://artdec.ca/en/blog/22/linseed-oil-a-natural-solution-for-wood-finishing
https://artdec.ca/en/blog/22/linseed-oil-a-natural-solution-for-wood-finishing
https://doi.org/10.3390/ph1001003
https://doi.org/10.1016/j.jtice.2014.07.012
https://doi.org/10.1016/j.jtice.2014.07.012
https://doi.org/10.1016/j.eurpolymj.2015.09.030
https://doi.org/10.1016/j.eurpolymj.2015.09.030
https://doi.org/10.1021/acsapm.0c01441
https://doi.org/10.1021/acsapm.0c01441
https://doi.org/10.1021/acs.iecr.9b02567
https://doi.org/10.1016/j.foodchem.2021.129488
https://doi.org/10.3390/molecules15106905
https://doi.org/10.1016/j.foodchem.2010.11.122
https://doi.org/10.1016/j.foodchem.2010.11.122
https://doi.org/10.1039/c39810000008
https://doi.org/10.1006/jcat.1998.2300
https://doi.org/10.1006/jcat.1998.2300
https://doi.org/10.1021/ol0610035
https://doi.org/10.1021/ol0610035
https://doi.org/10.1007/bf02541552
https://doi.org/10.1007/bf02541552
https://doi.org/10.1021/ja050392f
https://doi.org/10.1021/ja050392f
https://doi.org/10.1039/b713951a


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Europe ISO Coated FOGRA27)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedExtraBold
    /AbadiMT-CondensedLight
    /AndaleMono
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellGothic-Black
    /BellGothic-Bold
    /BellGothic-Light
    /BernardMT-Condensed
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldCondensed
    /Bodoni-BoldItalic
    /Bodoni-Book
    /Bodoni-BookItalic
    /Bodoni-Italic
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /Bodoni-PosterItalic
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /Braggadocio
    /BritannicBold
    /BrushScriptMT
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /CurlzMT
    /Desdemona
    /EdwardianScriptITC
    /EngraversMT
    /EngraversMT-Bold
    /EurostileBold
    /EurostileRegular
    /FootlightMTLight
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GillSans-UltraBold
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /Gulim
    /Haettenschweiler
    /Harrington
    /Impact
    /ImprintMT-Shadow
    /KinoMT
    /LatinWide
    /LucidaBlackletter
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /MaturaMTScriptCapitals
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Gothic
    /MS-Mincho
    /MS-PGothic
    /MS-PMincho
    /NewCaledonia
    /NewCaledonia-Black
    /NewCaledonia-BlackItalic
    /NewCaledonia-Bold
    /NewCaledonia-BoldItalic
    /NewCaledonia-BoldItalicOsF
    /NewCaledonia-BoldSC
    /NewCaledonia-Italic
    /NewCaledonia-ItalicOsF
    /NewCaledonia-SC
    /NewCaledonia-SemiBold
    /NewCaledonia-SemiBoldItalic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /Onyx
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Sabon-Bold
    /Sabon-BoldItalic
    /Sabon-BoldItalicOsF
    /Sabon-BoldOsF
    /Sabon-Italic
    /Sabon-ItalicOsF
    /Sabon-Roman
    /Sabon-RomanOsF
    /Sabon-RomanSC
    /SimSun
    /Stencil
    /Symbol
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanPS
    /TimesNewRomanPS-Bold
    /TimesNewRomanPS-BoldItalic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-Italic
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Universal-GreekwithMathPi
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Wingdings
    /Wingdings2
    /Wingdings3
  ]
  /NeverEmbed [ true
    /Arial-BlackItalic
    /ArialUnicodeMS
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /LucidaConsole
    /TimesNewRomanMT-ExtraBold
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    28.51654
    28.51654
    28.31811
    28.31811
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'Sheridan'] Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


