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A comprehensive review on sustainable surfactants
from CNSL: chemistry, key applications and
research perspectives

Ashokkumar Veeramanoharan @ * and Seok-Chan Kim @ *

Surfactants, a group of amphiphilic molecules (ie. with hydrophobic(water insoluble) as well as
hydrophilic(water soluble) properties) can modulate interfacial tension. Currently, the majority of
surfactants depend on petrochemical feedstocks (such as oil and gas). However, deployment of these
petrochemical surfactants produces high toxicity and also has poor biodegradability which can cause
more environmental issues. To address these concerns, the current research is moving toward natural
resources to produce sustainable surfactants. Among the available natural resources, Cashew Nut Shell
Liquid (CNSL) is the preferred choice for industrial scenarios to meet their goals of sustainability. CNSL is
an oil extracted from non-edible cashew nut shells, which doesn't affect the food supply chain. The
unique structural properties and diverse range of use cases of CNSL are key to developing eco-friendly
surfactants that replace petro-based surfactants. Against this backdrop, this article discusses various
state-of-the-art developments in key cardanol-based surfactants such as anionic, cationic, non-ionic,
and zwitterionic. In addition to this, the efficiency and characteristics of these surfactants are also
analyzed and compared with those of the synthetic surfactants (petro-based). Furthermore, the present
paper also focuses on various market aspects and different applications in various industries. Finally, this
article describes various future research perspectives including Artificial Intelligence technology which,
of late, is having a huge impact on society.

1. Introduction

Organic compounds that are amphiphilic and contain both
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insoluble (or oil-soluble) as well as water-soluble
components.”® The molecular structure of a surfactant helps
it to lower the surface tension of a liquid (e.g. air-water) and also
helps in reducing the interfacial tension present between two
liquids (such as oil-water or water-oil) or between a liquid and
a solid (e.g. wetting phenomena wherein a liquid can establish
contact with a solid surface, arising out of intermolecular
interactions) system.**® Surfactants are active ingredients found
in soaps and detergents. They are usually employed to segregate
an oily substance from other media. Apart from lowering the
surface tension, surfactants can be utilized in important
applications such as emulsifiers,”® foaming agents,”*® corrosion
inhibitors,"'* antistatic agents," etc. In addition to that, due to
their physicochemical properties and characteristics, surfac-
tants have been used in most industries. These industries
include paints,** inks,"” coatings,'® adhesives,"”” paper and
pulp,*®* petroleum and oil,*** plastics,* resins,* textiles and
fibers,>»** detergents,*® agriculture,” food,*® cosmetics,” and
pharmaceutical industries.*

About 20 years ago, the annual production of surfactants
worldwide was about seven million tonnes.*® As of 2019, the
market size for surfactants all over the world was estimated to
be 39901 million USD. It is expected to grow to 52 417 million
USD by the year 2025.33* Surfactants are derived in two
different ways; synthetic and biological methods/natural
resources. The origin of the synthetic surfactants is petro-
chemical feedstocks. The most significant synthetic surfactants
are linear alkyl benzene sulphonates (LAS), a-olefin sulpho-
nates, alcohol sulfates, and alcohol ether sulfates.?** Most of the
surfactants currently being used for the industry and household
are synthetic in nature.*® However, these components can cause
a huge environmental impact that is often overlooked. The
main causes of the adverse environmental impacts are that
these surfactants are highly toxic and have low levels of biode-
gradability.’” Most surfactants are released into the environ-
ment as most of their constituent consumer products can be
disposed of straight away.*® Research has revealed that 60% of
the gross surfactants released enter the aquatic environment,
amounting to approximately seven million tonnes of surfac-
tants released worldwide.*

Of late, to mitigate aquatic and environmental pollution,
huge demand has arisen for biodegradable products that are
manufactured using green chemistry with a view to avoid global
pollution.*® Due to the scarcity and high cost/uncertain market
value of petroleum resources, research interest is moving
towards the use of bio-based/natural and renewable sources to
produce environment-friendly products.**

So, it is suggested that in future, the researchers must
identify bio-based/natural and renewable sources based on
sustainable feedstocks for surfactant production. These bio-
based/natural and renewable sources have higher biodegrad-
ability, lower levels of toxicity, and easy availability of raw
material, so, they are called “green surfactants”.*> These green
surfactants have better physicochemical properties than petro-
chemical feedstocks and, have lower manufacturing costs. Now,
there are two key sources of green surfactants as shown in Fig. 1.
Bacteria are the source of biosurfactants whereas oils and fats
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Fig. 1 Classification of green surfactants (oleo surfactants and bio-
surfactants) and its origins.

Green Surfactants

derived from plant and animal origins generate, oleo
surfactants.*>™*

Among different oleo-chemical surfactants, cashew nut shell
liquid (CNSL) is regarded as a significant starting material as it
has special structural properties, is available in plenty, and is
affordable.*® The nut shell of the cashew tree Anacardium occi-
dentale is the source of CNSL. It is a reddish-brown viscous
liquid in the cashew nut shell which is mostly found in India,
East Africa and Brazil.¥’” Cardanol is obtained by vacuum
distillation of CNSL, and is a promising renewable natural
resource.”® Based on the type of oils by their composition, CNSL
is available in two types: “natural” and “technical” (Fig. 2).
Natural CNSL is derived from gentle or low-temperature
extraction conditions as a composition of mainly three
constituents: anacardic acid (60-70%), cardol (10-20%) and
cardanol (<10%). Anacardic acid gets decarboxylate at the
temperature of 140 °C, which produces a technical CNSL, that
contains cardanol (70-80%) and cardol (10-20%).

As shown in Fig. 3, anacardic acid, cardol and cardanol are
available in four different forms: saturated, monoene (position
8), diene (positions 8 and 11) and triene (positions 8, 11 and
14).*° Cardanol is commercially available in the form of a yellow
oil comprising cardanol (about 90%), with a small amount of
cardol and methyl cardol. The interesting structural features of
cardanol, its availability and low cost, make it increasingly used
as a starting compound to design new materials.>

From the literature, it is understood that there are several
review papers available that focus primarily on bio-based
surfactants.”**®* However, very few papers are available on
CNSL-based surfactants®** and those also lack the emerging
trends in this domain. Furthermore, these CNSL-based works
are limited to synthesis and applications point of view.

So, these works cannot provide comprehensive details of the
CNSL-based surfactants. Therefore, the present paper aims to

anacardic acid

anacardic acid
(60-70%) -

Technical
CNSL

Natural
CNSL

cardanol
(<10%)

cardanol
(70-80%)

cardol
(10-20%)

Fig. 2 The compositions of natural and technical CNSL's molecules
(anacardic acid, cardanol, cardol).
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Fig. 3 Chemical structures and different compositions of hydro-
phobic tails (saturated, mono-olefinic, di-olefinic, tri-olefinic) of the
CNSL's molecules.

provide a classification of CNSL-surfactants, giving merits and
demerits of renewable and petrochemical-based surfactants.
Further, more detailed information covering various aspects of
CNSL-based surfactants such as the synthesis, applications in

L
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Fig. 4 Organization of the paper.
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various industries, market potential and research perspectives
which include artificial intelligence are provided in this
research paper. Besides, this paper provides a detailed discus-
sion of various surfactants available. This paper will be useful
for novice readers in the field of surfactant chemistry. The Fig. 4
shows the organization of the paper.

2. Classification of CNSL-Surfactants

Based on the charge present on the head groups, the CNSL-
surfactants can be categorized into four types (Fig. 5): anionic,
cationic, non-ionic and zwitterionic. All these surfactants are
being discussed in the following subsections.

2.1 Anionic CNSL-surfactants

They possess anionic functionalities and may yield negatively
charged ions on their dissolution in water. For example, the
anionic groups include sulfate, sulfonate, phosphate, carbox-
ylate, etc.®*"*® Anionic surfactants are the widely being used and
incorporated in most of the detergents and cleaning products.®®
Among the totally produced anionic surfactant worldwide, 75%
of the production is used for soap (sodium stearates)
manufacturing.®” Most important commercial anionic surfac-
tants are usually inhomogeneous mixtures in terms of their
composition and hydrocarbon chain length. The performance
of these surfactants does not greatly impact the purity. Anionic
surfactants also called “detergents” have significance in clean-
ing different products. The key features of the anionic surfac-
tants are dispersing ability, high foaming ability, sensitivity to
water hardness, and protein denaturation.®® The recent release
of environmental risk assessment results related to anionic
surfactants has shown that the pertinent environmental
concentration levels (PEC) are below the predicted no effect
concentration (PNEC) values. The ratio of PEC and PNEC values
is referred to as risk characterization ratio (RCR). RCR value of

Anionic
Surfactants

Classification

Zwitterionic Based on Cationic
Surfactants Charge on their urfactants
Headgroups
Nonionic
Surfactants

Fig. 5 Classification of CNSL surfactants based on charge on their
headgroups.
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Table 1 Examples of CNSL based anionic surfactants and their applications

Surfactant Application

Ref.

Sulfate-based anionic surfactant
Sulfate-based anionic surfactant

C15H31n
Sulfonate based anionic surfactant
Sulfonate based anionic surfactant

(0]

OJK/ o OY\

o
CysH
CisHa1. 2 15H31.0 o0®
" sogﬁa SO;Na
Carboxylate-based anionic surfactant
Carboxylate-based anionic

surfactant

0
®o
N0 ("3

CisHz1n

less than 1 indicates the lower levels of environmental
impact.®7* Table 1 shows the selected examples of CNSL based
anionic surfactants.

2.2 Cationic CNSL-surfactants

Cationic surfactants possess cations on their hydrophilic head
group various types of cationic surfactants are ammonium,
imidazolinium, pyridinium, and thiazolium.

Most of the CNSL-cationic surfactants contain a quaternary
ammonium group that has a nitrogen atom at the center of their
head group.” Cationic surfactants are soluble in both water and
organic solvents, and therefore they are suitable for usage in
aqueous and non-aqueous systems.”” This surfactant has high
surface activity, which indicates that it can lower the surface
tension of liquids and increase their wetting ability. Further,
this can also be used to stabilize emulsions and prevent sepa-
ration of immiscible liquids.” Furthermore, this is often used
as a disinfectant as well as an antimicrobial agent due to their
ability to disrupt the cell membranes of microorganisms.” Due
to its low level of cleaning ability, these are widely not used for
cleaning-related detergents. However, these surfactants are
most effective for soil removal-related applications when
formulated with non-ionic, zwitterionic and anionic surfac-
tants.** Besides, they are also used in the preparation of
shampoos and special softergents.®* Other important uses are
bactericides, fungicides, herbicides, antistatics, corrosion
inhibitors, anticaking agents in fertilizers, adhesion promoters,

25432 | RSC Adv, 2024, 14, 25429-25471

Starting materials for biobased polymers and additives

Reversible addition-fragmentation chain transfer agent 72

73 and 74

Emulsifies, detergents and fabrics

75

etc.®>® They also act as starting materials for the synthesis of
other surfactants. Selected examples of CNSL based cationic
surfactants are furnished in Table 2.

2.3 Non-ionic CNSL-surfactants

They do not undergo ionization in an aqueous solution. They
possess excellent compatibility with other surfactants and
demonstrate appreciable solubilities in both aqueous and
organic solvents.*

These surfactants are available in varying structures and are
widely used due to their good properties such as low cost,
nontoxicity and high level of biodegradability. Further, these
are also used in the technical applications such as detergency,
emulsification, cosmetics, and pharmaceuticals.”*~* Fatty alco-
hols (ROH), primary alcohols-based non-ionic surfactants have
good biodegradation ability and ethoxylates and alkyl-phenyl
ethoxylate have good solubilizing power.”* ROH is the most
diverse type of surfactant as regards its properties, structure and
fractional composition.”® Non-ionic surfactants contribute to
about 25% of total production worldwide. Selected examples of
CNSL based non-ionic surfactants are detailed in Table 3.

2.4 Zwitterionic CNSL-surfactants

Zwitterionic (i.e. amphoteric surfactants) show both positive ion
and negative ion functionalities in the same molecule.'*
Because of their amphipathic property (ie. having

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04684f

Open Access Article. Published on 13 August 2024. Downloaded on 1/19/2026 5:36:43 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Table 2 Examples of CNSL based cationic surfactants and their

applications

Surfactant Application Ref.

Ammonium based surfactant Emulsion radical polymerization 86

Ammonium based surfactant

o
oyt s

o
CisHa1n Br
Pyridinium based surfactant ~ Detergent and emulsifier 87

Pyridinium based surfactant

OH * ]
O\/I\/g‘)\
Cl
CisHa1n
Imidazolium based surfactant Electrolytes for supercapacitor 88

Imidazolium based surfactant

NN
N
o LY
PFg N\
CisHz1n

Thiazolium based surfactant  Surfactant and detergents 89

Thiazolium based surfactant

OH S
o\/kfr\///\)

€]
Br

CisHa1n

simultaneously hydrophilic and hydrophobic regions) zwitter-
ionic substances facilitate decrease in surface tension and
increase in both wetting and dispersibility.'**

Further, they display both acidic and basic groups that are
very strong. For example, sulphonic group and quaternary
ammonium group. The amphiphiles have anionic as well as
cationic characteristics that do not depend on the pH and cate-
gorized as zwitterionic surfactants.’® Though constituting only
about <2% of the global surfactant market, they have plenty of
scope for the synthesis,'** due to their unique structural features.
This allows to interact with a wide range of substances, making
them beneficial in numerous applications.’® This uniqueness
offers an interaction with both hydrophilic and hydrophobic
substances. Due to this characteristic feature, zwitterionics are
employed to solubilize oils and greases, decrease surface tension,
and also emulsify water-insoluble substances.* Table 4 displays
key examples of CNSL based zwitterionic surfactants. Fig. 6
presents several significant facts of surfactants (anionic, cationic,
non-ionic, zwitterionic).

3. Synthesis of CNSL-based
surfactants

The synthesis of surfactants is very important because it allows
different manufacturers to produce specific types of surfactants

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(anionic, cationic non-ionic and zwitterionic) derived for
specific desired applications. The CNSL-based surfactants are
primarily synthesized from cardanol as the most commonly
used starting material. Also, anacardic acid derivatives are
widely used in applications such as personal care products,"’
formulations,"* corrosion inhibition* and
and biomedical applications."™* This section
describes different synthetic methods of cardanol-based
anionic, cationic, non-ionic and zwitterionic surfactants.

agricultural
healthcare'*?

3.1 CNSL-based anionic surfactant molecules

The synthesis of anionic surfactants from cardanol (CNSL)
often involves introducing a negatively charged group to its
molecular structure, particularly in the hydrophilic head group
through a chemical modification procedure. The common
approaches for synthesizing anionic surfactants from cardanol
are carboxylation and sulfonation reactions. These chemical
reactions (carboxylation or sulfonation) increase the water
solubility and surface activity of the resulting anionic surfactant
molecules. This section highlights the importance of anionic
surfactant synthesis in terms of structural modifications,
different reagents and reaction conditions through the sche-
matic representations from Schemes 1-5 and Fig. 7. The
following Schemes 1-5 describe the works done by various
researchers in the field of surfactant chemistry.

Two carboxylic salt species were obtained from anacardic
acid and cardanol. The basic surfactant properties of carboxyl-
ated cardanol-based surfactant molecules are well characterized
(Scheme 1)"*¢ by using hydrophilic-lipophilic deviation (HLD)."*”
The characterization of surfactants that were carried out
according to the HLD is typically twenty times more accurate
than the classic hydrophilic-lipophilic balance (HLB) equa-
tion."™® When compared with the surfactant properties of ana-
cardate sodium (AS-3) with triethanolamine salts (AS-1) and
cardanol acetate sodium salt (AS-2), AS-3 has shown more
significant impact on the surfactant property. As shown in
Scheme 1(a) and (b), AS-2 has no phenolic -OH, and the AS-1
acid group is protected by the bulky cation. It indicates the
lesser surfactant properties. On the other hand, AS-3 has the
phenolic hydrogen of the anacardate exhibiting hydrogen
bonding with the oxygen atom of the acid group, this helps to
reduce its ionization; further, it also helps to enhance the
surfactant properties.

Out of all the CNSL-based surfactants, cardanol-based
synthesis is widely used as a starting material. Anacardic acid
is the other choice for the surfactant synthesis from CNSL and is
used for only the selected applications. The salient feature of
anacardic acid is that it is a renewable raw material that is
directly derived from CNSL. On account of its double func-
tionality and the appearance of unsaturated alkyl chains,
various green surfactants can be obtained from anacardic
acid.'*®

The two derivatives of anacardic acid are 2-(O-carbox-
ymethyl)-6-[(8Z,11Z)-pentadeca-8,11,14-trienyl]-benzoic acid
(AS-4) and its disodium carboxylate salt (AS-5). Scheme 2 shows
that the synthetic route for the preparation of anionic

RSC Adv, 2024, 14, 25429-25471 | 25433
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Table 3 Examples of CNSL based non-ionic surfactants and their applications

Surfactant

Application

Ref.

Thiazolium based surfactant

Cardanol based surfactant (3-
pentadecylcyclohexanone)

O/\/O\/\ c)/\/OH

CisHaq

Cardanol derived alkyd resins
Cardanol derived alkyd resins

HO{/Y\O"H? S ?\ ]0\/\0/[ j\CWHm,n
OYO o} o O/\I/\O o) O
R OH

Di-etherified cardanoxy amine based surfactant
Di-etherified cardanoxy amine based
surfactant

0/\/0\/\NJ<\/O<tH

CisHatn C3)<H
Cardanol-based glycolipids with glucose surfactant

Cardanol-based glycolipids with glucose
surfactant

H  _oH

H
HO HO N

N

o

CisHat

surfactants yields a very high amount at a lower reaction time.
This synthetic procedure has low-cost preparation of surfac-
tants from agricultural waste (CNSL).**® During the measure-
ment of surface activity and biological studies, the anacardic
acid containing double head group has an enhanced activity
than the single-head group surfactants. In addition to this, the
double-head anionic surfactant (AS-5) performs well as it has
low interfacial tension and high solubilization in a wide range
of salinity, which makes it possible to be used in diverse
applications." In biological studies, two representative species
of Gram-positive bacteria (Staphylococcus aureus and Entero-
coccus faecalis) and three Gram-negative bacteria (Escherichia
coli, Pseudomonas aeruginosa, Klebsiella pneumoniae) are used.
Though both of the anacardic acid derivatives (AS-4 and AS-5)
exhibit a broad antimicrobial spectrum, against Gram-positive
and Gram-negative bacteria. Particularly, AS-5 displays the
best antimicrobial activity in both cases. So, AS-5 is widely used
as a component of new disinfectants and hospital detergents, as
well as in cosmetic formulations.**®

The other type of anionic surfactant is a sulfonated surfac-
tant derived from a renewable resource (CNSL) sulfonated 3-
pentadecyl phenyl acrylate (AS-6) and sodium-2-acryloxy ethan-
1-oxy(3-pentadecyl) benzene sulfonate (AS-7). The synthesis is
achieved through simple chemical transformations. The first
step is, converting the phenol to acrylate and the second step is
a sulfonation reaction using chlorosulfonic acid and sodium

25434 | RSC Adv, 2024, 14, 25429-25471

Demulsifier for water in-oil emulsions

Surface cleansing in hospital and food processing industries

Surfactant and detergents 96

Chain stopper, flame retardant 97

98 and 99

100

carbonate (Scheme 3). Furthermore, the authors described the
surfactant properties of the anionic reactive surfactants
(sulfonated acrylates AS-6 and AS-7) that were examined and
compared with the standard conventional anionic surfactant
sodium dodecyl sulfonate (SDS).”*

The surfactant properties of the sulfonated surfactant (AS-6
and AS-7) exhibit superior performance than those of the
standard anionic SDS. A key difference between the anionic
surfactants AS-6 and AS-7 is an ethylene spacer chain present in
AS-7 between the polymerizable acrylate group and the phenolic
group. This ethylene spacer chain impacts the reactivity of the
acrylate group; it boosts efficiency during emulsion polymeri-
zation."” However, AS-6 has greater reactivity than AS-7 as the
acrylate group is conjugated to the electron-withdrawing effect
of both sulfonate group and phenolic nuclei.*”® In addition,
electrical conductivity also helps to indicate the CMC of the
surfactants. The conductivity of a solution is directly propor-
tional to the concentration of its ions. The conductivity
measurement of AS-7 has a higher CMC value than AS-6.

One of the alternatives for alkylbenzene surfactants (petro-
chemical) is the sultone and amine group containing cardanol-
based anionic surfactant (CNSL). The first step in the synthesis
is the nucleophilic substitution of cardanol with 3-chlor-
opropylamine in the presence of a sodium hydroxide (strong
base). The resulting primary amine undergoes ring opening
reactions with 1,3-propanesultone to obtain the anionic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Examples of CNSL based Zwitterionic surfactants and their applications

Surfactant

Application

Ref.

Aliphatic zwitterionic cardanol based surfactant

Aliphatic zwitterionic cardanol
based surfactant

CHs3
/\/\,L,Oe

S
CisH34

Amine/cardanol based zwitterionic surfactant

Amine/cardanol based
zwitterionic surfactant

HO;S

N Q
- /_( /
/N\ OH C15H31n
cr

Polyaromatic cardanol based zwitterionic surfactants

Polyaromatic cardanol based
zwitterionic surfactants

Ph

|
©\OH Ph  OH
C15H31-n

surfactant N-propanesulfonic acid (PSA) 3-pentadecyl phenyl
propanamine (PPA) AS-8 with higher yield (Scheme 4). Further,
synthesized anionic surfactant physicochemical proprieties,
such as critical micelle concentration (CMC), surface tension,
and Krafft temperature were also evaluated in this study.'® AS-8
is widely used, particularly in anionic emulsion polymerization
to synthesize styrene-acrylate latex."*

The new variants of anionic surfactants that have recently
been introduced are anion-nonionic surfactants. As shown in
Fig. 7, the positions of ethylene oxide (EO), and propylene oxide
(PO) chains are varied to form four different types of cardanol-
based PPO - poly (propylene oxide) PEO - poly (ethylene oxide)
green surfactants (Fig. 7, AS-9, AS-10, AS-11, and AS-12).

To improve the lipophilicity of the surfactants, two styryl
groups were added to the active sites of a benzene ring and the
phenolic hydroxyl group of cardanol. In this anion-nonionic
surfactant, the interfacial adsorption is highly dependent on
the locations of PPO and PEO chains. Based on the position of
PO and EO chains, the authors examined various interface and
emulsification characteristics. The interfacial tension, interfa-
cial thickness, density distribution, and solvent-accessible
surface are the main factors for comparing various anion-
nonionic surfactants."™ For the study of interfacial properties
at an oil/water interface, AS-11 can be used. This study helps to
understand the theoretical basis and also provides reference
data for developing oil-displacement surfactants through
molecular dynamics simulations."*

e
SO,
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In recent years, carbamate-groups-containing CO,
consuming biobased cardanol containing glycine and taurine
sodium salt surfactants (AS-13 and AS-14) have been synthe-
sized by the combination of cardanol, CO,, glycine sodium salt,
and taurine sodium salt (Scheme 5). The important feature of
the synthetic route is the attachment of carbamate groups in the
surfactants with a non-isocyanate route. Various surfactant
properties such as electrical conductivity, dynamic light scat-
tering, Krafft point, emulsification power, and foaming power
measurements were analyzed.'”® Further, techniques of differ-
ential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) help find the thermal stability of fully-biobased
surfactants (AS-13 and AS-14). In addition to the above-
mentioned studies, dynamic light scattering (DLS) measure-
ments can also be used to find the determine the shape
(cylindrical) of the micelle of (AS-13 and AS-14) in aqueous
media. Overall, these surfactants were found effective in emul-
sifiers and foam stabilizers.'**

3.2 CNSL-based cationic surfactant molecules

The synthesis of cationic surfactants from cardanol (CNSL)
undergoes chemical modification of its phenolic compounds to
introduce a positively charged group in the hydrophilic head.
This modification typically occurs through chemical reactions
such as alkylation, amination, or quaternization. The resulting
cationic surfactants show good surface-active properties along
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[ ] Anionic Surfactants

I:IContain a hydrophobic tail and a
hydrophilic head with a negatively
charged group
Anionic surfactants are
soluble in water

generally

D Widely used in various applications
such as Detergents, Emulsifiers,
Wetting and Foaming agents

Some may have adverse
environmental impacts if not properly
managed. They can contribute to
water pollution if discharged in large
quantities into water bodies

IQ Non-ionic Surfactants

D Consist of a hydrophobic tail and a
hydrophilic head that does not carry a
charged ion
Non-ionic surfactants are generally
soluble in both water and organic
solvents

D Find applications in various industries,

includes: solubilizers in pharmaceuticals,
Stabilizers and thickeners in food
products, Cleaning agents in household

D Generally have a favorable

environmental profile, as they are less
likely to bioaccumulate and exhibit
lower toxicity

t facts of Surfactants

ignifican

S

[ ] cationic Surfactants

D Consist of a hydrophobic tail and a
hydrophilic head with a positively
charged group.

D Cationic  surfactants

soluble in water

D Cationic surfactants find applications
in various industries, including: Fabric
softeners, antistatic agents, Hair

conditioners, dispersants in
pharmaceuticals and cosmetics.

are typically

D Some cationic surfactants may have
higher toxicity and environmental
persistence.

[]zwitterionic Surfactants

I:I Polar head group that contains both a
positively charged group and a
negatively charged group

D They can form micelles in water and
soluble in both polar and nonpolar
solvents

D Find applications in various industries,

including: body washes, facial cleansers,
drug delivery agents, oilfield chemicals
for enhanced oil recovery.

I:I Readily biodegradable under aerobic

conditions, making them
environmentally friendly options for
certain applications.

Fig. 6 Significant facts of surfactants.

CysHai O(GHCH;0)5(CH,CH,0)5CHaCHSO3Na  CygHai O(CH,CH,0)5(CHCH,0)sCH,CH,SO0sNa
As9  CHs As-10 &y
CisHai O(GHCH,0)5(CHCH0)SO5Na Cushai O(CH,CH,0)5(CHCH;0)sS0sNa

As-11  CHs AS-12 CHs

Fig. 7 Structure of saturated cardanol-based anionic surfactants.

with the benefits that they get from being a renewable and
sustainable source. This section describes the cationic surfac-
tant synthesis in terms of structural modifications, different
reagents, and reaction conditions through the schematic
representations from Schemes 6-Scheme 11. The following
Schemes 6-11 describe the works done by various researchers in
the field of surfactant chemistry.

Imidazolium and pyridinium-based cationic surfactants CS-
1 to CS-8 using a two-step synthetic procedure starting from 1-
(allyloxy)-3-pentadecylbenzene (Scheme 6). Initially,

25436 | RSC Adv, 2024, 14, 25429-25471

a bifunctional cardanol was obtained by bromination of alky-
lated cardanol with various dithiol spacers (n = 2, 3,4 and 6). In
the second step, the final cationic surfactants were prepared by
quaternization of N-methylimidazole and pyridine respec-
tively.”” The CMC value of these surfactants is many times
lower than that of other cationic imidazolium and pyridinium
surfactants. '3

OoH OH .
) i :COOH N o™ \)OH Moo COO NH(CH,CH,0H);
a N
N
CisHatn HO pH7.8 CisHatn
’ — o+
oH o ONa
Q Toluene:DMSO (1: 1) o)
b + ool N
) o RT,24h o
CisH31- 15M31-n
157131-n AS2
OoH oH |
COOH alcoholic NaOH COONa
c) _—
CI5H3\-V7 C15H31-n

AS-3

Scheme 1 Synthesis of carboxylated CNSL-based anionic surfactants
(a) AS-1 (b) AS-2 and (c) AS-3.1¢
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The existence of the phenoxy group in addition to the long
hydrocarbon alkyl chain significantly affects the hydrophobic
character of these cationic surfactants. The biophysical inves-
tigation of these imidazolium and pyridinium cationic surfac-
tants for their interaction with pDNA establishes a greater
ability to form complexes with pDNA. In addition to this, the
cytotoxicity examination of the given cationic surfactants on
cancerous brain cell lines (C6 glioma cells) establishes a low
toxicity as compared to commercially used transfecting
agents." Due to their low toxicity and biophysical properties,
they can be used as gene-delivery agents.

Another type of cationic surfactant used is cardanol-based
six quaternary ammonium salts (CS-9 to CS-14) (Scheme 7). It
includes symmetrical gemini cationic as well as unsymmetrical
cationic surfactants. These types were obtained in three steps.
In the initial stage, the etherification reaction of cardanol with
1,4-dibromobutane followed by nucleophilic substitution reac-
tion with dimethylamine to form a tertiary amine intermediate.
The resulting tertiary amine reacted with dibromo compounds
to form the (di)cationic surfactants. Based on the reactants
equivalents (stoichiometry), mono-cationic or di-cationic
(symmetrical gemini surfactants) were synthesized.®® The
surface-active properties of these symmetric/unsymmetric

Scheme 5 Synthesis of cardanol-based carbamate groups containing anionic surfactants.'?®
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Scheme 6 Synthesis of cardanol-based long chain gemini imidazolium and pyridinium-cationic surfactants.*?”
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Scheme 7 Synthesis of cardanol-based symmetrical gemini cationic surfactants and unsymmetrical cationic surfactants.®®
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cationic surfactants are discussed below. Especially, for the
typical photo-active symmetrical gemini surfactant (CS-9), the
CMC value is much lower (0.05 mmol L") than that of the
common ionic surfactants, such as hexadecyl trimethyl
ammonium chloride (16.0 mmol L ') and SDS (9.0 mmol L™ *).%¢
In cardanol-derived quaternary ammonium salts, the symmet-
rical gemini surfactants (CS-9) are utilized as emulsifiers in the
emulsion polymerization process. Further, the benzyl bromide-
containing unsymmetrical surfactant (CS-10) is employed as
both an emulsifier and an initiator in the atom transfer radical
polymerization (ATRP) technique.**>

A new class of surface active poly (ionic liquid)s is derived
from the renewable source cardanol (cashew nut oil) (CS-15 and
CS-16) (Scheme 8). In the first two synthetic reaction steps, the
phenol group of cardanol was treated with diethanolamine
(etherification reaction), ethanolamine, and tetraethylene glycol
through the use of a linking agent B,B-dichlorodiethyl ether.
Further, the obtained amine group was quaternized by an acid-
base reaction with the 2-acrylamido-2-methyl-1-
propanesulfonic acid. In the final step, the radical polymeriza-
tion was performed in the presence of the popular radical
initiator 2,2 -azobis(2- methylpropionitrile) (AIBN) at 70 °C (CS-
15) (Scheme 8(a)). Another amphiphilic poly (ionic liquid)
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bearing three hydrophilic chains (CS-16) was also synthesized
by using the above-mentioned synthetic protocol (Scheme
8(b)).*** For crude oil-water emulsions, the surface-active pol-
y(ionic liquid)s are excellently useful demulsifiers. The surface
tension measurements indicate that the CS-15 has a greater
tendency to minimize the surface tension of water than other
poly(ionic liquid) containing three hydrophilic chains CS-16.
Moreover, the chemical structure of CS-15 is less sterically
hindered than that of CS-16, thereby enhancing the tendency to
irreversible absorption property at the water-oil interfaces.
Furthermore, the demulsification data analysis shows that both
the poly(ionic liquid)s CS-15 and CS-16 demonstrate high
separation performances and demulsifying action.

The mono-heterocyclic, asymmetric gemini quaternary
ammonium with a double bond or carbon chain with hydroxyl
linked group containing cationic surfactants can be derived
from cardanol (Scheme 9a-d). Initially, an alkylation reaction of
cardanol (phenolic OH) was performed by reacting it with 1,4-
dibromobut-2-ene, in basic conditions with a moderate yield. In
the next step, the non-symmetrical (asymmetry compounds)
gemini ammonium surfactants were obtained by the under-
taking reaction of brominated cardanol derivative with butyl or
hexyl salts obtained from 1,4-diazabicyclo [2.2.2] octane (CS-17

OH oA BT
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o
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Scheme 9 Synthesis of cardanol-based mono-heterocyclic quaternary ammonium cationic surfactants and asymmetric gemini quaternary
ammonium cationic surfactants (a and b). Synthesis of cardanol-based quaternary ammonium cationic surfactants with carbon chain contained

hydroxyl linked group (c and d).***
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and CS-18). Similarly, the brominated cardanol derivative
treated with 1-methylpyrazole, N-methylmorpholine and thia-
zole gives the corresponding cationic surfactants, CS-19, CS-20
and CS-21, respectively.

On the other hand, the alkylation reaction of cardanol was
performed with epichlorohydrin under mild basic conditions
were made available to afford the epoxy ring containing the
cardanol derivative. In the next step, the epoxy ring opening
reaction with protonated thiazole and N-methylmorpholine
offer the hydroxyl functions with heterocycles-based cationic
surfactants (CS-22 and CS-23). Further, various studies of
surface-active properties, such as surface tension, Krafft
temperature (7y), and wettability were analysed for the
cardanol-derived cationic surfactants. The antimicrobial
activity of these surfactants was studied using broth micro-
dilution and agar dilution methods employing scanning elec-
tron microscopy (SEM) analytical technique.*™** These
cardanol-derived quaternary ammonium cationic surfactants
show tremendous surface activities along with antimicrobial
activity. This nature of the surfactants makes them a promising
substitute to the extant environmentally unfriendly fossil fuel-
derived cationic surfactants and antiseptics.***

A similar structure of cationic surfactants with different
types of hydrophilic head groups was synthesized from bromi-
nated cardanol intermediate (Scheme 10). The nucleophilic
substitution of cardanol (3-pentadecyl phenol) with diha-
loalkane in the presence of K,CO3/isopropyl alcohol results in
the cardanol-based bromo intermediate. Next, the bromo
intermediate undergoes the quaternization reaction with
different tertiary amines (trimethylamine and pyridine) to
afford the different types of cationic surfactants (CS-24, CS-25
and CS-26) under mild reaction conditions."*® The key role of
this surfactant is to create strong interactions between single-
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walled carbon nanotubes and bacterial cells. Because the anti-
bacterial behavior mainly depends on the interaction of well-
dispersed single-walled carbon nanotubes (CNTs) with bacte-
rial cells. Due to the unique structural features of these
cardanol-based cationic surfactants (benzene rings and olefin
chains), can strongly bind with single-walled carbon nanotubes
via strong T-stacking interactions and allow efficient dispersion
of single-walled CNTs in aqueous solutions. The instrumental
analytical studies (UV-vis-NIR spectra and Atomic Force
Microscopy (AFM) images) of these surfactants indicate a higher
segment of separately visible single-walled CNTs. These can be
obtained more than the popularly used other surfactants
(sodium dodecyl benzene sulfonate (SDBS) surfactant and
others).”***> Additionally, the single-walled carbon nanotubes
dispersed by these surfactants show much greater antibacterial
activity against two bacteria, namely E. coli and S. aureus.
Among these cationic surfactants, the CS-24 shows the highest
antibacterial activity.

As shown in Scheme 11, the hydroxylated cardanol-based
quaternary ammonium cationic surfactants were synthesized
and they contain one or two hydroxyl groups. They are used as
additives in the detergent industry.*® The aforementioned
quaternary salts were prepared by a step synthetic procedure,
the first step is the reaction of cardanol with epichlorohydrin to
afford the epoxy ring intermediate. Secondly, the epoxy ring
intermediate reacts with different tertiary amines, such as tri-
methylamine, triethylamine, dimethylbutylamine, tetramethy-
lethylenediamine and dimethyl aminoethanol to afford the
quaternary ammonium cationic surfactants (CS-27 to CS-33).
These cationic surfactants have good surface-active properties
with low surface tension and CMC.* Experimental results of
surface-active property revealed that the system exhibits an
improvement in the detergent efficiency (in the presence of the
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Scheme 10 Synthesis of cardanol-derived different hydrophilic head groups containing three cationic surfactants.**®
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Scheme 11 Synthesis of cardanol-based quaternary ammonium cationic surfactants containing one or two hydroxyl groups.®”

newly derived quaternary ammonium cationic surfactants). The
advantage of this cationic surfactant is excellent solubility in
pure water due to its polyfunctionality.

3.3 CNSL based non-ionic surfactant molecules

Cardanol-based non-ionic surfactants are synthesized by
modifying the chemical structure of cardanol to improve the
surface-active properties. These surfactants offer several
advantages (superior surface activity, emulsifying properties,
etc.) over conventional synthetic surfactants derived from
petrochemical sources (for example, oil and gas).****** These
surfactants are environment-friendly and sustainable because
they are derived from different renewable resources.'*” Further,
the unique characteristics and physicochemical properties
make cardanol-based non-ionic surfactants more attractive for
various applications, including in the manufacturing of

OH OH

H,0,/CH;COOH

H,N ﬁ/\ oﬁ’f\/o

agrochemicals,'*® personal care products,'*® pharmaceuticals,**
and industrial cleaners.'**

This section describes the various synthetic methods of
cardanol-based non-ionic surfactants ie., structural modifica-
tion, reagent and reaction conditions. The following
Schemes 12-21 describe the works done by various researchers
in the field of surfactant chemistry. A new class of highly effi-
cient bio-based benzoxazine surfactant (NS-1) was derived from
epoxidized cardanol (as a starting material). The epoxidized
benzoxazine surfactant NS-1 was synthesized in a two-step
reaction (Scheme 12). Firstly, the epoxidation reaction of the
unsaturated aliphatic chain of cardanol was carried out using
glacial acetic acid, Amberlite, toluene and hydrogen peroxide
conditions. Nextly, the prepared epoxidized cardanol was
combined with the mixture of polyether monoamine (Jeff-
amine) and paraformaldehyde to obtain NS-1 with better yield
(70%).*** This newly synthesized benzoxazine can be employed

R, R2

s,

2(HCHO),
Rz Ns-1

/\/\/\/<?/\/\/\

R2_ /\/\/\/<?/\Ol>\/\

Scheme 12 Synthesis of epoxidized cardanol based benzoxazine surfactant (NS-1).1%2
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both as a monomer and surfactant as it possesses a hydro-
phobic head group with a benzoxazine unit plus a hydrophilic
polyether tail with an epoxy ring. Moreover, NS-1 was utilized as
a stabilizer in the aqueous emulsion. In this, two epoxy resins
were used (as dispersed phase); one is synthetic bisphenol
a diglycidyl ether type epoxy resin (EP) and another is the bio-
renewable epoxidized soybean oil (ESO). Notably, NS-1 showed
excellent compatibility and effective copolymerization with
both epoxy resins (EP and ESO).

In addition to this, the introduction of NS-1 in the epoxy
emulsion improves emulsion as well as coatings properties.'*> A
unique advanced intermediate (3-pentadecylcyclohexanone)
was designed and synthesized from the crude CNSL that has
a mixture of cardanol, cardol, and 2-methyl cardol. This was
hydrogenated under Pd/C at 80 °C reaction conditions. In next
stage, a complete reduction was achieved and 3-pentadecylcy-
clohexanone intermediate was obtained in 67% yield
(Scheme 13). Furthermore, different useful synthetic derivatives
or products can be derived for various applications from this
resulting alkylated cyclohexanone intermediate. As shown in
Scheme 13, the synthesized alkylated adipic acid, caprolactam,
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HO CisHz1n
+
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Xylene CisHz1n
- ' +
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and caprolactone demonstrated numerous uses in the polymer
industry. These resulting products were found useful as inter-
mediates for the surfactant research field.”® The cardanol was
functionalized with sugar moiety (glucose/galactose) in three
steps (Scheme 14). In the first step, the saturated (alkane) and
unsaturated (alkene) cardanol were etherified with methyl
bromoacetate under mild basic conditions (K,CO;3) and
produced ester group containing cardanol as a product (appears
as white solids). Secondly, the ester groups undergo the ami-
nolysis reaction in the presence of hydrated hydrazine to obtain
the unsaturated and saturated cardanol hydrazides with good
product yield.

The final step reaction consists developing hydrazone
intermediate, followed by a cyclization step to give the
glycolipid-based non-ionic surfactants NS-4 and NS-5 with high
yield. Further, the cardanol-based non-ionic surfactants
(glycolipids) in association with galactose as a hydrophilic
group were also synthesized by the similar synthetic experi-
mental procedure. In addition to this, the CMC of glycolipids
and surfactant behavior was analyzed by using the pendant
drop and rheological methods. The resulting supramolecular
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Scheme 13 Synthesis of 3-pentadecylcyclohexanone from the CNSL mixture (2-methylcardol, cardol and cardanol) and its various synthetic

derivatives.®®
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Scheme 14 Synthesis of supramolecular self-assembled glycolipids based non-ionic surfactants.*®®
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self-assembled glycolipid-based non-ionic surfactants (NS-4 and
NS-5) are useful as a potential anti-biofilm agent. Furthermore,
they are beneficial in washing hands for clinicians, and have
other applications in hospitals and food industry.**

The modified chemical structure of cardanol derived from
CNSL with amines and glycols produces two types of non-ionic
surfactants.”® The first type is di-etherified cardanoxy amine
(NS-6) and it was prepared by etherification reactions. At the
outset, cardanol was etherified in the presence of B,B-dichlor-
odiethylether and diethanolamine in sodium hydroxide (NaoH).
Then, the resulting product was etherified in the presence of
tetraethylene glycol to produce the NS-6 (Scheme 15a). The
second type is tri-etherified cardanoxy amine (NS-7) and it was
synthesized in three steps of reaction. First, the cardanol was
etherified with an excess of epichlorohydrin under basic
conditions (NaOH). The next step is the ring-opening reaction;
in this, the epoxide ring was opened by monoethanolamine. In
the final step of etherification, the same reaction procedure that
was followed for NS-6 preparation is used for NS-7 (Scheme
15b). Based on the experimental results mentioned, NS-6 shows

View Article Online

RSC Advances

higher ability than NS-7 in demulsifying water in the crude oil
emulsion process (acts as an asphaltene dispersant). This
occurs because of stronger hydrophobic interaction between
the alkyl phenoxy of cardanol at the core of its micelles for NS-6
than for NS-7. So, the synthesized non-ionic surfactants
particularly the NS-6 play a crucial role as dispersants and
demulsifiers for the heavy crude oil demulsification process.
Various types of nonionic cardanol-based surfactants can be
synthesized through numerous chemical routes such as ethox-
ylation, formaldehyde polycondensation, and ethoxylation of
formaldehyde polycondensation [Scheme 16]. In the initial step,
the addition of excess ethylene carbonate into a saturated car-
danol in the presence of triphenylphosphine at high tempera-
ture produces the ethoxylated cardanol (NS-8). Next, a cardanol
formaldehyde resin (NS-9) was formed by the formaldehyde
polycondensation of the saturated cardanol and formaldehyde
in acidic conditions. Then, the resulting cardanol formaldehyde
resin undergoes the ethoxylation reaction with excess ethylene
carbonate at high temperature in the presence of triphenyl-
phosphine to produce the ethoxylated cardanol formaldehyde

H
OH O/\/O\/\N/\/OH O/\/O\/\N'K\/Oﬁ;
H
CICH,CH,OCH,CH,CI H 2 CICH,CH,0CH,CH,Cl /‘i
a) +  HO N on L oo )
CisH31.n 2 NaOH CisH31n ) H on CisHs1n 7)<H
To ™, NS-6
o
0)4/
O% O N/\/OH OAI/\NJ(\/O%;H
oH 0 HO.
@\ NaOH @ " NH, OH 3 CICH,CH,OCH,CH,Cl
b + CI\/AO B T a— o
) CisHatn CisHatn 6 NaOH CusHorn ZXH
C1sHatn 58 5ts 3 H OH NS et e
to ™, -

Scheme 15 Schematic representation of cardanol amine-based surfactants (a) di-etherified surfactant NS-6. (b) Tri-etherified surfactant NS-7

from cashew nut oil (cardanol).®®
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Scheme 16 Synthesis of ethoxylated cardanol-based surfactants by the addition of excess ethylene carbonate: (a) ethoxylated cardanol (b)
cardanol formaldehyde resin (c) ethoxylated cardanol formaldehyde resin.*s*
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resin (NS-10)."** These new non-ionic surfactants (additives)
were examined for Brazilian petroleum samples (demulsifier for
water-in-oil emulsions) with various concentration levels of
additives at different pH levels. From these experimental
results, it is revealed that NS-8 and NS-10 present good
demulsifier activity. This is due to the presence of ethoxylated
compounds. The latter are responsible for asphaltene
stabilization.

The nonionic cardanol polyoxazolinate surfactants (NS-11)
containing a polyoxazoline group have hydrophilic heads
(biocompatible and biodegradable polymer) and were synthe-
sized as an alternative for nonyl phenol ethoxylate (NPE)
surfactant. In the beginning, the cardanol was treated with
chloroacetyl chloride (esterification reaction) in presence of
triethylamine and anhydrous dichloromethane to derive
chloroacetylated cardanol (Scheme 17).

Then, the resulting chloroacetylated cardanol was employed
as an initiator in the cationic ring-opening polymerization
(CROP) of 2-methyl-2-oxazoline (MOx). In this CROP process,
first, a trans-halogenation reaction was conducted by using
sodium iodide in a solution of chloacetylated cardanol in an
acetonitrile medium. Next, the MOx monomer was added to the
reaction mixture and then the polymerization occurred at
higher temperature for 24 hours.

Thereafter, the mixture was quenched by an adequate
amount of piperidine. Finally, a cold diethyl ether solvent was
used to isolate it in three successive precipitations.'* This NS-

OH

o NEt,
dry DCM
+ M a y
cl o
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R
R= = R =
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11 is a good replacement for toxic NPE surfactants. The toxicity
of NPE particularly affects the aquatic environment and more
risks for aquatic animals. To reduce the toxicity and increase
biodegradability, polyoxazolines (POxs) were introduced as
a substitute for methyl and ethyl groups in cardanol moiety.
These are promising water-soluble polymers, especially on
account of their lower level of toxicity.

The cardanol-modified alkyd resins were synthesized later.
The key role of xylene is to remove water at the time of synthesis
(Scheme 18). The solvent process was used to synthesize the
cardanol-based alkyd resins (NS-12) in which tall oil fatty acid
(TOFA) is used instead of the benzoic acid. Initially, ethoxy
cardanol, TOFA and glycerol were added, then, after heating the
reaction to 200 °C, the phthalic anhydride was added in a drop-
by-drop manner.”” In this stage, xylene was used as an azeo-
tropic to eliminate the water content. The newly derived
cardanol-modified alkyd resins provide three benefits, namely
chain stopper, flame retardant and reactive diluent. In recent
years, the nitration reaction of cardanol using nitric and sul-
phuric acids at the ratio of 50% each was slowly added into
a cardanol (isolated from CNSL) to form nitrocardanol (NS-13)
as a yellow liquid with moderate yield (Scheme 19).

The presence of the formed nitro cardanol was confirmed by
Fourier transform infrared spectroscopy (FTIR) and nuclear
magnetic resonance (NMR) spectroscopy characterization
techniques.' Furthermore, the inhibition activity of cardanol,
and nitrocardanol was tested against all the organisms. The

Nal, acetonitrile

R 2-methyl-2-oxazoline R
piperidine NS-11
= AN
= N =

Scheme 17 Synthesis of cardanol-based nonionic polyoxazoline surfactant (amphiphilic polymers).*>*
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Scheme 18 Cardanol-modified alkyd resins (NS-12).°”
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Scheme 19 Nitration reaction of cardanol to form modified cardanol
(nitrocardanol, NS-13).15®

results show that the nitrocardanol produced better results than
cardanol, and provided better inhibition activity than the
tetracyclines that were used as a standard drug. Similarly, the
antifungal resistance of cardanol and nitrocardanol was
analyzed against the organisms (Rhizopus stolonifer and Asper-
gillus fumigatus). Based on the obtained results, nitrocardanol
produced better antifungal resistance properties than the
standard drugs (clotrimazole). In addition to this, the antimi-
crobial activity experiments (both vitro and silico) were carried
out for the two compounds (cardanol and nitrocardanol). The
results show that the compounds could be considered antimi-
crobial agents, also they competed well with the standard drugs.
A cardanol-based 3-pentadecylphenyl 4-(3,3-diethylthiouredo-4-
oxobutanoate) (NS-14) derivative containing acylthiourea group
was derived by using three reaction steps from cardanol as
a renewable starting material (Scheme 20). First, the cardanol
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succinic acid was prepared using 3-pentadecylphenol in the
presence of succinic anhydride and dimethyl aminopyridine
under reflux conditions.

Then, the cardanol succinic acid was converted into corre-
sponding acid chloride by the reaction with phosphorus tri-
chloride (PCl;) using dichloromethane and acetonitrile mixture
as a solvent medium to produce a yellow-colored oily product
(acid chloride of cardanol succinic acid). Finally, the reaction
was performed between this new oily product and diethylamine
at ambient temperature in the presence of dried potassium
thiocyanate (KSCN), PEG-400 in dichloromethane solution.
After completion of the mentioned reaction, salt washing was
done to obtain the NS-14."*¢ Additionally, several experiments
such as incorporating adsorption studies, contact angle
measurements, UV-vis and FTIR spectroscopy were analyzed.
Results of these experiments showed that the NS-14 has excel-
lent collecting capability for selectively separating chalcopyrite
from pyrite. Apart from usual semi-batch synthetic experiments,
a new approach was introduced, ie., the continuous flow
reactor method that uses an attractive synthetic methodology.
Particularly, the continuous flow ozonolysis reaction can be
used for the transformation of renewable materials to value-
added products.**”** This continuous flow method has
several advantages for ozonolysis reaction such as control over
contact time, enhanced safety and simplicity.'**"®

o 0
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o N N S
+ O\v\_fo /= PCls O
C15H31_n 70 °C C15H31_n CHzclz, CH3CN C15H31_n
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Scheme 20 Synthesis of cardanol-based 3-pentadecylphenyl 4-(3,3-diethylthiouredo-4-oxobutanoate) (NS-14).1%¢
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Scheme 21 Continuous flow ozonolysis reaction of cardanol to form the uniqgue monomer 8-(3-hydroxyphenyl) octanal (NS-15).154
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The synthesis of cardanol-based non-ionic surfactant
(monomer) was executed by continuous flow ozonolysis reac-
tion by employing a simple tubular reactor. From this reaction,
the cardanol produces a new type of monomer 8-(3-hydrox-
yphenyl) octanal (NS-15) and heptanal along with other oxida-
tion products using acetone, water mixture as suitable solvents
(Scheme 21). One of the key advantages of this method is that
this method is much safer than the earlier batch methods.
However, 47% yield of monomer (NS-15) is lower compared to
other oxidation methods. However, using this optimized reac-
tion condition of the continuous flow method, the work-up
procedure step can be eliminated. Further, the important
influencing factors such as liquid residence time, temperature
and molar flow rates of cardanol and ozone were studied. In
addition, based on the experimental and cardanol consumption
kinetics results, it is understood that the continuous flow
method facilitates simple and safer synthesis of unique
monomers through the ozonolysis reaction of cardanol
compared to the semi-batch synthetic method.***

3.4 CNSL-based zwitterionic surfactant molecules

The synthetic methodologies of cardanol-based surfactants
provide an accurate control of reaction and modification to the
molecular structure of cardanol (CNSL) through the selective
functionalizing of different groups of the cardanol molecule,
such as the hydrophilic head group (hydroxyl group) or hydro-
phobic tail group (alkyl chain). The synthesis has a key role in
the development, optimization, and commercialization of
CNSL-based zwitterionic surfactants. Based on these synthetic
methodologies, chemists can change the key surface-active
properties of cardanol-based zwitterionic surfactants, for
example, solubility, stability, and compatibility with other
surfactants.

The zwitterionic surfactants enjoy several advantages relative
to the traditional cationic or anionic surfactants. This is due to
a nonpolar aliphatic tail group that has a polar head group with
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both charges in the same molecule. Also, the production of
tailor-made zwitterionic surfactant molecules with enhanced
surface activity is useful for various household (used as
a foaming agent in shampoos and skin cleansers) and
commercial (industrial) applications. This section describes the
various synthetic methods of cardanol-based zwitterionic
surfactants including structural modification, reagent and
reaction conditions. The following Schemes 22-25 describe the
works done by various researchers in the field of surfactant
chemistry.

Cardanol-based zwitterionic surfactant was synthesized in
three steps by using two different synthetic routes (Scheme 22).
In one way, the cardanol undergoes nucleophilic substitution
reaction with 3-chloropropylamine under basic condition
(NaOH) to produce the cardanol-based primary amine (3-pen-
tadecyl phenyl propanamine). Then, at reflux condition, in the
presence of 1,3-propanesultone and methanol, a ring-opening
reaction was carried out to produce N-propanesulfonic acid.
Finally, the resulting product of the previous step (secondary
amine) was treated with N-trimethylammoniumglycidyl chlo-
ride to produce the desired cardanol-based zwitterionic
surfactant (ZS-1) with 92% yield.'*®

On the contrary, through another synthetic route, the ob-
tained primary amine from the first step is reacted with
commercially available N-N-trimethylammoniumglycidyl chlo-
ride using methanol as a reaction solvent at reflux condition to
form the N-trimethylammoniumglycidyl phenyl propanamine.
This resulting product is further reacted with 1,3-propane sul-
tone in the presence of methanol under reflux conditions also
produces a higher yield of desired ZS-1. The surface-active
analytical experiments show that ZS-1 has a higher CMC
value, lower surface tension and lower Krafft temperatures.
Because ZS-1 has a more hydrophobic longer carbon chain and
contains a larger polar head group, it provides a good surface-
active property as compared to conventional surfactants
(sulfobetaines).
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Scheme 22 Synthesis of cardanol-based zwitterionic surfactant (ZS-1) derived from CNSL component by using two synthetic routes.1°®
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Scheme 23 Synthesis of N-oxide and betaine-based zwitterionic surfactants (ZS-2, ZS-3 and ZS-4) from cardanol.*%”

An important class of zwitterionic surfactants (aliphatic
zwitterionic surfactants) such as N-oxides and betaine were
derived from cardanol-based 3-pentadecylcyclohexylamine
derivatives by reductive amination reaction (Scheme 23). This
reaction was done in the presence of a Pd/C catalyst and
dimethylamine/dibutylamine as another reagent with methanol
as a solvent at hydrogen pressure (5-10 bars) to produce
dimethyl/dibutyl group substituted aliphatic amines. Next, the
oxidation of the resulting product (amines) by using hydrogen
peroxide at ambient temperature with a shorter reaction time
(30 minutes) to produce the dimethylated/dibutylated N-oxide-
based zwitterionic surfactants (ZS-2 and ZS-3) in good yield
without further purification. In the final step, dimethylated
amine intermediate undergoes the quaternization reaction with
bromoacetic acid in the presence of sodium bicarbonate as
a base to produce the desired zwitterionic surfactant (ZS-4,

betaine  2-(dimethyl(3-pentadecyl-cyclohexyl) = ammonium)
acetate).’” The key factors of this synthetic method are: the
reductive amination was performed in an aqueous medium by
using hydrogen (H,) as a reductant. Also, the water-mediated
reaction sequence can be done through a one-pot synthetic
procedure for the preparation of N-oxide-based zwitterionic
surfactants (ZS-2 and ZS-3).

A series of copolymers containing sulfobetaine type of zwit-
terionic surfactant (ZS-5) was synthesized through a free radical
polymerization reaction with cardanol-based methacrylate
derivatives (Scheme 24). Firstly, the cardanol was treated with
glycidyl methacrylate in the presence of dimethylacetamide
under strong basic conditions to obtain the ring-opened
aromatic methacrylate moiety. Then, the resulting aromatic
methacrylate moiety was added to (dimethylamino) ethyl
methacrylate solution to undergo a polymerization reaction
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Scheme 24 Synthesis copolymers containing sulfobetaine type of cardanol-based zwitterionic surfactant (ZS-5) through free radical

polymerization.**®
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Scheme 25 Synthesis of carbamate group containing cardanol-based
zwitterionic surfactant (ZS-6).12¢

with the help of AIBN (azobisisobutyronitrile) radical initiator to
produce the copolymer in moderate yield. In the final step, the
quaternization reaction of tertiary amines with 1,3-propane-
sultone was accomplished using tetrahydrofuran as a solvent at
ambient temperature to produce a copolymer containing zwit-
terionic surfactant. Further, the synthesized ZS-5 was tested for
bactericidal and antifouling properties. For this study, the
required copolymer films were prepared using the spin-coating
method and then the UV-crosslinking processes. Analysis of
results revealed good bactericidal properties and adhesion
resistance against proteins, bacteria, and cells, with enough
biocompatibility properties. Further, these experiments are
useful for coating materials, particularly, in the field of
biomedical and marine industries.'*

The carbamate group containing cardanol-based zwitterionic
surfactant (cardanol propylene carbonate lysine sodium salt, ZS-
6) was prepared by using amino acid sodium salt (lysine) and
carbon dioxide (Scheme 25). Initially, the epoxidation reaction of
cardanol was performed in the presence of epichlorohydrin
under strong basic and reflux conditions to obtain an epoxy
cardanol moiety. Next, the epoxy cardanol undergoes a ring
expansion reaction in the presence of tetrabutylammonium
bromide and carbon dioxide (CO,) at high temperature (120 °C)
and high-pressure (4 MPa) reaction condition to produce a yellow
liquid form of cardanol propylene carbonate. Finally, the
resulting cardanol propylene carbonate ether was added to
a solution of lysine sodium salt in ethanol: H,O solvent medium
at 80 °C to produce ZS-6 with reasonable yield (75%, overall yield
52%). Using ZS-6, different types of measurements such as
surface tension, CMC value, Krafft point, emulsification power
and foaming power measurements were studied. From the
results of experiments, it can be concluded that ZS-6 shows good
surface-active properties. Further, the aggregation morphology
of ZS-6 was analyzed which revealed the shape of this surfactant
in aqueous medium is spheroidal shape. So, ZS-6 was a good
emulsifier and acts as foam stabilizer in various industries.'*®

4. Comparison of surface—active
properties between CNSL-derived
surfactants and conventional
surfactants

Comparing the surface-active properties of CNSL-based as well
as conventional surfactants helps assess their potential and
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provides more information for the production of sustainable
alternatives. This comparison is very crucial in the context of
increasing environmental concerns of the entire globe and
highlights the need to reduce dependence on fossil fuels or
petroleum products.'®*** The CNSL-derived surfactants gener-
ally exhibit higher biodegradability compared to conventional
surfactants.””**”> Further, the performance of CNSL-surfactants
compared to other conventional surfactants is essential for
determining their usefulness in various industrial and house-
hold applications.””*'* Among the surface-active properties,
particularly, reducing the surface tension, stabilizing emul-
sions, enhancing wetting, and improving dispersion are the key
factors of different types of applications.'” In addition to this,
the cost-effectiveness comparison is very important for
commercial viability. If the CNSL-based surfactants can offer
the same or superior performance at a competitive or low
production cost, then the renewable origin-based surfactants
(CNSL-surfactants) become more attractive options for indus-
tries seeking sustainable alternatives. In this section, as shown
in Tables 5-8 the Critical Micelle Concentration (CMC), surface
tension (vy), percentage of bio-based and Krafft temperature
were mentioned only for a few CNSL-derivatives. Because of very
limited research data available, the Krafft temperature/cloud
point of cardanol-based surfactants. Although there are very
few research works that describe comparison studies,* these do
not discuss the latest developments in this area. In this view,
this section provides a comparison between latest examples of
CNSL-based surfactants and the conventional surfactants.

Six commercial anionic surfactants such as Sodium Lauryl
Sarcosinate (SLS), SDS, SDBS, Sodium Laureth Sulfate (or)
Sodium Lauryl Ether Sulfate (SLES), Linear Alkyl Benzene
Sulfonate (LAS) and Sodium Alpha-Olefin Sulfonates (AOS) are
shown in Table 5 for comparing surface active properties.'”*>
Only one report compared the surface-active behavior of
carboxylated anacardic or cardanol-based surfactants (AS-1, AS-
2, AS-3, Table 5, entries 1-3). Researchers used the hydrophilic-
lipophilic deviation (HLD)" index to examine the hydrophi-
licity of these surfactants. The triethanolamine salts were found
more hydrophilic than the sodium anacardate as the heavy
amine counterion prevented formation of intramolecular
hydrogen bonding between the phenol and the acid group.
Notably, the carboxylated CNSL-based surfactants show CMC
value between 8.30 x 10~* and 1.26 x 10~* mol L. These
values lesser than those of commercial carboxylated product
Sodium Lauryl Sarcosinate (SLS) and sulfonate/sulfate surfac-
tants such as SDBS and SLES. Surface tension values range from
29.16 to 35.10 mN m™ %, which are similar to the commercial
conventional surfactants. Next, the CNSL-based disodium
carboxylate salts were derived from anacardic acid. In addition,
the double-head group is associated with improved surface
activity (lesser surface tension and CMC value) relative to the
single-head group of conventional surfactants (SLS) (AS-5,
Table 5, entry 4).

Both anionic reactive surfactants (AS-6, AS-7, Table 5, entries
5 and 6) were derived from 3-pentadecyl phenol through simple
chemical transformations. The surface tension and CMC values
of the similar to the commercial

surfactants showed
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Table 5 Surface—active properties comparison between anionic CNSL-based surfactants and conventional surfactants

S.no & Structure and properties of conventional
ref. CNSL-anionic surfactant structure ~ Properties of CNSL - anionic surfactants anionic surfactants
OH OH | (0]
1 (ref. ©) . _ <)
(re Q NH%CH -CH -OH) Surface tension: 30.34 mN m™* W\/\/\/\[]/N\)J\ON%
116) 0o Cha A o
C1s5H31-n CMC: 1.26 x 10 * mol L™* Sodium lauroyl sarcosinate (SLS)
(AS-1) Bio-based: 70% Surface tension: 27.33 mN m™*
CMC: 8.20 x 10° mol L™*
o
(S
2 (ref. ONa . - S—ONa
116) O/\n/ Surface tension: 29.16 mN m W\/\/\/\Qg
(0]
CMC: 8.30 x 10 * mol L ™" Sodium dodecyl benzene sulfonate (SDBS)
CisH31on Bio-based: 85% Surface tension: 32 mN m ™"
CMC: 2.00 x 10 > mol L ™!
(AS-2)
f. . _
il(g OH O Surface tension: 35.10 mN m* \/\/\/\/\/\40\/9\0 é\%ﬁa
ONa CMC: 1.44 x 10 * mol L ™" Sodium laureth sulfate (or) sodium lauryl
ether sulfate (SLES)
n io-based: 0 urface tension: 35 mN m
15H31. Bio-based: 100% surf ion: 35 mN m
(AS-3) CMC: 4.7 x 10 > mol L™ when n = 1
CMC: 3.1 x 10> mol L™ when n = 2
CMC: 2.5 x 10 > mol L™ when n =3
( e NPT
4 (ref. NaO Lo —1
120) Surface tension: 26.00 mN m \/\/\/\/\/\W ONa
ONa _3 1
CMC: 1.77 x 10"° mol L Sodium lauroyl sarcosinate (SLS)
CisHa1n Bio-based: 77% Surface tension: 27.33 mN m ™"
(AS-5) CMC: 8.20 x 10~° mol L™*
O
O)]\/
5 (ref. 74) Surface tension: 35.52 mN m ™"
X
| SON
= 3Na
@9 / CqsH31 s 1 :
Na O3S CMC: 8.70 x 10> mol L Linear alkyl benzene sulfonate (LAS)
io-based: 66% urface tension: 35.70 mN m
(AS-6) Bio-based: 66% Surf; ion: 35.70 mN m ™"
CMC: 6.31 x 10 > mol L™*
o/\/OY\
o . -1
6 (ref. 74) | A Surface tension: 31.61 mN m
oo | & ~CysHaq o®
Na O3S SO;Na
(AS-7) CMC: 1.70 x 10> mol L™* Linear alkyl benzene sulfonate (LAS)
Bio-based: 58% Surface tension: 35.70 mN m ™"
CMC: 6.31 x 10 > mol L™*
[EXS
09® O- /ONa
7 (ref. 1.0 Na . _ Sy
10(;33 O/\/\H/\/\ﬁ Surface tension: 32.23 mN m™" I‘O
o /\/\/\/\/NCHZ)
n
C1sHas CMC: 7.97 x 10> mol L™* Sodium alpha-olefin sulfonates (AOS)
(Ar; 8) Bio-based: 60% Surface tension: 35.32 mN m ™"
Krafft point: 64 °C (100 mM NaCl) CMC: 2.00 x 10> mol L™*

Krafft point: 37 °C (250 mM NacCl)
Krafft point: 20 °C (500 mM NacCl)
Surface tension: 31.56 mN m™*
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Table 5 (Contd.)
S. no & Structure and properties of conventional
ref. CNSL-anionic surfactant structure Properties of CNSL - anionic surfactants anionic surfactants
s O 00
ONa \)J\ON
(ref. 126) \/\/\/\/\/\[( a
CMC: 3.7 x 10 * mol L™* Sodium lauroyl sarcosinate (SLS)
CisHa1n Bio-based: 100% Surface tension: 27.33 mN m™"
(AS-13) CMC: 8.20 x 10> mol L™}
O
o g o Surface tension: 38.26 mN m ! é
(ref. 126) H/\/é\ONa $ 00 AN NSNS N \81%
@\ CMC: 3.5 x 10 * mol L™! Sodium dodecyl sulfate (SDS)
CisHain Bio-based: 100% Surface tension: 36 mN m ™"
(AS-14) CMC: 8.44 x 10 > mol L™*
[ (6]
1 . _
(roef. 75) 0 ONa Surface tension: 36.90 mN m™* \/\/\/\/\/\[(N\)J\gr\?a
(0]
/© CMC: 3.50 x 10 * mol L™* Sodium lauroyl sarcosinate (SLS)
CisH31q Bio-based: 85% Surface tension: 27.33 mN m '
(AS-15) CMC: 8.20 x 10 > mol L™*
€]
N@ o OH O\S%%Na
11 a . _ SN
038 Surface tension: 38.41 mN m ™" 6]
(ref. 176) l
WCH2>
CisH31.n n
(AS-16) CMC: 8.35 x 10> mol L™! Sodium alpha-olefin sulfonates (AOS)
Bio-based: 80% Surface tension: 35.32 mN m '
CMC: 2.00 x 10 > mol L™*
® o OH . 1
12 Na O3S Surface tension: 60.11 mN m™ " (water) 59.21
(ref. 177) (0.25 M NaCl)
CisH34 Q@
O @
SO3N8 SO3N8
(AS-17) CMC:1.45 x 10 > mol L " (water) CMC:6.47 x 10~* Linear alkyl benzene sulfonate (LAS)
(0.25 M NaCl)
Bio-based: 60% Surface tension: 35.70 mN m ™"
CMC: 6.31 x 10> mol L™*
09® Q oo
13 ~_~4-0Na . 1 §—ONa
o) S Surface tension: 42.00 mN m I
(ref. 72) ICI) 0
CucH CMC: 2.20 x 10 * mol L™* Sodium dodecyl benzene sulfonate (SDBS)
151131-n Bio-based: 68% Surface tension: 32 mN m ™"
(As-18) CMC: 2.00 x 10~ mol L™*

conventional surfactant (LAS). Next, the amine and sultone
group containing cardanol-based anionic surfactant was
developed, and their surface activity was determined. Signifi-
cantly, the addition of sodium chloride decreases the Krafft
temperature (NaCl concentration: 100 mM-64 °C, 250 mM-37 °
C, 500 mM-20 °C) of the anionic surfactant and increases their
solubility in water. This anionic surfactant exhibits lower CMC,
surface tension value and higher Krafft temperature compared
to conventional surfactant (AOS) (AS-8, Table 5, entry-7).

25450 | RSC Adv, 2024, 14, 25429-25471

Recently, the carbamate-groups-containing CO,-consuming
cardanol-based glycine and taurine sodium salt surfactants (AS-
13 and AS-14) were developed and their surface-active proper-
ties were examined. Their surface properties were compared
with similar conventional surfactants (SLS and SDS, Table 5,
entries 8 and 9). The CMCs of traditional surfactants which were
much higher than those of AS-13 and AS-14. Moreover, having
the same cardanol hydrophobic tail group but different hydro-
philic head groups, the CMC of AS-13 was greater than that of

AS-14 (Table 5, entries 8 and 9). This might be on account of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Surface—active properties comparison between cationic CNSL-based surfactants and conventional surfactants

CNSL-cationic surfactant
S. no. & ref. structure

Properties of CNSL- cationic
surfactants

Structure and properties of conventional cationic

|
of(trl@
B

1 (ref. 86) i
C1s5H31n

2 (ref. 134)
3 (ref. 134)

4 (ref. 134) o

5 (ref. 134)

6 (ref. 87) O%NC\

|
7 (ref. 87) O/Y(\Ell\l_

Surface tension: 31.00 mN m™~

CMC: 5.00 x 10> mol L™*
Bio-based: 46%

Surface tension: 17.74 mN m™

CMC: 5.00 x 10 °* mol L™*
Bio-based: 52%
Krafft point: <3 °C

Surface tension: 11.32 mN m™

CMC: 2.00 x 10 ® mol L™*
Bio-based: 56%
Krafft point: <0 °C

Surface tension: 17.54 mN m~

CMC: 9.00 x 10> mol L™*
Bio-based: 57%
Krafft point: 8 °C

Surface tension: 13.98 mN m
CMC: 3.20 x 10> mol L™*

Bio-based: 58%
Krafft point: <0 °C

Surface tension: 20.71 mN m~

CMC: 1.32 x 10 > mol L™*
Bio-based: 61%
Krafft point: <0 °C

Surface tension: 21.25 mN m™

CMC: 5.62 x 10 > mol L !
Bio-based: 66%

© 2024 The Author(s). Published by the Royal Society of Chemistry

1

1

1

1

1

1

1

P4

surfactants
X
()
S
o\,
13

Cetylpyridinium chloride
Surface tension: 49.00 mN m~
CMC: 9.63 x 10 * mol L™"

ol
/@/N\
14 0O
Br
Cetyltrimethylammonium bromide
Surface tension: 42.01 mN m "

CMC: 9.90 x 10~* mol L™*

1

\|®
N~~~

€]
Br

Tetradecyl trimethyl ammonium bromide (TTAB)
Surface tension: 36 mN m™"
CMC: 3.3 x 10 > mol L™*

®

| )
C12H25_l|\l_CH2 Cl

Lauryl dimethyl benzyl ammonium chloride
Surface tension: 35 mN m™*

@/\/\/\/\/\
PV e VN
VAR
€]
Cl

Dioctyl dimethyl ammonium chloride (DDAC)
Surface tension: 32 mN m™"

Br
Tetradecyl trimethyl ammonium bromide (TTAB)
Surface tension: 36 mN m™*
CMC: 3.3 x 10> mol L™*

Br
Tetradecyl trimethyl ammonium bromide
Surface tension: 36 mN m ™"
CMC: 3.3 x 10> mol L™
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Table 6 (Contd.)

View Article Online

Review

CNSL-cationic surfactant

S. no. & ref. structure surfactants

Properties of CNSL- cationic

Structure and properties of conventional cationic
surfactants

8 (ref. 87) 0 @ 'Tl Surface tension: 21.75 mN m ™" o TM4
OH ©
ol Cl
CMC: 1.29 x 10 > mol L™* Benzyldimethylhexadecylammonium chloride
C1sH31on Bio-based: 61% Surface tension: 37.70 mN m™*
(C5-29) Krafft point: <0 °C CMC: 6.00 x 10" mol L ™"
| X
@N/\ | @
9 (ref. 87) OH | © OH Surface tension: 22.54 mN m™" o N
Cl cl W
13
CMC: 4.27 x 10 > mol L™ Ce ridinium chloride
C15H31 -n 5 1Lt tylpyridini hlorid
(Cs-30) Bio-based: 65% Surface tension: 49.00 mN m "
Krafft point: <0 °C CMC: 9.63 x 10 * mol L™*
® |
N e
0 (ref. 87) O/Y\N| Surface tension: 19.71 mN m™* No 14
OH Az S
Cl CMC: 2.40 x 10 > mol L™* Benzyldimethylhexadecylammonium chloride
Bio-based: 64% Surface tension: 37.70 mN m ™'
(Cs-31) Krafft point: <0 °C CMC: 6.00 x 10* mol L™}
N
1 (ref. 87) o/\(\"\l Surface tension: 20.17 mN m™* /W @\

CMC: 1.38 x 10 > mol L !

C15H31 -
(Cs-32)

Bio-based: 59%

Cl

Bio-based: 46%

(Cs-33)
T N i I o . .
H | Surface tension: 38.25 mN m
108) S
OH cl
C.cH CMC: 1.37 x 10 * mol L™*
1517131-n Bio-based: 59%
(Cs-34)

stronger hydration ability of sodium carboxylate than sodium
sulfonate. The benzoxazine surfactant was derived from amino
acid and due to its lower surface tension and CMC value (AS-15,
Table 5, entry 10), it provides good emulsifying properties. The
cardanol sulfonate was derived from biomass cardanol as
a starting material. Because of these low CMC values and
surface tension values (AS-16, Table 5, entry-11), it was found

25452 | RSC Adv, 2024, 14, 25429-25471

Surface tension: 36.88 mN m

CMC: 5.62 x 10 * mol L ™!

Br
Cetyltrimethylammonium bromide
Surface tension: 42.01 mN m ™'
CMC: 9.90 x 10 * mol L ™"

X

B

1 o N
o N

13
Cetylpyridinium chloride
Surface tension: 49.00 mN m~
CMC: 9.63 x 10 " mol L ™"

|
©Ae 'l‘l@”wat
cl

Benzyldimethylhexadecylammonium chloride
Surface tension: 37.70 mN m ™"
CMC: 6.00 x 10~* mol L ™"

1

suitable to remarkably decrease the interfacial tension of the
oil-water interface. Interfacial tension was 1.4 x 10 > mN
m~".77¢ Similarly, the 2,4-sodium disulfonate 5-n-pentadecyl-
phenol was derived from the hydrogenated cardanol. The
surface-active measurements and the obtained values (AS-17,
Table 5, entry-12) showed that this surfactant provides good
performance in the adsorption process at the air-water or air-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Surface—active properties comparison between non-ionic CNSL-based surfactants and conventional surfactants

S. no. & CNSL-non-ionic surfactant
ref. structure

Properties of CNSL - non-ionic
surfactants

Structure and properties of conventional non-ionic
surfactants

H _oH
1(ref.100) o

H
N
OH >N~
H j)(\o

CisH31n

(NS-4)
H on
2 (ref. 100) HS%N,H .
Ho o @\
Ci1sH31
(NS-5)

3 (ref. 98)

4 (ref. 98) o

5 (ref. 154)

C15H31-n
(NS-11)

B oH
(0]
6 (ref. 192) Hfﬁ;&&; HO
OH (o]
O

CisHz1n
(NS-16)

H oH
H+-0 Q
O
m
HO
OH g
e
CisHz1n

(NS-17)

Surface tension: 51.00 mN m *

CMC: 2.10 x 10> mol L™*
Bio-based: 90%

Surface tension: 44.00 mN m™*

CMC: 2.00 x 10> mol L™*
Bio-based: 90%

Surface tension: 33.35 mN m !

CMC: 3.40 x 10 * mol L™*
Bio-based: 30%

Surface tension: 31.22 mN m™*

CMC: 5.87 x 10 * mol L™*
Bio-based: 25%

Surface tension: 41.20 mN m ™"

CMC: 4.10 x 10 °* mol L™*
Bio-based: 25%

Surface tension: 42.00 mN m ™"

CMC: 6.90 x 10"* mol L™"
Bio-based: 100%

Surface tension: 49.00 mN m "

CMC: 8.20 x 10 * mol L™*
Bio-based: 100%

© 2024 The Author(s). Published by the Royal Society of Chemistry

M _oH
H~<O Q
HO™ OH O/M
m
Triton™ CG-600

Surface tension: 29.00 mN m™
CMC: 74 ppm

H
H—+O0
HO
Triton™ CG-600
Surface tension: 29.00 mN m™~

CMC: 74 ppm
o O)nH

1

20
OH 0/\%
m

1

Triton™ X-100
Surface tension: 33.00 mN m™
CMC: 3.0 x 10 “*mol L™"

o O)nH

1

Triton™ X-100
Surface tension: 33.00 mN m™
CMC: 3.0 x 10 *mol L™*

ot

1

CoH1g

Tergitol™ NP-9
Surface tension: 32.00 mN m™~
CMC: 9.73 x 10 > mol L™*

o O
(\/\/\/\)’L "''OH
= (9]

CgHi7 OH OH

1

Span 80 (Sorbitan Monooleate)
Surface tension: 45.00 mN m "

O\/i\
-OH

CoHig
Nonidet P-40 (NP-40)
Nonylphenoxypolyethoxylethanol
Surface tension: 35.00 mN m ™"
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Table 7 (Contd.)
S.no. &  CNSL-non-ionic surfactant Properties of CNSL - non-ionic Structure and properties of conventional non-ionic

ref. structure surfactants

surfactants

H _oH
8 (ref. 192) Hfo 2 HO
HO™ ™ & o&o\
m
HO™  oHNg
Bio-based: 100%
HO.
Ci5Hz1.n

(o}

(NS-18)

aqueous solution interface."”” However, the surface-active

values of these surfactants (AS-16 & AS-17) higher than the
sulfonated conventional surfactants (AOS & LAS, Table 5, entries
11 and 12).

Cardanol was used to synthesize a reversible addition-frag-
mentation chain transfer (RAFT) agent.”” Particularly, the
changes in surface tension become smooth after the concen-
tration becomes greater than 2.2 mmol L™". So, the concentra-
tion at 2.2 mmol L™ corresponds to a turning point, and the
CMC value is 2.2 mmol L™ (AS-18, Table 5, entry-13). Further,
this surfactant (AS-18) showed higher surface tension value and
similar CMC value with conventional surfactant (SDBS).

Six commercial cationic surfactants such as benzyldime-
thylhexadecylammonium chloride, cetyltrimethylammonium
bromide, cetylpyridinium chloride, tetradecyl trimethyl
ammonium bromide (TTAB), lauryl dimethyl benzyl ammo-
nium chloride, and dioctyl dimethyl ammonium -chloride
(DDAC) are provided in Table 6 for surface active properties
comparison purposes.'®*” As shown in Table 6 entry-1 the
unsymmetrical surfactant (CS-10) single-chain counterpart data
(CMC and surface tension) is quite low compared to commer-
cial surfactant (cetylpyridinium chloride).

Then, N-methylmorpholinium derivatives (CS-20, CS-22,
Table 6, entries 2 and 3) demonstrated similar CMC values
(around 107° mol L") and different surface tension values
(17.74 and 11.32 mN m"). Both compounds have the same
ionic heads but differ in the spacer chain. Particularly, the
presence of the hydroxy group in the compound listed at entry-3
(CS-22, Table 6) demonstrated a great tendency for micellization
in solution, therefore the value of surface tension and CMC was
low compared to conventional surfactants (cetyl-
trimethylammonium bromide and TTAB).

Similarly, the thiazolium derivatives, a thiazolium group as
ionic heads differ in the space chain (CS-21, CS-23, Table 6,
entries 4 and 5). On account of one hydroxyl group present on
the spacer of the compound listed at entry-5 (Table 6) inter-
molecular hydrogen bonding occurred between surfactants,
which favored their micellization and showed low CMC and
surface tension values compared to conventional surfactants
such as Lauryl Dimethyl Benzyl Ammonium Chloride and

25454 | RSC Adv, 2024, 14, 25429-25471

) » HO—%CHZCHZOHCHZCHOHCHZCHZO%H
Surface tension: 39.00 mN m 100 éH 65 100
3

CMC: 9.20 x 10 *mol L !

Pluronic F-127 (Poloxamer 407)
Surface tension: 35.00 mN m ™"
CMC: 3.3 x 10 > mol L™*

Dioctyl Dimethyl Ammonium Chloride. The cationic group of
the remaining compounds (Table 6, entries 6-12) is a symmetric
or non-symmetric alkyl ammonium and pyridinium (CS-27 to
CS-32, entries 6-11) all the derivatives demonstrated similar
CMC (around 10> mol L") and surface tension (between 19.71
and 22.54 mN m '), except derivative listed in entry-12 (CMC =
5.62 x 107* mol L' and surface tension = 36.88 mN m™').
Double cationic group (ionic centers) present in the same
molecule showed a higher surface tension value compared to
other cationic surfactants in Table 6 (CS-33, entry 12). However,
these surfactants showed lesser surface tension and CMC values
than the commercial conventional surfactants mentioned at
Table 6, entries 6-12.

As shown in Table 6 entry —13, the amine and hydroxy group
containing alkyl ammonium salt (CS-34) showed the surface
tension and CMC values are almost similar trend with the
conventional one (benzyldimethylhexadecylammonium chlo-
ride). Most of the CNSL derivatives’ CMC values are 10 to 100
times less than those of commercial surfactants, for example,
cetyltrimethylammonium bromide and cetylpyridinium chlo-
ride. In addition, CNSL molecules are more efficient than
commercial products to minimize the surface tension at the air/
water interface, as demonstrated by their low surface tension
value. This is because of their lower Krafft temperature that
increases their number of applications in various field
compared to commercial cationic surfactants.'®%!

Six commercial non-ionic surfactants (TergitolTM NP-9,
TritonTM X-100, TritonTM CG-600, Span 80 (Sorbitan Mono-
oleate), Nonidet P-40, and Pluronic F-127 (Poloxamer 407)) are
furnished in Table 7 for comparison of surface-active
properties.'***** The cardanol-based glycolipids (NS-4 and NS-5)
with a saturated and unsaturated hydrophobic tail group (Table
7, entries 1 and 2) showed higher CMC and surface tension
values than conventional surfactants. The CMC value of glyco-
lipids and surfactant properties were analyzed by using pendant
drop and rheological method. The non-ionic CNSL derivatives
contain two or three ethoxylated polar heads (NS-6 and NS-7,
Table 7, entries 3 and 4). Dynamic Light Scattering and inter-
facial oil/water analyses elucidated that NS-6 (entry-3) mole-
cules were more hydrophobic than NS-7 (entry-4), which

© 2024 The Author(s). Published by the Royal Society of Chemistry
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explained their lower CMC. Also, their CMC and surface tension
values are close/similar to the conventional surfactant Triton X-
100 (CMC 10~* mol L™"). Next, the nonionic cardanol poly-
oxazolinate surfactants (NS-11, Table 7, entry 5) exhibited
higher surface tension values but lower CMC values than other
commercial conventional surfactants. Generally, CMC is
employed to determine the surfactant efficiency in terms of
reducing the surface tension. More efficient surfactants display
lower CMC values. Further, surfactants having very low CMC
value are highly useful in the industry of emulsification®” and
drug designing.'*®

Next, nonionic surfactants bearing cardanol, cardol and
anacardic acid as hydrophobic groups with amylose as polar
heads (NS-16, NS-17 and NS-18, Table 7, entries 6-8). The CMC
values of each product were in the following ascending order,
CMC cardanol < CMC cardol < CMC anacardic acid. The pres-
ence of carboxylic function on the phenolic ring resulted in
a lesser packaging at the air/water interface in the anacardic
acid derivative (NS-18, entry-8) thereby decreasing its surfactant

View Article Online

RSC Advances

properties. Finally, the nature of the phenolic compound (such
as cardanol, cardol or anacardic acid) and their sensible impact
on the surfactant behaviour were examined. The presence of
intramolecular hydrogen bonding (anacardic acid) or intermo-
lecular hydrogen bonding (cardol) is the key factor for the
surface-active properties. In addition, these surfactants have
similar range of surface tension and lower CMC values than
conventional non-ionic surfactants (Span 80 (Sorbitan Mono-
oleate), Nonidet P-40 (NP-40), Pluronic F-127 (Poloxamer 407)
Table 7, entries 6-8).

The cardanol-based zwitterionic surfactants are not well
defined yet and their physicochemical properties remain to be
completely understood. So, a few selected zwitterionic surfac-
tant surface-active parameters are mentioned in Table 8 laur-
yldimethylamine N-oxide (LDAO), dodecyldimethyl betaine,
cocamidopropyl betaine, N-dodecyl-N,N-dimethyl-3-ammonio-
1-propanesulfonate (DAPS) and N-hexadecyl-N, N-dimethyl-3-
ammonio-1-propanesulfonate (HAPS), for making comparative
studies of their surface-active properties.”*>* Due to the poor

Table 8 Surface—active properties comparison between zwitterionic CNSL-based surfactants and conventional surfactants

S. no. & CNSL-zwitterionic surfactant

ref. structure surfactants

Properties of CNSL - zwitterionic

Structure and properties of conventional zwitterionic
surfactants

HO,S

CMC: 1.86 x 10 * mol L™*

Bio-based: 46%

N\_/_O
1 (ref. \9/_( Krafft point: 13 °C
N_ OH CisH31n

Surface tension: 30.29 mN m~

1

Dodecyldimethyl betaine
Surface tension: 27.00 mN m™~
CMC: 1.27 x 10> mol L™*

1

108) 5 ) o
Cl /\/\/\/\/\)J\N/\/\%/\n/o
(zs-1) H 7N 0o
Cocamidopropyl betaine
Surface tension: 26.00 mN m ™"
CMC: 2.80 x 10~* mol L™*
H,;C. | © Surface tension: — /\/\/\/\/\/\N/O
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\
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OH o) . —4 -1
126) CMC: 9.8 x 10 " mol L
Ci5H31.n Bio-based: 100%
(2s-6) Krafft point: 20 °C
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N-Hexadecyl-N,N-dimethyl-3-ammonio-1-
propanesulfonate (HAPS)

Surface tension: 33.12 mN m "
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solubility of zwitterionic surfactant (ZS-1, Table 8, entry-1), the
surface activity was determined in sodium chloride solution.
The zwitterionic surfactant (ZS-1) exhibits a higher CMC, lower
surface tension and lower Krafft temperature than the cationic,
anionic surfactants were derived from the same core moiety.**®
Because the ZS-1 possesses two polar heads it is highly soluble
in sodium chloride solution. In addition to that, a carbon chain
is more hydrophobic and in the presence of two larger polar
heads of ZS-1 exhibited slightly higher surface tension values
and smaller CMC, Krafft temperatures compared to those of
conventional betaine surfactants. Surface-active properties of
the pentadecylcyclohexylamine with ammonium and carbox-
ylate derivatives such as N-oxide (ZS-3) and betaine (ZS-4)
zwitterionic surfactants (Table 8, entries 2 and 3) were
compared with each other and also with conventional

Availability of
renewable apd
low cost starting
materials

Substrates
contains
Non-Hazardous undesired
to human health compounds
Special
urification
Eco-friendly and ?echniques
safe required

Fig. 9 Advantages and disadvantages of the renewable surfactants.
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surfactants. However, the CMC value of betaine (ZS-4) was
found slightly lower than that of N-oxide (ZS-3) and other
conventional surfactants (LDAO and DAPS).

Carbamate-groups-containing lysine sodium salt (ZS-6,
Table 8, entry-4) has higher CMC than other carbamate groups
containing surfactants.’*® Due to the repulsive dipole-dipole
interaction between their head groups with larger dipole
moments, the CMC of ZS-6 was higher than others. However,
this amphoteric surfactant (ZS-6) has a higher surface tension
value and lower CMC than conventional surfactants (Table 8,
entries-1-4). Various advantages and disadvantages of the
petrochemical surfactants and renewable surfactants are illus-
trated in Fig. 8 and 9 respectively.

5. Applications of CNSL-based
surfactants

The Cardanol (CNSL)-based surfactants have numerous appli-
cations across different industries, due to their unique combi-
nation of chemical and surface-active properties. They are used
widely in emulsion polymerization, the polymer industry,
paints and coatings, adhesives, emulsifiers, corrosion inhibi-
tors, wetting agents, enhanced oil recovery (EOR), and the
textile industry. The following section elaborates on the appli-
cations of these CNSL-based surfactants.

5.1 Cardanol-based monomers used as an emulsifier in
emulsion polymerization

Emulsion polymerization is a critical process in the production
of various polymers, it offers many important advantages such
as versatility, control over particle size, ease of processing,
stability, shelf-life, high yield efficiency and environmental
benefits. One of the key applications of surfactants is emulsion
polymerization. In this polymerization process, the surfactants
act as an emulsifier in development of emulsions. Gemini
surfactant (CS-9, Fig. 10a) is used as an emulsifier in the
emulsion polymerization. The pretreated monomer was mixed
with an emulsifier (Fig. 10a), and radical initiator (AIBN) in
deionized water to form an emulsion in the initial stage, then
heated to 70 °C to form polymer latex.*®

Another example of an emulsifier is cardanol methacrylate
monomer (NS-16, Fig. 10b), it was reported to be utilized as the
sole monomer in aqueous emulsion polymerization.”** This
polymerization process was carried out at 80 °C with ammo-
nium persulfate (APS) or 4,4"-azobis(4-cyanovaleric acid) (ACVA)
used as an initiator in the presence of tert-dodecyl mercaptan
(TDM) as a chain transfer agent and sodium dodecyl sulfate
(SDS) as a surfactant. In this above-mentioned reaction condi-
tion, the conversion of cardanol methacrylate monomer
reached 91% and formed polymer latex with gel formation. This
result is further corroborated by "H NMR spectroscopic analysis
and dynamic light scattering (DLS) measurements. Further,
MMA (methyl methacrylate) was used as a monomer in emul-
sion polymerization under the same reaction conditions (using
the conditions used for cardanol methacrylate monomer reac-
tion). This polymerization achieved a very high conversion

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of cardanol-methacrylate monomer (NS-16). (c) Synthesis of cardanol-methacrylate monomer (NS-17).

(99%) of MMA monomer and yielded excellent poly-MMA latex
without any gel formation. The gel formation only happened at
the end of the emulsion polymerization reaction in the presence
of cardanol methacrylate monomer. This is due to the bisme-
thacrylate unit or C15 unsaturated long chains of cardanol
methacrylate monomer.

Next, the cardanol-based methacrylate monomer (NS-17,
Fig. 10c) undergoes aqueous mini-emulsion homopolymeriza-
tion using 2,2'-azobis(2,4-dimethylvaleronitrile) [V-65] as
a radical initiator in the presence of SDS surfactant, and hex-
adecane as hydrophobe at 70 °C conversion reached 80 °C
within 5 hours. In this stage, the redox initiating system
(ascorbic acid as reductant, tert-butylperoxybenzoate as oxidant)
was introduced and to push the conversions from 80% to 98%
within seven hours a white colloidally stable latex was obtained.
The presence of the latex formed was confirmed by 1H NMR and
FTIR spectroscopic analyses.”” Further, two copolymers of
different compositions MMA (methyl methacrylate) and CM
(cardanol methacrylate) solutions (CM/MMA = 25/75 and 75/25
wt/wt) were prepared and the copolymerization process was
executed using the same experimental procedure used for the
aqueous mini emulsion homopolymerization. Both the copo-
lymerization formulations gave out white colloidally stable
polymer latexes. Based on the results of kinetic studies, the
aqueous mini-emulsion polymerizations proceeded faster than
the solution copolymerization.

5.2 Cardanol-based PVC plasticizers (plasticizing agents)

Poly (vinyl chloride) (PVC) is an important polymer in polymer
industries and also is most commonly used worldwide on
account of its numerous applications, great versatility,

© 2024 The Author(s). Published by the Royal Society of Chemistry

adaptation, good mechanical properties and low manufacturing
cost, etc. In 2020 the annual PVC production was about 60 million
tons.>® PVC is used extensively across many sectors such as in
containers, packaging materials, the leather industry, toys,
electrical/electronic and healthcare applications.>*>* In this
PVC polymer industry, more than 80% the phthalates-based
additives were used as a plasticizing agent for example diiso-
nonyl phthalate (DINP) and bis(2-ethylhexyl) phthalate (DEHP).
These plasticizing agents provide good performance with PVC
and low-cost production but the toxicity of phthalates on animals
and humans is reported and some of these agents have been
proscribed from use.*’’ In past decades, most of the researchers
focused on natural renewable source-derived additives.

In this respect the cardanol-based plasticizers received more
attention due to their phenolic ring providing thermal stability
and its C15 alkyl long chain delivering a plasticizing effect,
cardanol is a good alternative for phthalates. The epoxidized
cardanol diethyl phosphate (ECEP, Fig. 11a) has been synthe-
sized and combined into soft PVC films to examine its effects on
plasticizing properties and study it thermal behaviors.”** The
Dynamic Mechanical Analysis (DMA) experimental analysis
shows that the ECEP (Fig. 11a) has obtained a higher plasti-
cizing effect on PVC than commercial petro-based plasticizer
Dioctyl Phthalate (DOP). Further, the TGA analysis indicates the
enhanced thermal stability of PVC films attained, i.e. thermal
stability is proportional to the content of ECEP. Furthermore,
the mechanical properties of ECEP before and after aging
analytical experiments increase the flexibility, toughness and
thermal stabilities of the PVC films. So, the ECEP is a good
substitute for petro-based plasticizer (DOP) in the PVC
manufacturing industries. The Cardanol acetate (CA, Fig. 11b)
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Fig. 11 Cardanol-based poly(vinyl chloride) (PVC) plasticizing agents. (a) Epoxidized cardanol diethyl phosphate. (b) Cardanol acetate based
plasticizing agent. (c) Cardanol-glycidyl ether (natural plasticizer). (d) Bio-based cardanol plasticizer (Soft PVC). (e) Epoxidized cardanol glycidyl

ether. (f) Epoxidized cardanol derived bio-based plasticizer.

is an effective plasticizing agent for poly (lactic acid) (PLA). Most
of the natural source-based plasticizers are obtained from food
crops but this cardanol acetate plasticizer is obtained as
a byproduct during cashew nut extraction (non-edible agricul-
tural waste).

The PLA samples plasticized by cardanol acetate and a tradi-
tional oil-based plasticizer DEHP. In the present research, melt
blending, diffusivity, miscibility, thermal stability, mechanical
and dural properties of both plasticizers (CA and DEHP) were
compared.”” Based on the various experimental analysis, the
cardanol acetate plasticized PLA showed superior properties/
activities and higher stability than DEHP plasticized PLA. The
esterification of cardanol short alkyl chains has demonstrated
excellent performance as secondary plasticizers in the presence
of DEHP.>” So, its phenolic esterification is essential to attain
good miscibility in PVC. Furthermore, the epoxidation of car-
danol longer alkyl chain double bonds more enhance the plas-
ticizing properties as well as thermal stability of PVC.>**

Based on how previous structural modifications of cardanol
provide good plasticizing behavior, a carbonyl group was intro-
duced into the cardanol moiety through steglich esterification
with fatty carboxylic acid (Fig. 11c and d).****'® In addition, the
bulk epoxidation of the unsaturation of cardanol (alkene) and
fatty chains (longer alkyl chains) was carried out in the presence
of H,0, to obtain the carbonyl long chain head group and
epoxidized long chain tail group containing cardanol based
plasticizers. These unique structural modifications increase the
miscibility, plasticizing and thermal stability properties (Fig. 11e
and f).>"”**® Mainly, these cardanol-based plasticizers have no
toxicity and no harmful effect to the environment.

5.3 Surface coating application of cardanol (CNSL) based
compounds

The coating process is very important because it provides
protection of metal substrate against several factors such as

25458 | RSC Adv, 2024, 14, 25429-25471

corrosion, abrasion, UV radiation, moisture, chemicals, and
extremely high temperatures.””® This coating process can
increase the performance of substrates by providing lubrica-
tion, reducing friction, improving conductivity, or altering
surface properties. Certain coatings are formulated to be
environment-friendly organic compounds derived from natural
sources. In this regard, in recent years most researchers or
industry people moved towards renewable sources of starting
material. Various types of coating processes are executed by
using cardanol-based additives/monomers. This section
discusses a few examples of cardanol-based compounds applied
for different types of coatings. One of the CNSL derivatives of
cardanol is used as a possible renewable resource starting
material to develop the hydrophilically modified water-
reducible polyols for the application of aqueous 2K-
polyurethane coatings.?”* The hydrophilically modified polyols
(Fig. 12a) were synthesized by using commercially available
cardanol-based diglycidyl ether, the ring opening catalyst (PPhs,
triphenylphosphine) in the presence of phase transfer catalyst
(TBAB, tetrabutylammonium bromide) and solvent (DMF) at
100 °C reaction condition. The obtained product was dissolved
with propylene glycol monomethyl ether (water-miscible
solvent) to form the coating formulations. This diluted resin
was neutralized by using triethyl amine based on acid equiva-
lent and then applied on the mild steel panels. The coating
properties of polyols were assessed for mechanical properties.
Particularly the adhesion and flexibility were measured by two
different methods: cross-hatch and conical mandrel method.
Based on the obtained results, all the coatings demonstrated
excellent adhesion and flexible properties. To achieve sustain-
able development via a green chemistry pathway the poly-
functional epoxy resins were prepared by using epoxidized
cardanol hydroxyl and wunsaturated alkyl substituents

(Fig. 12b(1)) along with polyamine cardanol hardener

© 2024 The Author(s). Published by the Royal Society of Chemistry
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microcapsules shell. (e) Cardanol ethyl vinyl ether-based homopolym

(Fig. 12b(2)). This resin is a green eco-friendly substitute for the
petrochemical-derived bisphenols-based epoxy resin.

Further, this resin protects the steel from marine atmo-
spheric environments. This cardanol-based polyfunctional
epoxy resin shows better flexible cured epoxy coats were ach-
ieved. Appropriate mixing of (Fig. 12b(1 and 2)) at 2:1 ratio
enhances the coating performances such as wetting character-
istics, adhesion strength, hardness, impact resistance, and
corrosion resistance.”* A new class of cardanol methacrylate
(Fig. 12c(1)) and phosphonic ethoxy cardanol methacrylate
(Fig. 12¢(2)) were synthesized from cardanol and both were used
for the protective coating process attractively. C15 alkyl chain's
presence in the cardanol methacrylate moiety enhanced the
hydrophobicity. On the other hand, the presence of phosphonic
acid groups in Fig. 12¢(2) can increase the adhesion properties
because of the strong interaction between the phosphonic acid
moieties and the metal substrate. Further, the contribution of
these cardanol derivatives in the protective coatings was
examined by using the UV-cured coatings as well as in latex
coatings.””” From the UV-cured coatings, the increased hydro-
phobic behavior was observed in formulations.

During the latex coatings, improved adhesion effectiveness
was detected due to the combination of the phosphonic acid
group with cardanol methacrylate. A major challenge was faced
during the development of eco-friendly polymer materials from
renewable source of starting material. In this connection, the

© 2024 The Author(s). Published by the Royal Society of Chemistry

er & copolymers (el-e3). (f) Bio-polyurea epoxy resin.

renewable phenols of cardanol were used as an alternative to
petroleum sources for the formation of microcapsules to be
applied for the self-healing anticorrosive coatings. The cardanol
formaldehyde microcapsules shell (Fig. 12d) were prepared
through an in situ interfacial polymerization process using an
oil-in-water emulsion system.**® These self-healing coatings on
mild steel surfaces exhibited good anticorrosive performances
based on the microcapsule loading percentage. Further, higher
self-healing and anticorrosive behavior were observed at 16%
coating loaded with cardanol formaldehyde microcapsules. In
addition to this, the self-healing polyurethane coatings provide

‘“e Retardant
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Bio-based Lubricants ]
£

Leveling Agent Enhanced Oil Recovery
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)
v 4 N
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‘ersing Agent

Fig. 13 Different key applications of CNSL derivatives in various
industries.

Textile Industry Cotton Fabric
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Table 9 Other important applications of CNSL derivatives
S.
no. Molecular structure Application Key points/highlights Ref.
1 (PI Flame retardant (i) Compact and continuous residue during combustion 226
S Lo (ii) Effective thermal insulation layer
o (|)| OK (iii) Shield the underlying matrix from exterior heat irradiation
C1sHay
High fire safety and (i) The adhesion strength reaches a maximum (2.47 MPa) on the iron 227

o)

2 i .
QO—P—O robust adhesives
R R

o}
O

3 %@\ Antioxidant activity
CisHaq CisHaq

4 O O Oil field applications
0

CisHai O(GHCH,0)(CH;CH;0),SO3Na
CHs,
5 O(CH,CH,0),H Enhanced oil recovery
CisH31n
6 0.0~ Corrosion resistance
H/ o application
O.
T
Ny~ N~y
KEOH N "
o
N
0
o o
\/
R= H,C NNF CH,
7 0 OH Reactive dispersing agent
OH
Ci5H3z1.n
SO;H
s 0\ Textile industry cotton
o NT gl o fabric application
|
~.© )
CisH31n
Leveling agent for the
9 o . .
/{/\/ 4\ dyeing of polyester fabric
CisHz1n
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(ii) Heat resistance and adhesion properties potentially suitable for adhesives
and composites

(iii) Sealants and fire-retardant coatings as an alternative to petro-based
compounds

(i) The antioxidant activity of this cardanol derivative is evaluated in a micellar

. 228
environment
(if) Antioxidant activity is strongly influenced by the localization of the radical-
trapping agent
(i) Improving the interface performance. (Oil-water interface) 125

(i) These PO chains should achieve the best interfacial properties for different
surfactants

(i) Strong emulsification ability and can form stable oil-in-water emulsions 229
(ii) An efficient and environmentally friendly oil displacement agent and
emulsifier

(i) Effectively enhance the mechanical properties of the coating (adhesion,
hardness, flexibility, and impact resistance)

(ii) This silane-modified coating showed excellent chemical resistance and
anticorrosive resistance

230

(i) Difunctional reactive dispersing agent derived from cardanol which can be
used as an alternative for commercial dispersing agent [dimethylol propionic 231
acid (DMPA)]

(ii) Thermal properties showed significant improvements along with the
increased char yield and glass transition temperature

(i) In oil-water separation, outstanding oil/water separation performance with

232
excellent separation efficiency and good reusability
(ii) This fluorine-free coating method of preparing superhydrophobic cotton
fabric is simple; the raw materials and equipment are cheap and
environmentally friendly
(i) Cardanol-based leveling agents display a better dye-dispersing performance 233

than a commercial leveling agent (TSPEOs)
(if) Cardanol-based leveling agent provides a higher migration percentage of
dispersed dyes and exhibits better biodegradability than the TSPEOs

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 9 (Contd.)
S.
no. Molecular structure Application Key points/highlights Ref.
10 o Bio-based lubricants (i) New potential ¢ derived from the agricultural waste (CNSL) 234
Ok o (ii) A cost-effective raw material for the production of new and efficient bio
w/\/\/\ lubricants and performance similar to commercially available products
o
g
0

good flexibility, solvent resistance, hardness, and excellent
adhesion properties to the metal surface.

Another example of surface coating by using cardanol ethyl
vinyl ether-based homopolymer and copolymers (Fig. 12¢(1-3))
was synthesized through the carbocationic polymerization
technique. As shown in Fig. 12e, the first one is poly (cardanol
ethyl vinyl ether (CEVE), Fig. 12¢e(1)), poly (cyclohexyl vinyl ether
(CHVE), Fig. 12¢(2)) and poly (CEVE-co-CHVE, Fig. 12¢(3))
copolymers.”** These polymers are auto-oxidatively curable at
both temperatures (ambient and high temperature) to form the
crosslinked networks. Also, these polymers provide good phys-
ical and thermomechanical properties compared to commer-
cially available reference alkyds (BECKOSOL).

Among these three polymers, the CEVE-based coatings
revealed remarkably greater chemical resistance, and hardness
and also provide good flexibility and impact resistance when

/
* Surfactants

» Epoxy Curing Agents
* Polyols

* Blocking Agents

» Epoxy Modifiers

* Phenolic Resins

° Formaldehyde Resins

By Product

compared to commercial alkyds. Recently, bio-polyurea epoxy
resin (Fig. 12f) was derived from natural renewable resources
(CNSL-cardanol). This resin was synthesized using cardanol,
formaldehyde and urea, followed by mixing with epoxy resin
through four different types of compositions in a ring-opening
reaction.”” Particularly, these bio-polyurea epoxy resin
composite coatings showed extraordinary water repellence, and
corrosion resistance and effectively resisted various solvents.
Furthermore, this composite coating material demonstrated
several clear antibacterial and anticorrosive properties. Finally,
various applications of CNSL-based surfactants in different
industries are mentioned in Fig. 13, also other important
applications of CNSL-based surfactants are listed in Table 9.

\
» Coatings
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Fig. 14 Market aspects of CNSL-based surfactants by product, application, and region — global forecast.?*”
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Table 10 Currently CNSL derivatives-producing companies in the global market®”

S. no. Company Product

1 Adarsh Industrial Chemicals Residol, cardanol, industrial cardanol

2 Admark Polycoats Pvt. Ltd Cardanol, polymerised CNSL, phenalkamine (epoxy hardener)

3 Cardolite Company Cardanol, cardanol ethoxylates, epoxy curing agents, epoxy resins and modifiers

4 Cashew Chem India CNSL resin, phenolic resin

5 Cat Loi Cashew Oil Production & Export Cardanol resin, cardanol, cashew nut shell oil

Joint Stock Company (Cat Loi)

6 Golden Cashew Products Pvt. Ltd Cashew friction dust, CNSL, cardanol, cashew nut shell liquid resin

7 K Subraya Anantha Kamath and Sons Cashew Kernel husk, liquid cardanol, cashew nut shell oil

8 K2P Chemicals Phenalkamine hardeners (unique CNSL-based curing agents), epoxy reactive diluents,
epoxy flexible hardener

9 LC Buffalo Co. Ltd Friction dust, technical CNSL, cardanol

10 Muskaan group Cashew nut shell oil, cardanol

11 Paladin Paints & Chemicals Pvt. Ltd CNSL derived epoxy hardener resin, alkyd resin, epoxy diluents

12 Palmer International Cardanol chemicals (phenolic novolac and resole resins for brakes, foundry molds,
forest products and tires, phenalkamines, animal feed, polyols, surfactants, heavy
biofuels)

13 Rishab Resins and Chemicals Refind CNSL oil, cardanol, residol, CNSL resin (SILEX RBR 100 and SILEX RBR 200)

14 Satya Cashew Chemicals (P) Ltd Friction dust, cardanol, CNSL resin

15 Senesel Raw CNSL, technical CNSL, friction dust, cardanol, residol

16 Son Chau Co. Ltd Cashew nut shell oil, cardanol, residol, cashew nut shell cake as biofertilizer

17 Sri Devi Group CNSL and its derivatives in oil field applications
Cashew nut shell liquid as compression-ignition engine fuel (biofuel/biodiesel)
Cashew nut shell liquid as a replacement of furnace oil and light diesel oil (LDO)

18 Zhejiang Wansheng CNSL-derived flame retardant, personal and home care products

6. Market aspects

The surfactants market is expected to grow worldwide to reach
$57.81 billion in 2028, at a CAGR of 4.9% per year.>** Contras-
tively, the global cashew nutshell liquid (CNSL) market is pro-
jected to increase to $564 million by 2027, at a CAGR of 7.5% per
year, driven by growing environmental concerns and stricter
regulations.*® Today's market for surfactants is dominated by
petrochemical surfactants. Due to the increasing environmental
issues and global warming, there is an increasing demand for
surfactants derived from renewable sources like CNSL. This
demand is predominantly strong in particular industries such
as personal care, household cleaning products, and agricultural
chemicals. Further, the manufacturing cost of CNSL-based
surfactants compared to synthetic alternatives is an important
factor influencing market adoption. Although CNSL-based
surfactants may have a higher initial cost, their performance
benefits and sustainability profile can make them cost-
competitive in the long run. Market infiltration of CNSL-based
surfactants can be hindered by limited awareness among
consumers and manufacturers the government regulatory
policies and standards regarding the use of surfactants,
particularly concerning biodegradability and environmental
impact, will influence market dynamics. CNSL-based surfac-
tants that meet or exceed regulatory requirements may emerge
stronger in the international market. The global market for
surfactants is influenced by the following factors such as
economic growth, consumer preferences and technological
advancements. In the view of competition in the world, the
surfactant market comes from both conventional
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petrochemical-based surfactants and other oleochemical or bio-
based alternatives. In order to gain a competitive advantage, the
companies/manufacturer investing in CNSL-based surfactants
need to differentiate their products through innovation, quality,
and sustainability. Brazil dominates the production and
consumption of CNSL in South America, and the region's
growing economy is driving demand for CNSL. South America is
expected to overtake other regions in CNSL demand growth,
and countries like Brazil are planning to boost exports, making
it an attractive market globally and capitalize on future demand.
As shown in Fig. 14, several companies in different regions
produce CNSL-based surfactants for various applications.
Further, Table 10 lists leading CNSL derivatives-producing
companies.

7. Future research perspectives

CNSL-based surfactant chemistry offers exciting avenues for
potential directions such as green and sustainable surfactants,
functionalization and modification strategies, structure-prop-
erty relationships, environmental remediation and sustainable
technologies, etc. Continued efforts in synthesis, characteriza-
tion, applications, and safety assessment are expected to drive
further advancements and commercialization in the coming
years. In the past decade, the key developments of CNSL-based
surfactant research are illustrated in Fig. 15.

Artificial intelligence (AI) is a field of growing interest in the
current era with various new technologies emerging day by
day.>*** AT and machine learning play vital role in surfactant
chemistry by enhancing the research ideas, developing the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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optimization processes and accuracy of surfactant properties
(CMC, surface tension, etc.).>** Further, Al leads to more effi-
cient and sustainable products across various sectors. Gener-
ally, their surface-active properties may decide the efficiency of
surfactants in various applications such as detergency, emul-
sifiers, diluents, flame retardants, etc. Particularly, the CMC
plays a vital role in the surface-active properties of surfactants.
There are several techniques available for predicting the CMC of
surfactants including computational methods.***>** Herein, we
described the major key techniques.

The first one is classical Quantitative Structure Property
Relationships (QSPR) models,>*® the second technique is Graph
Neural Networks (GNNs),>*” and the third model is Graph
Convolutional Neural Networks (GCNs).>** This QSPR model
foretells the CMC of sugar-based surfactants.>* The latter is also
a renewable resource field of research in sustainable chemistry.
These sugar-based surfactants are biocompatible and easily
biodegradable.>®® The important applications of such surfac-
tants are soft detergents, personal care products, cosmetics and
pharmaceutical formulations.>" The authors developed
different models depending upon the types of descriptors
employed and determined for the whole molecule or fragments
(hydrophilic/hydrophobic). In order to get a better account of
the specificity of surfactants, the authors introduced quantum-
chemical topological descriptors and constitutional descrip-
tors. Good performances were obtained with most RMSEIN
values between 0.32 and 0.37 (log). Recently, different types of
machine learning methods were developed for building QSPR
models, such as multiple linear regression (MLR), random

© 2024 The Author(s). Published by the Royal Society of Chemistry

forest regression (RFR), artificial neural network (ANN), and
support vector regression (SVM). In the current study, different
QSPR models were used for estimating the negative logarithm
of CMC with the molecular structure of 593 different classes of
anionic, cationic, zwitterionic, nonionic, and gemini surfac-
tants.”®> Recently a deep learning technique named Graph
Neural Networks (GNNs) was used for temperature-dependent
CMC prediction of surfactants.?®® In this study, CMC measure-
ments have been done at multiple temperatures ranging from
0 °C to 90 °C for 492 unique surfactants including all classes
such as anionic, cationic, zwitterionic, and nonionic surfac-
tants. This GNN model shows very high predictive quality also
the performance remained constant for all temperatures but
differed per surfactant class.

In addition, the authors investigated the sugar-based
surfactants. The GNN delivers accurate predictions of the
CMC at multiple temperature ranges for two sugar-based
surfactants. However, this model shows limitations in differ-
entiating ether (-O-) and thioether (-S-) linkers in sugar-based
surfactant. The third technique graph convolutional neural
networks (GCNs) can predict CMC value from the surfactant
molecular structure. The authors initially developed and
trained a GCN architecture. Using this architecture to confirm
the ability of the model in terms of extracting the hidden
molecular features that enable CMC predictions. Further, they
trained and tuned the GCN architecture for the CMC prediction
of all four main types of surfactants. This GCN model achieves
a higher prediction accuracy on a broader spectrum of surfac-
tants than previous QSPR models.”** The key advantages of this

RSC Adv, 2024, 14, 25429-25471 | 25463
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GCN model compared to other existing methods are minimal
input requirement, fast prediction speed, and good generaliz-
ability to surfactant classes. Furthermore, the trained GCN only
needs 0.01 s to make a prediction of CMCs compared to
molecular dynamics simulations. Apart from the CMC predic-
tions, the artificial neural networks also help with the predic-
tion of surfactant adsorption for enhanced oil recovery
applications.”****® We also recommend readers interested in the
field of the role of Al in surfactant chemistry to review critically
other scientific reports on this topic.>>” >

8. Summary

CNSL is a key precursor for making oleo surfactants. Due to
renewable source, biodegradability, unique chemical composi-
tion, and physicochemical properties, they offer a valuable
substitute for petro-based surfactants. In addition, CNSL is
a valuable resource with diverse applications in the different
chemical industries. Its unique properties and versatility make
it in the formulation of resins, coatings, lubricants, and
specialty chemicals. The industry people continue to seek
sustainable and eco-friendly performance solutions, and the
demand for CNSL is expected to witness tremendous growth,
driving innovation and expansion in the chemical sector.
However, challenges associated with CNSL-based surfactants
are as follows: their production can be more expensive
compared to petroleum-based alternatives, the availability and
consistency of CNSL as a feedstock may vary geographically, and
challenges for large-scale production and distribution. Further,
attaining regulatory standards and ensuring compliance with
environmental safety regulations may add complications to the
development and commercialization of CNSL-based surfac-
tants. Although these issues are a cause of major concern, also
a significant increasing attention on the variation of
manufacturing processes of these CNSL-based surfactants.
Additionally, the cashew nutshell liquid market major key
players, Cardolite Company (U.S.A) Pelmer International (U.S.A)
Senesel (Poland) Sridevi Group (India) are investing huge
funding in the research and development of these products and
hope to overcome those difficulties in the upcoming years.

Moreover, many industries and researchers are trying to
achieve the following future research perspectives for CNSL-
based surfactants: developing cost-effective methods for
extracting and refining CNSL to improve yield and purity, con-
ducting complete life cycle assessments to evaluate the envi-
ronmental impact and sustainability, exploring new
applications and markets beyond traditional uses, such as in
agriculture, personal care products, and pharmaceuticals.
Notably, CNSL-based surfactants hold immense potential as
sustainable alternatives to petro-based surfactants. However,
further research and development are needed to address exist-
ing challenges and unlock their full benefits. We believe that in
the coming decades, the usage of petro-based surfactants
completely reduced and drastically increase the exploitation of
renewable source-based surfactants including CNSL-based
surfactants.
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