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Abstract

Fatty amines are nitrogen-containing organic compounds synthesized from fatty acids,
olefins, or alcohols, typically derived from natural oils or petrochemical sources. These
molecules generally feature long hydrophobic alkyl chains ranging from C8 to C22 and
can be positively charged on the nitrogen atom, which confer pronounced cationic surface
activity. This property makes them highly effective as emulsifiers, conditioning agents,
antistatic agents, and surfactants, particularly in industrial formulations and personal
care products such as shampoos, conditioners, and creams. Historically, the production
of fatty amines has relied heavily on petrochemical feedstocks, contributing significantly
to greenhouse gas emissions, particularly CO,. In response to growing environmental
concerns, there is an increasing shift toward renewable and sustainable raw materials,
aligning with the principles of the circular economy. The cosmetics and detergent industries
are at the forefront of this transition, actively integrating bio-based ingredients to minimize
ecological impact. This review provides a comprehensive overview of the sources, synthetic
pathways, and applications of fatty amines. It highlights their functional roles in detergents
and cosmetic formulations and explores scientific and technological strategies aimed at
enhancing sustainability across the fatty amine supply chain.

Keywords: fatty amines; detergents; cosmetic; surfactant; anti-microbial; biocircular

1. Introduction

Fatty amines, versatile nitrogen-derivatives of fatty acids, olefins, or alcohols, are
sourced from nature, fats and oils, or petrochemicals. Typically, their aliphatic carbon
chains range between C8 and C22, either as mixtures or specific lengths and exhibit re-
markable cationic surface-active properties. This inherent characteristic allows them to
strongly adhere to surfaces through both physical and chemical bonding, effectively alter-
ing surface properties. Their surface activity positions them as indispensable commodity
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chemicals, finding broad application in fabric softening, coating and corrosion inhibition,
emulsification, flotation, anti-caking, and crop protection. Within the personal care industry,
fatty amines are integral components of shampoos, conditioners, and foaming and wetting
agents, underscoring their multifaceted utility [1].

Petrochemical and oleochemical feedstocks have traditionally dominated surfactant
production [2]. However, the reliance on petrochemical-derived surfactants is inextrica-
bly linked to a substantial surge in CO, emissions [3], a critical greenhouse gas driving
climate change and global warming. Recognizing this environmental burden, the scientific
community has increasingly prioritized the exploration of greener synthetic pathways and
alternative renewable compounds with comparable properties [4,5]. This shift towards
the exploitation of renewable feedstock offers a promising avenue for mitigating envi-
ronmental impact. Furthermore, the imperative to transition away from finite fossil fuel
reserves underscores the urgency to identify sustainable resources, ensuring environmental
stewardship for future generations.

Fatty amines and their derivatives—including quaternary ammonium compounds,
amine oxides, and ethoxylated amines—play critical roles in detergents and cosmetics [6,7]
due to their strong cationic surface activity, conditioning properties, and antimicrobial
effects. These compounds are commonly used in shampoos, conditioners, creams, and
household cleaners, where their amphiphilic structure enables effective emulsification,
foaming, and cleansing.

The use of both petrochemical and oleochemical feedstocks has been central to de-
veloping cosmetic formulations within the 20th century [6]. However, as awareness of
environmental impacts increases, cosmetic formulations are increasingly incorporating
renewable components, with companies communicating their adherence to biocircular
economy principles. For instance, L'Oréal’s 2023 sustainability report highlights their
commitment to bio-based ingredients and waste reduction through circular economy
initiatives [7]. Furthermore, industry associations like Cosmetics Europe are also encourag-
ing the adoption of sustainable practices and renewable resources in formulation design [8].
Moreover, policy frameworks such as the EU Green Deal and REACH (Registration, Evalua-
tion, Authorisation and Restriction of Chemicals) are placing increasing regulatory pressure
on the chemical industry to reduce hazardous substances, minimize carbon emissions, and
promote the use of safer, sustainable alternatives. These drivers further encourage the
adoption of green and circular strategies for fatty amine production and use.

Scientific publications further corroborate this trend, showcasing research dedicated
to the development of bio-based alternatives to traditional cosmetic ingredients [9].

Nevertheless, conventional synthesis routes for fatty amines—such as the nitrile
process and alcohol amination—often rely on fossil-derived inputs and involve energy-
intensive, chemically harsh processes. These issues have sparked growing interest in
alternative production methods that align with green chemistry principles. In particular,
the valorization of agro-industrial waste and the use of enzymatic catalysis offer promising
pathways to reduce the environmental footprint of fatty amine production. production.

This review explores the structural characteristics, industrial functions, and synthesis
methods of fatty amines with a particular emphasis on their roles in detergents and cos-
metics, discussing emerging biocircular strategies to reduce their environmental impact. In
doing so, it aims to provide a comprehensive understanding of both current applications
and future directions for sustainable development in the detergent and cosmetic sectors.
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2. Fatty Amines Properties and Current State Production
2.1. Fatty Amines Properties

Fatty amines include primary, secondary, or tertiary ones, based on with the number
of fatty alkyl or methyl chains (where R ranges from C8 to C22) bound to the nitrogen atom

(Figure 1). Typically, the nitrogen is connected to a primary carbon, although variants with
secondary or tertiary carbons are available on the market [1].

R
R—NH, \N—H
Primary fatty amine R/

Secondary fatty amine (symmetrical)

CH,4
\ R\ R\
N—R N—CH, N—R
R/ R / —=— Tertiary fatty amines
CH,
Alkyldimethyl dialkylmethyl Trialkyl (symmetrical)

Figure 1. Primary, secondary and tertiary fatty amines.

Due to the presence of hydrogen atoms bonded to the nitrogen atom, primary and
secondary amines exhibit intermolecular hydrogen bonding. This strong secondary inter-
action requires a higher energy to disrupt these bonds, resulting in higher boiling points
than those of alkanes of similar molar mass. However, alcohols, which form even stronger
hydrogen bonds, possess higher boiling points than comparable amines. Conversely,
tertiary amines, lacking hydrogen atoms directly bonded to nitrogen, are incapable of
intermolecular hydrogen bonding. Consequently, their boiling points are comparable to
those of ethers [10].

Fatty amines, in their free base form, exhibit very low solubility in water. However,
their salts, such as acetates or hydrochlorides, as well as ethoxylated amines with more
than 5 moles of ethylene oxide (EO), are readily dissolved in water. Conversely, most
fatty amines and their derivatives exhibit good solubility in organic solvents. For example,
commercially available fatty amine acetates are highly soluble in 95% ethanol. It is worth
noting that water, though a poor solvent for the base amines themselves, is soluble within
them, leading to the formation of hydrates.

The lone pair of electrons on the nitrogen atom imparts the basic behavior to the
fatty amines. In aliphatic amines, basicity increases with the number of electron-donating
substituents attached to the amino group. This effect enhances the electron density at the
nitrogen atom, thereby increasing the availability of the lone pair. Consequently, aliphatic
amines exhibit greater basicity than ammonia. Conversely, aromatic amines display lower
basicity than those of aliphatic amines due to the mesomeric effect of the aromatic ring,
which delocalizes the lone pair and reduces its availability. The relative basicity of amines
is typically observed in the following order:

secondary amines > primary amines > tertiary amines > ammonia [11].

2.2. Fatty Amines Production

Fatty acids or esters, which are employed as raw materials for the synthesis of fatty
amines, originate from animal or vegetable oils and fats, showing distinct hydrocarbon
chain lengths and degrees of unsaturation. However, depending on geographic location
and raw material availability, fatty amines can also be synthesized from petrochemical



Cosmetics 2025, 12, 227

4 of 39

feedstocks via oxoaldehydes, alcohols, or olefins. Nitrile hydrogenation, fatty compound
amination, alcohol amination, and N-alkylation represent the prevailing industrial pro-
cesses for fatty amine production. These synthetic routes involve a variety of reaction steps,
including amidation, dehydration, hydrogenation, and dehydrogenation, necessitating the
use of multifunctional catalysts.

2.2.1. Nitrile Process

In the traditional fatty nitrile process, triglycerides undergo initial hydrolysis, followed
by the catalytic reaction of the resulting fatty acids with ammonia (NH3) in a liquid-phase
environment. This reaction is conducted in the presence of metal oxide catalysts, typically
alumina or zinc oxide. The main involved chemical reactions are reported in Figure 2.

1) RCOOH+NH; < RCOONH,
2) RCOONH, = RCONH,+ H,0

3) RCONH, = R-CN +H,0

4) R-CN+4[H] —> R-CH,-NH, (primary amine)
5) 2R-NH, & R,NH +NH; (Secondary amine)

6) R,NH +RNH, < R;N + NH; (Tertiary amine)

Figure 2. Main reactions involved in the production of amines by the nitrile route.

All of the aforementioned reactions are equilibrium-limited, so careful control of the
reaction conditions is required, to allow the selective fatty amine production. The nitrile
formation reaction is typically conducted at temperatures between 280 and 360 °C in the
liquid phase for long reaction times. An excess of ammonia (2—4 times the stoichiometric
requirement) is introduced, and water is continuously removed from the reactor to shift the
equilibrium towards nitrile formation. Subsequently, fatty nitriles undergo hydrogenation,
which is generally catalyzed by nickel catalysts, to yield the desired fatty amines. It
is important to note that the hydrogenation of nitriles results in a mixture of primary,
secondary, and tertiary amines, as illustrated in Figure 3. The use of excess ammonia during
hydrogenation inhibits ammonia release, thus suppressing the formation of secondary
and tertiary amines. Conversely, the limitation of the ammonia added into the reaction
system promotes the formation of secondary amines. In the absence of ammonia, or if any
generated ammonia is removed from the system, tertiary amine formation prevails. The
choice of the appropriate hydrogenation catalyst significantly influences the selectivity of
the process. For example, nickel or cobalt catalysts favor the formation of primary amines,
while copper chromite catalysts promote secondary ones [12].

While the ‘nitrile route” is a well-established industrial process with a long history of
application (Figure 3), several persistent challenges remain. These include the utilization of
toxic heterogeneous metal catalysts, the multi-step nature of the process, the requirement
for harsh reaction conditions (elevated pressure and temperature), and the necessity for
developing stringent safety protocols due to the use of molecular hydrogen. Furthermore,
the inherent limitations in catalyst selectivity [12] often result in undesired mixtures of
primary, secondary, and tertiary amines, which can pose significant separation challenges.
In batch implementations of the conventional nitrile process, prolonged exposure of fatty
acids to high temperatures in the liquid phase leads to the occurrence of various side
reactions, such as isomerization, polymerization, Diels-Alder, Piria, and peroxidation. Side
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reactions are especially common when unsaturated fatty acids are present. In batch reactor
systems, the fatty nitriles produced can also undergo hydration, leading to the formation
of fatty amides. As a result, the final mixture often contains residual fatty acids, fatty
nitriles, fatty amides, and other unwanted byproducts, which lowers the yield of fatty
nitriles and complicates the purification process. To improve nitrile yields, researchers have
investigated the use of continuous flow reactors filled with catalysts and supplied with
fatty acids and ammonia (NHjz) [13]. This continuous process is promising for reducing
the side reactions, exploiting the better interaction between ammonia and fatty acids, the
shorter reaction durations (10-60 min), and the ongoing removal of products.

+ NH; +H, ||\fH + H2 NHZ
R-COOH — R-C=N —— p.CH — CHZ
Fatty acid Nitrile primary
R = hydrocarbon chain \ amine
R-CH-NH, NHz
H,C-N-CH,-R
zi ’ HN CH2 R
R-CH, R-CH,
Ha(-N-CHyR HN-CH,-R
Tertiary Secondary
amine amine

Figure 3. Scheme of nitrile process for fatty amines synthesis.

2.2.2. Amination of Alcohols

An alternative route for the synthesis of fatty amines involves the reaction of fatty
alcohols with ammonia, or a low-molecular-weight primary or secondary amine, to pro-
duce the corresponding primary, secondary, or tertiary fatty amines, according to the
following reaction:

R — OH + NH3 = R — NH, + H,O

Fatty alcohols are obtainable from natural sources, fats and oils, or petrochemical
feedstocks. The manufacturing processes for fatty alcohols vary, according to the raw
material sources, distinguishing between natural and petrochemical ones. By careful
tuning of the reaction conditions, high yields of primary, secondary, or tertiary amines
can be achieved. Catalysts and reaction conditions play a crucial role in determining
the efficiency and outcome of alcohol amination reactions [14]. By careful control of the
reaction conditions, high yields of primary, secondary, or tertiary amines can be achieved.
Fatty acids are typically the preferred raw material for fatty amine production due to the
higher cost associated with fatty alcohols. Because of the reaction pathways leading to
primary, secondary, or tertiary amines, the resulting crude product is a mixture of all three
amine types. These crude products often possess sufficient purity for direct sale and use as

‘technical’ grade amines. Anyway, if higher purity is required, they can be purified through

distillation [15].

2.2.3. Amination of Fatty Compounds and N-Alkylation

Over the past several years, numerous approaches have been explored to enhance
the overall performance of fatty amine production. The direct synthesis of fatty amines
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from triglycerides and hydrogen in the presence of catalysts has been achieved through the
N-alkylation of various aniline and alkyl derivatives, yielding the corresponding secondary
and tertiary amines (Figure 4). This chemical process entails the introduction of alkyl
groups onto a nitrogen atom in amines, resulting in a more highly substituted amine.

RR'NH

O
OWn >2
H,
R<
OWF >2 /N/\Mfﬁ
CAT R'
o) O
pamm

Y

Figure 4. N-alkylation of triglycerides using hydrogen and amines.

N-alkylation can be accomplished via diverse reactions, including the use of alkylating
agents such as alkyl chlorides, alkyl bromides, or epoxides. More recently, the direct
reaction of triglycerides with ammonia has been successfully demonstrated, generating the
corresponding primary fatty amines and symmetrical secondary ones. These progresses,
even if noteworthy, still rely on the use of metal catalysts, harsh reaction conditions,
showing selectivity issues [16].

3. Fatty Amines in Detergents
3.1. Detergents Formulations

A detergent encompasses any substance that functions as a cleaning agent, including
traditional lye soap, alkaline dishwashing compounds, and solvent cleaners [17]. Nowa-
days, the term ‘detergent’ is often restricted to cleaning agents containing synthetic surfac-
tants derived from petrochemicals or other sources. Surfactants are the principal compo-
nents of a detergent but, other compounds can also play an important role to enhance the
properties of the final formulation, such as complexing agents, builders, enzymes, alkalis,
ion exchangers, foaming stabilizers, anti-redeposition agents, whitener or optical bright-
ener, corrosion inhibitor, viscosity improver, solvents, conditioner or softener. Moreover,
the physical appearance of the detergent can also be modified by the addition of dyes,
opacifiers and perfumes [18].

Detergent molecules are amphiphilic, possessing two distinct structural components:
an extended, hydrophobic hydrocarbon chain and a polar or charged hydrophilic head-
group (Figure 5). Typically, the hydrocarbon chain is a linear, saturated alkane, where
hydrophobicity increases with chain length [18]. There is an increasing interest towards the
use fatty amines and their derivatives in formulations of detergents for surface cleaning and
laundry uses. The use of fatty amines can provide good emulsifying and wetting properties
for specific applications, whereas their solubility in the formulation can be improved by
adding fatty alcohols [19].

Fatty amines and their derivatives come from natural fatty acids and present different
chemical behavior which specially depends on the hydrophobic chain. Short or mid chain
surfactants normally give to a less foaming detergent since the hydrophobic chain is shorter.
On the other side, for a better foaming effect like laundry application for instance, longer
chain surfactants are used.
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Figure 5. Schematic representation of oil removal from surfaces via surfactant-enriched water (on the
(left)), combined with surfactant structure and classification overview (on the (right)).

Foaming effect of a detergent is commonly considered to have no cleaning effect.
Nevertheless, current research shows that foaming detergents can be used more efficiently
for cleaning solid surfaces than non-foaming detergents [20]. In any case, it is important
to identify the best combination among all components to achieve the best performances
for each application. Remarkably, some computational methods have been developed to
design optimal formulations of detergents [19].

3.1.1. Surfactants

A surfactant, an abbreviation for ‘surface-active agent,” is a compound that reduces
the interfacial tension between two liquids, a gas and a liquid, or a liquid and a solid. This
property facilitates the formation of stable mixtures, such as emulsions, between immiscible
substances like oil and water. A surfactant molecule is amphiphilic, meaning it contains
both a water-attracting (hydrophilic) polar head and an oil-attracting (hydrophobic) non-
polar tail. The polar head interacts readily with polar substances like water and avoids
non-polar ones such as oils and several organic molecules. In contrast, the non-polar tail
is drawn to oily substances and repelled by water. This dual affinity causes surfactant
molecules to align themselves at the boundary between oil and water. When added to
an oi/water mixture, surfactants surround the oil droplets, positioning their hydrophilic
heads outward toward the surrounding water phase. This process forms an emulsion,
dispersing the oil as micelles or small droplets (Figure 5), thereby enhancing its apparent
solubility in water and enabling the removal of oil and dirt during rinsing [21].

Surface-active substances modulate the structure of interfacial layers and influence
mass and energy transfer across these boundaries. Surfactants, whether naturally occurring
or synthetic, alter the solubility and physicochemical properties of other microconstituents,
thereby affecting their accumulation and distribution at phase interfaces. In surfactant
molecules, the hydrophobic moiety typically comprises a relatively long aliphatic hydrocar-
bon chain (from 10 to 20 carbon atoms). The hydrophobic chain in a surfactant can originate
from sources such as fatty acids, alkylbenzenes, alcohols, alkylphenols, or polyoxypropy-
lene. The hydrophilic head group may consist of functional groups like sulfonate, sulfate,
carboxylate, quaternary ammonium, sucrose, polypeptides, or polyoxyethylene units [17].

Surfactants can be classified according to the molecular structure and the electric
charge of the polar moiety, distinguishing between anionic, cationic, non-ionic and am-
photeric surfactants.
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Anionic surfactants are defined by the presence of a negatively charged hydrophilic
head group, typically associated with a positively charged counterion. Upon dissolution in
water, these surfactants ionize, releasing the negatively charged head group. This negative
charge facilitates binding to positively charged species. It is important to note that clay
particles generally exhibit a net negative charge, not positive. Anionic surfactants are
known for their ability to generate copious foam and exhibit potent detergency, effectively
removing dirt and, potentially, essential epidermal lipids. Examples of anionic surfactant
classes include sulfonate salts, alcohol sulfates, linear alkylbenzene sulfonates (LAS), phos-
phoric acid esters, and carboxylate salts. Linear alkylbenzene sulfonate (LAS) remains a
dominant anionic surfactant in industrial applications [22].

Cationic surfactants are characterized by a positively charged hydrophilic head group.
This positive charge distinguishes them from anionic surfactants and leads to their strong
adsorption onto negatively charged surfaces. Positive charges are considered related
to their antimicrobial action because it induces pathogens cell walls disruption [23,24].
Cationic surfactants are less commonly employed in laundry detergents compared to
anionic surfactants. This is primarily due to their strong affinity for, and limited desorption
from, negatively charged fabrics and soil, which are prevalent under typical conditions.
However, this property of strong adsorption is exploited in fabric softeners. The global
production of cationic surfactants is estimated to be approximately 500,000 metric tons
annually [25]. Their use in fabric softening is well documented [26].

Organic amines—including primary, secondary, and tertiary fatty amines—are widely
recognized as key intermediates in the production of cationic, amphoteric, and nonionic
surfactants. Among cationic surfactants, fatty amine salts and quaternary ammonium
compounds are the most used. Although fatty amines are not cationic surfactants, they
are classified as such due to their prevalent use in acidic environments, where they form
cationic salts. As previously mentioned, amines are categorized as primary, secondary,
or tertiary based on the number of alkyl groups attached to the nitrogen atom (1, 2, or 3,
respectively). When the nitrogen atom forms four bonds with carbon atoms, the resulting
compound is a quaternary ammonium compound. In quaternary ammonium structures,
the nitrogen atom donates a lone pair of electrons to form the fourth bond, thereby acquiring
a permanent positive charge. Alkylammonium ions are generated in acidic media through
the protonation of the amine. The resulting salt, typically a chloride or bromide, exhibits
water solubility due to the solvation of the cationic species [1].

As discussed in Section 2.2, the synthesis of amine or alkylammonium surfactants
involves a series of chemical reactions that exhibit varying degrees of selectivity and may
not proceed to completion. Consequently, only a fraction of the initial raw material is
converted into the desired product, contributing to the generally higher cost of cationic sur-
factants compared to anionic surfactants, such as sulfonates or sulfates. Therefore, cationic
surfactants are reserved for applications where their unique properties, such as a positive
charge or bactericidal activity, are indispensable. They serve as antistatic agents in fabric
softeners and hair conditioners. In textile manufacturing, they function as dye retarders,
competing with dye molecules for binding sites and thereby promoting uniform coloration.
Similarly, their corrosion inhibition in acidic environments arises from competition with H*
ions. Ammonium salts and quaternary ammonium compounds are employed as collectors
in mineral flotation. Asphalt emulsions for roadway pavement and protective coatings are
often stabilized by fatty amine salts (in acidic pH) or quaternary ammonium compounds
(in neutral pH). Benzalkonium chloride and alkyltrimethylammonium chloride or bromide
are utilized as antiseptic, disinfectant, and sterilizing agents. Furthermore, they are incorpo-
rated as additives in nonionic detergent formulations for corrosion inhibition and, in small
quantities, in anionic powdered detergents to enhance detergency synergistically [27].
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Nonionic surfactants, as their name suggests, lack ionic constituents. Over the past
35 years, nonionic surfactants have significantly expanded their market share, now account-
ing for approximately 40% of global surfactant production. The nonionic surfactant market
is predominantly occupied by ethylene oxide adducts (EOAs) of alkylphenols and fatty alco-
hols. However, there is a growing trend towards the production of detergent-chain-length
fatty alcohols from both natural and petrochemical sources, driven in part by the phase-out
of alkylphenol ethoxylates (APEOs) in certain applications. This shift is motivated by
environmental concerns, as APEOs exhibit slower biodegradation rates and raise concerns
about the toxicity of phenolic residues. Nonionic surfactants are versatile, serving as effec-
tive detergents, wetting agents, and emulsifiers. Certain nonionic surfactants also possess
desirable foaming properties. These compounds are utilized across a wide range of indus-
tries, including textiles, cleaning products, agriculture, polymers, paper production, leather
processing, cosmetics, pharmaceuticals, and personal care. Traditionally, the primary feed-
stocks for the nonionic surfactant sector have been triglycerides of fatty acids, sourced from
both animal fats and vegetable oils, encompassing both saturated and unsaturated fatty
acids [28]. The most used non-ionic surfactants are ethoxylated linear alcohols, followed by
fatty acid esters, ethoxylated alkyl phenols and amine and amide derivatives. Other well-
known non-ionic surfactants are alkylpolyglucosides, poly(ethyleneoxide-co-propylene
oxide), polyalcohols, ethoxylated polyalcohols and mercaptans and their derivatives.

Amphoteric surfactants possess both anionic and cationic functional groups, enabling
them to exhibit either anionic, cationic, or nonionic characteristics depending on the ambient
pH. Typically, they feature an amine salt or quaternary ammonium group (cationic) and a
carboxylate, sulfonate, or phosphate group (anionic). They are categorized as pH-sensitive,
changing their charge with pH, or non-pH-sensitive. pH-sensitive amphoterics behave as
anionic surfactants in alkaline conditions, cationic in acidic conditions, and nonionic at
neutral pH. These surfactants offer several advantages, including antibacterial properties,
low toxicity, hard water resistance, and compatibility with other surfactants. They find
applications in detergents, shampoos, and personal care products. For instance, quaternized
fatty acid amides glycine and amido propyl betaine, derived from coconut, are used in
mild formulations like baby shampoos due to their low irritation. Amphoteric surfactants
are often combined with fatty alcohol sulfates to enhance solubility, viscosity, foam stability,
and reduce irritation [26].

3.1.2. Surfactants and Other Ingredients for Shampoo

Hair is a fibrous composite biomaterial generated by hair follicles, consisting of pro-
teins, lipids, water, and trace elements such as pigments. Proteins are the main structural
component, making up roughly 65% to 95% of hair’s total mass. The predominant protein
is keratin—a strong, fibrous molecule primarily built from the amino acids tyrosine, glycine,
and cysteine [29].

Hair is made up of two parts [30], the hair follicle, and the hair shaft. The hair follicle
is the point from which the hair grows, while the part of the hair seen above the skin is
called the hair shaft. This is made up of three main layers:

e  Cuticle: This is the outermost layer of the hair shaft, composed of overlapping, scale-
like cells that shield the hair and contribute to its visual qualities, such as shine
and smoothness.

e  Cortex: Located beneath the cuticle, the cortex houses the pigments responsible for
hair color and provides strength and elasticity to the hair strand.

e Medulla: This is the innermost core of the hair, running through the center of the
strand. Its presence and structure can vary depending on hair type and thickness.
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The cortex, which makes up about 90% of the hair’s total mass, consists of elongated
cortical cells (Figure 6a). These cells are filled with alpha-helical keratin filaments that
run parallel to the length of the hair shaft. These filaments are embedded in a sulfur-rich,
amorphous protein matrix, primarily composed of keratin. The cortex is essential for
the hair’s mechanical strength, as the keratin filaments are interconnected by covalent
disulfide bonds, forming a filamentous network that provides tensile resilience. The helical
conformation of the keratin chains contributes to the hair’s elasticity. Additionally, the
cortex serves as a reservoir for moisture and houses the pigments responsible for hair
color [31].
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Figure 6. (a) Structure of hair; (b) Mechanism of oil removal from a surface by roll-up and emulsification.

Hair proximal to the scalp, recently emerged from the hair follicle, exhibits minimal
exposure to physical and chemical stressors such as heat styling and hair dyes. These
processes can compromise the cuticle layer, diminishing its integrity along the hair shaft
from root to tip. The cuticle is naturally coated with sebum, an oil secreted by sebaceous
glands near the hair follicle. This sebum provides a protective barrier for the cuticle’s
surface and effectively adsorbs environmental grease, dirt, and styling product residues.
Consequently, frequent hair washing is necessary to maintain cleanliness. Due to its
hydrophobic nature, sebum cannot be effectively removed by water alone; therefore,
shampoos are employed to facilitate cleansing [32].

Shampoos are liquid cleansing formulations based on synthetic detergents, specifically
designed to remove sebum from the scalp. In some individuals, it may help prevent the
development of folliculitis and seborrheic dermatitis when used frequently [33]. Their
primary function is to eliminate sebum, sweat, desquamated skin cells, styling product
residues, and environmental dirt from hair. While shampoos contribute to hair cleanliness,
esthetic enhancement is a secondary objective, primarily addressed by conditioners. Sham-
poos utilize surfactants, which are amphiphilic molecules. The lipophilic domain interacts
with sebum, while the hydrophilic domain interacts with water, facilitating the removal of
sebum during rinsing.

Surfactants are central to shampoo formulations, fulfilling a multitude of functions.
Their primary role is to detach and remove soils from the hair, but they also contribute
to foam generation, viscosity enhancement, suspension of active ingredients, and solu-
bilization of fragrances. Furthermore, surfactants are crucial for the efficacy of cationic
polymer-based deposition systems, which deliver active ingredients to the hair and scalp.
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Finally, careful selection and blending of surfactants are essential to minimize irritation to

the skin, hair, and eyes [34].

The detergency of surfactants varies depending on the type of soil present on hair.
These soils can be categorized into four primary groups: sebum, desquamated skin cell
debris, particulate air pollutants, and hair product residues. The removal of sebum by
surfactants is proposed to occur through a combination of four mechanisms: (a) Roll-up;
(b) Spontaneous emulsification; (c) Penetration; (d) Solubilization. While evidence supports
each of these mechanisms, their relative contributions remain uncertain. It is likely that
sebum removal is achieved through the synergistic action of all four processes.

The roll-up mechanism (Figure 6b) proposes that surfactants reduce the interfacial
tension at the sebum/water and hair/water interfaces, thereby driving the separation of
oil from the hair surface. This reduction in interfacial tension allows for an increase in the
surface area of both interfaces, causing sebum lipids to coalesce into spherical droplets and
detach. Once detached, these lipid soils remain dispersed in the aqueous surfactant solution,
as the surfactant-modified hair surface becomes less attractive for oily material adhesion.
While theoretically plausible, the roll-up mechanism is predicated on the assumption that
sebum is a freely flowing liquid. However, sebum is typically more viscous and waxier,
particularly with age. Furthermore, it has been suggested that the roll-up mechanism may
be more effective on damaged hair, which exhibits a more hydrophilic surface.

Spontaneous emulsification, illustrated in Figure 6b and considered an extension of
the roll-up mechanism, suggests that lowering the interfacial tension between lipids and
water promotes the expansion of the interface. This expansion causes large lipid deposits
to form smaller protrusions or ‘buds,” which then spontaneously break off into emulsified
droplets that can be easily removed. This mechanism is particularly relevant for cleaning
large lipid accumulations that are too substantial for the basic roll-up process. However,
like the roll-up mechanism, it assumes that the lipid soil remains fluid and mobile. The
penetration mechanism of detergency, first introduced by Lawrence in 1959, is based on
the finding that certain soaps and surfactants can infiltrate insoluble lipid soils. At the
interface between the soil and water, they form liquid-crystalline phases. When the system
is agitated, this loosened material is dislodged, revealing a new layer of lipid soil beneath.
The micelle-based mechanism for removing lipid soils involves the migration of lipid
molecules from the contaminated surface into micelles that are adsorbed at the oil/water
boundary. This process depends on several kinetic factors: the rate at which micelles adhere
to the hair surface, the transfer of lipids into the micelle core, and the release of lipid-loaded
micelles into the surrounding solution. This mechanism is particularly notable for its ability
to selectively target and remove lipid-based contaminants, as it operates at a molecular
level, rather than at bulk level.

Anionic detergents are the most prevalent surfactants used in basic cleansing sham-
poos due to their exceptional efficacy in removing sebum from the scalp and hair. However,
they increase the net negative charge on the hair surface, leading to frizz and increased
friction. Consequently, shampoo formulations often incorporate conditioners and anti-frizz
agents to mitigate these effects [35].

There are several common detergents in shampoos categorized within the anionic
group [32,34]:

e  Lauryl sulfates: they are used with water (main component) in most shampoos de-
signed to produce good hair cleansing. Examples of lauryl sulfate detergents include:
sodium lauryl sulfate (NaC12H550;), triethanolamine lauryl sulfate (C;gH41 NO7S),
and ammonium lauryl sulfate (C1,Hy9NO4S). These compounds are popular primary
cleansers because they work well in both hard and soft water, are easily rinsed and
produce rich foam. Although they are excellent cleansers, they are not delicate on
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the hair. A secondary detergent and possible use of a conditioning agent are thus
necessary. Lauryl sulfates are commonly used in shampoos for oily hair.

e Laureth sulfates: they are the most used primary detergents in general shampoos
designed for normal-to-dry hair. Generally, they produce abundant foam. Examples
are: triethanolamine laureth sulfate (C1,Hy5(OCH,CH,;)3;0SOs;H-(HOCH,CH>)3N),
sodium laureth sulfate (CH3(CH,),oCH,(OCH,CH5),0SO3Na), and ammonium lau-
reth sulfate (C1oHy5(OCH,CH3),OSO3NHy).

e  Sulfonates: Sulfonates—particularly alkylbenzene sulfonates—are extensively used as
anionic surfactants in a wide range of cleaning products. They efficiently solubilize
and remove dirt and oils. This makes them especially suitable for formulations such
as soaps, shampoos, and laundry detergents. They are often used in sulfate-free sham-
poos. Sulfonate aromatic detergents, specifically those containing alkylbenzene sul-
fonates (ABS), are generally considered problematic due to their non-biodegradability
while some sulfonate detergents, like those with linear alkylbenzene sulfonates (LAS),
are biodegradable [36].

e  Sarcosines: they are generally not used as primary detergents, because they do not
effectively remove sebum from the hair. Nevertheless, they are good conditioners, so
they are commonly used as the second (or third) detergent listed on labels reporting the
shampoo ingredient list. Sarcosines are used in conditioning and dry hair shampoos.
Detergents of this class are generally mentioned on the shampoo label as lauryl
sarcosine (C15Hy9NOs3) and sodium lauryl sarcosinate (C;5HysNO3Na).

e  Sulfosuccinates: they represent a class of very effective detergents, suitable in removing
sebum from oily hair. Thus, they are commonly used as secondary surfactant in
shampoos for oily hair. Examples of this class are sodium dioctyl sulfosuccinate and
disodium oleamine sulfosuccinate.

Cationic surfactants are also very important in shampoo formulations. In fact, anionic
surfactants, while effective for sebum and dirt removal, increase negative hair surface
charge, causing frizz and friction. Secondary surfactants are added to mitigate these effects
and reduce static electricity. The surfactants displaying this property form the basis of
conditioners, and they are typically cationic. This mechanism works by neutralizing the
negative charge on the hair fiber through the introduction of positively charged agents,
while simultaneously lubricating the cuticle to decrease the fiber’s hydrophilicity. These
formulations typically include ingredients with antistatic and lubricating properties, which
fall into five main categories: polymers, oils, waxes, hydrolyzed amino acids, and cationic
compounds. Among these, silicones stand out as the most effective and widely used
conditioning agents.

Cationic ingredients are often used into various shampoo formulations alongside an-
ionic surfactants with the aim of counteracting charges and forming a cationic-anionic com-
plex. This complex results in a charge-neutral hydrophobic ingredient. Trimethyl alkylam-
monium chloride ([R—N(CH3)3]*Cl ™), Benzalkonium chloride (C¢H5CH,N(CH3),R*Cl7),
and cetrimonium chloride ([C14H33N(CHj3)3]7Cl ™) are cationic surfactants that are cosmeti-
cally acceptable for hair conditioning products [35].

Quaternary Ammonium Compounds (quats), the primary cationic surfactants, en-
hance conditioner spreadability and provide antimicrobial preservation. However, quats
can cause skin and respiratory irritation, with some inducing severe allergies [37]. Certain
quats, like benzalkonium chloride, are endocrine disruptors [37]. Furthermore, they pose
environmental risks due to aquatic toxicity [38].

Beard et al. [39] investigated the adsorption of long-chain quaternary amine surfac-
tants (alkyl and ester quats) onto human hair, attributing the process to van der Waals,
electrostatic (ionic and dipolar), and hydrogen bonding forces. Ionic interactions, highly
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pH-dependent, are dominated by surface sulfonate groups due to their full ionization
at neutral pH. Ester quats, with -C-O-, -C-OH, and —C=0 structures, exhibit broader
dipolar interactions compared to alkyl quats, which rely primarily on quaternary nitrogen-
sulfonate interactions. This multi-site interaction of ester quats allows a single molecule to
compensate multiple surface sulfonates, potentially via -OH groups. Alkyl quat adsorption
requires migration to sulfonate sites. Van der Waals forces drive alkyl tail adsorption by
minimizing system energy through transfer from polar solution to the hair surface.

While shampoo varieties appear numerous, their basic ingredient categories are largely
consistent (Figure 7). They are foaming agents, thickeners and opacifiers, sequestering
agents, conditioners in shampoo formulations, pH adjusters and specialty additives.

Shampoo general composition

Anionic surfactant a/\/\/\/\/
Cationic surfactant o~

Foaming agents e/\/\/\/\/

Thickeners and opacifiers Hydrosoluble polysaccharides, esters/ amides

Conditioners [+ AN

SequeStering agents EDTA (ethylenediaminetetraacetic acid), Polyphosphates, Sodium triphosphate

pH adjusters R-COOH (weak acids)

Specialty additives Anti-oxidant, anti-microbial, anti-inflammatory
and perfumed molecules

Figure 7. A scheme summarizing the general composition of a shampoo.

Consumers often equate high foam with superior cleaning, though technically, foam
and cleansing efficacy are distinct. Shampoos utilize foaming agents, primarily surfactants,
to generate and stabilize air bubbles by reducing surface tension at the air/water interface.
Foam stability relies on surfactant concentration at the lamellae. While foam aids detergent
spread across hair and scalp, it does not directly clean. Sebum inhibits foam formation,
explaining reduced foaming on initial washes. Consequently, corticosteroid shampoos,
despite potentially lower foam, can still provide adequate cleaning.

Thickeners enhance shampoo viscosity, influencing consumer perception of qual-
ity. Opacifiers create a pearlescent appearance, offering only esthetic benefits, not
improved cleaning.

Sequestering agents, crucial shampoo components, chelate calcium and magnesium
ions, preventing ‘scum’ formation. This scum, if allowed to form, dulls hair and irritates
the scalp, potentially exacerbating seborrheic dermatitis. Therefore, shampoo is preferred
over bar soap for hair cleansing.

While shampoos cleanse, over-cleansing leaves hair harsh and unmanageable. To
counteract this, conditioners are added, especially in shampoos for dry or treated hair,
imparting manageability, antistatic properties and gloss.

Conditioning agents are generally classified into four main types: film-forming poly-
mers, hydrolyzed proteins, cationic surfactants (such as quaternary ammonium com-
pounds), and silicones like dimethicone (C;HgOSi), and cyclomethicone. Fatty amido-
functional tertiary amines are also used and are often available in convenient flake form.
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These can be neutralized with acids such as citric or lactic acid to produce cationic amine
salts, which serve as the primary conditioning agents in products like créeme rinses, fin-
ishing rinses, and conditioners. A key advantage of these amine salts over quaternary
ammonium compounds is their ease of rinsing, which helps prevent surfactant buildup on
the hair.

Conditioners lubricate the hair surface and help align the hair fibers, which results in
a smoother appearance of the cuticle layer. This effect is particularly beneficial for permed
hair, where the cuticle tends to lift. By smoothing and coating the hair, conditioners help
protect the underlying cortex from environmental damage. Common conditioning ingre-
dients include hydrolyzed animal proteins, glycerin (C3HgO3), dimethicone, simethicone
((CaHgOS1)n + (SiO2)m), polyvinylpyrrolidone (C¢HgNO),,, propylene glycol (C3HgO,), and
stearalkonium chloride (Cy7Hs(CIN). Protein-based conditioners are occasionally bene-
ficial for damaged hair, as they can temporarily repair split ends—medically known as
trichoptilosis—by binding to exposed keratin in the cortex. This property, known as
substantivity, allows proteins to hold the split fragments together until the next wash. Re-
garding the control of pH, shampoo-induced hair damage can be mitigated by preventing
alkaline-induced cuticle swelling. pH adjusters, such as glycolic acid, maintain a slightly
acidic pH, which is particularly important for protecting chemically treated hair.

The final and arguably most influential category of shampoo ingredients is the spe-
cialty additives. These components differentiate one shampoo from another, often serving
as the basis for marketing claims. Some of these ingredients offer functional benefits, while
others are included simply to align with current trends. For instance, in the 1970s, beer was
added to shampoos as a conditioning agent, though such formulations have since disap-
peared from mainstream markets. In the 1990s, glycolic acid gained popularity, though its
role was limited to pH adjustment. More recently, the focus has shifted to incorporating
conditioning vitamins like Vitamin B5 (panthenol) [33], along with trendy botanicals such
as tea tree oil. It is important to note that shampoo formulations are frequently updated to
reflect evolving consumer preferences and marketing strategies [40].

3.2. Fatty Amines and Their Derivatives in Detergents Formulations

Fatty amines may be considered compounds with the structure reported in Figure 8
in which Rj is an alkyl group and R; and R3 may be alkyl groups or hydrogen in any
combination. The unshared pair of electrons allows these molecules to undergo salt
formation with acids and exhaustive alkylation with alkyl halides.

R
R, \R2

Figure 8. General structure of a fatty amine.

These amines can be classified into the alkylolamines and the alkyl amines. Alkylo-
lamines available for detergent are mono-, di-, and triethanolamine, and mono-, di-, and tri-
isopropanolamines. Moreover, several alkyl-alkylolamines, such as diethyl ethanolamine,
morpholine, and diglycolamines, are commercially available. The alkylamines having the
general formula, R”-RN-R’, where R” and R’ can be either an aliphatic moiety or hydrogen,
are used to neutralize alkyl benzene sulfonic acids or fatty acids for emulsification or
detergent purposes [17].

Careful evaluations about the use of alkyl amines as detergents confirm that these
compounds work as chemical intermediates. Before their use, amines are typically trans-
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formed into more stable and functional derivatives, such as ethoxylates, propoxylates,
amine oxides (for tertiary amines), or quaternary ammonium compounds. When a free
amine is directly added to a formulation, it often reacts in situ with other components,
resulting in the formation of an active amine-based derivative, that performs the required
function [15]. These amine-derived compounds are particularly attractive, so a specific
discussion on these compounds will be provided in the next section.

3.2.1. Amine Oxide

An amine oxide contains an amine group (NH>) and an oxygen atom with a double
bond (Figure 9). Generally amine oxides are prepared by adding the amine to 35% solutions
of hydrogen peroxide, working for 1 h at 60 °C under vigorous stirring. To prevent the
formation of gel, some water must be added, whose amount depends on the kind on used
amine. Hydrogen peroxide (H,O,) is the most used oxidizing reagent, but peracids are
also considered.

O

R1 /+NC R3
R2

Figure 9. General structure of amine oxide.

In water-based solutions fatty amine oxides show non-ionic or cationic properties
depending on pH. Under neutral or alkaline conditions they are non-ionized hydrates.
The main application of dimethyl fatty amine oxides is in food industry cleaning and
disinfecting. In the detergent industry, some of the most used amine oxides include:

e  Alkyl Dimethyl Amine Oxides (ADAOQO): These are versatile amine oxides with a
range of alkyl chain lengths, typically C10-C16. They are widely used in various
detergents due to their excellent cleaning and foaming properties. The interaction of
solid alkyl dimethylamine oxide and di-tallow dimethyl ammonium chloride (DT-
MAC, [(CnH2n+1)2N(CH3),]Cl) and di-tallow dimethyl ammonium sulfate (DTMAS,
[(CnH2n+1)2N(CH3)2]2504) quats in different types of fabric softener systems was stud-
ied by focusing on their synergistic behavior. Softening, wetting, whiteness retention
and static electricity build-up were evaluated for laundry rinses, laundry detergents
and dryer sheets. In fabric rinses, combining amine oxide with DTMAC enhanced
the wetting of cotton towels due to a synergistic effect. While this synergy was not
seen in laundry detergents, formulations with amine oxide still outperformed those
with DTMAC alone, offering better cleaning without the blotchy residue often caused
by the quaternary salt [41]. Alkyl dimethylamine oxides also showed pronounced
antimicrobial activity if used alone or in combination with alkyl betaines [42].

e  Coco Amine Oxide: Derived from coconut 0il, coco amine oxides are biodegradable
and often used in environmentally friendly detergent formulations. They exhibit good
surfactant properties and are particularly effective in dishwashing detergents.

e Lauryl Amine Oxide, like C1H5N(CHj3),0O Lauryl amine oxides are derived from
lauryl alcohol and are commonly used in laundry detergents, household cleaners and
foaming agent for skin and hair. They provide excellent cleaning performance and are
compatible with other detergent ingredients.

e  Behenyl Amine Oxide Behenyl amine oxides, like for instance CyyHysN(CH3),0, are
derived from behenic acid and are often used as conditioning agents in hair care
products. They provide a soft and silky feel to the hair while also aiding in cleansing.
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The effectiveness of these compounds depends on the length of the main alkyl chain
and the nitrogen substituents in the amine oxide. For instance, coco alkyl dimethyl amine
oxide is a strong foam booster in mild detergents and shampoos, while longer-chain stearyl
amine oxides are suitable as hair conditioning agents [43]. Some formulations feature
molecules with two amine oxide groups, often modified by replacing the amine hydrogen
with ethanol groups. These variants are commonly used as foam boosters in products like
bubble baths, hand dishwashing liquids, and baby shampoos [27].

3.2.2. Ethoxylated Fatty Amines

Ethoxylated fatty amines are non-ionic surfactants produced by reacting fatty amines
with ethylene oxide, working in the presence of an appropriate catalyst. Their physical
form—ranging from liquid to pasty solid—depends on the length of the fatty alkyl chain
and the number of ethoxyl groups attached (Figure 10). Ethoxylated fatty amines have
both a polar cationic nitrogen atom and a non-ionic polyoxyethylene chain. In this case, the
polar character and, more in general, the characteristics of the surfactant molecule, strongly
depend on the length of the polyoxyethylene chain. A non-ionic behavior is obtained when
the chain is very long (>10 units), while the physical-chemical properties are similar with
those of cationic surfactants in the case of medium or short chains.

(CH,CH,0),,H

R—N

\

(CH,CH.0),H

Figure 10. General structure of polyethoxylated tallow amine. R = tallow chain.

Ethoxylated fatty amines are widely used in both industrial and personal care appli-
cations. In cleaners, they act as foam boosters, stabilizers, and wetting agents, while in
personal care products like foam baths, shampoos, and aerosol mousses, they enhance
foaming performance. In the textile industry, they serve as wetting and dye-leveling agents,
and also function as solubilizers in textile processing. Additionally, they are used as anti-
corrosion agents in the oil and gas sector and as emulsifiers or adjuvants in agrochemical
formulations [44—46].

3.2.3. Quaternary Ammonium Compounds

Quaternary ammonium compounds (quats) are organic nitrogen compounds where
four carbon atoms are covalently bonded to a central nitrogen atom, forming a positively
charged tetrasubstituted ammonium ion paired with a negatively charged anion (Figure 11).
This category also includes certain heterocyclic nitrogen compounds with two single bonds
and one carbon-nitrogen double bond. Due to their structural flexibility, an extensive
variety of higher aliphatic quaternary ammonium salts exist—more than for most other
fatty acid derivatives. Their primary appeal lies in their surface activity, making them
valuable in both material applications and biological systems.

R1
| a-
N+
R3 ~ \\Ra
RZ

Figure 11. General structure of a quaternary ammonium compound.
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Quaternary ammonium salts are synthesized through exhaustive alkylation of amines,
fatty amines, or heterocyclic nitrogen compounds. The specific properties of the final
product depend on both the type of amine used and the nature of the alkylating agent,
which influence the reaction pathway and product characteristics [47].

Primary and secondary amines are quaternized by methylation with methyl chloride
and removal of produced HCI.

Ri1R,NH + 2CH;3Cl — R1Ro;N*(CH;3),Cl1™ + HC1

An alternative route can be the reaction between an alkyl bromide and a tertiary amine.
This is the most common method to prepare the cetyl-trimethyl-ammonium bromide (CETAB)

Ci6H33Br + N(CH3)3 — Ci¢Hss — N+(CH3)3B1‘_

The quaternization of the tertiary amine is carried out with dimethyl or diethylsulfate
when a sulfate anion is also required,

R1R,CHj3 + (CH3),504 — RiRoN*(CH;3),CH3S0,~

All these synthetic routes result in alkyl ammoniums displaying different alkyl
groups [27].

Quaternary ammonium compounds represent the most widely used class of cationic
surfactants for several applications [48] including textile conditioning, particularly in
laundry detergents and fabric softeners. Among them, distearyl dimethyl ammonium
chloride (DSDMAC, C33HgoCIN), derived from hydrogenated tallow and composed mainly
of C16 and C18 alkyl chains, is the most significant. In Europe, these compounds typically
contain chloride as the counterion, while in the U.S., methyl sulfates are also common. The
performance of quaternary ammonium compounds is largely influenced by the structure of
their substituents—especially chain length, saturation level, and presence of oxygen atoms.
Modifications to the saturated tallow chains can impact softening efficiency and formulation
pourability. Incorporating hydroxy groups or unsaturated fatty chains improves solubility
and enhances the final product properties [49].

Other important quaternary ammonium salts in detergents industry are:

e  Alkyl Dimethyl Benzyl Ammonium Chloride (ADBAC):(CnHzn11)N(CH3),CH, PhClL
ADBAC is widely used in disinfectant and detergent formulations for its broad-
spectrum antimicrobial activity against bacteria, viruses, and fungi. It is effective
in both acidic and alkaline conditions and is commonly found in household disinfec-
tants and industrial cleaners.

e Dodecyl Dimethyl Ammonium Chloride (DDAC): Cp»HygCIN. DDAC is another
quaternary ammonium salt with strong antimicrobial properties. It is commonly
used in healthcare facilities, food processing plants, and institutional settings as a
disinfectant and sanitizer. It is effective against a wide range of pathogens, including
bacteria, viruses, and fungi.

o  Benzalkonium Chloride (BAC): PhCH,(CHjn11)N(CH3),Cl. BAC is a versatile qua-
ternary ammonium salt used in various cleaning and disinfecting products, including
detergents, hand sanitizers, and surface disinfectants. It is effective against bacteria,
viruses, and algae and is commonly used in both commercial and household settings.

o  Cetyl Trimethyl Ammonium Chloride (CTAC): C19H4N(CH3)3Cl. CTAC is often used
as a surfactant and antistatic agent in fabric softeners, laundry detergents, and hair care
products. It helps to reduce static cling and improve the softness and manageability of
fabrics and hair.
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e Octyl Decyl Dimethyl Ammonium Chloride (ODDAC): CgH;7(C1oH21)N(CHj3),CL.
ODDAC is commonly used as a surfactant and antimicrobial agent in detergents and
disinfectants. It has excellent wetting and emulsifying properties and is effective
against a wide range of microorganisms.

e A growing body of literature highlights concerns regarding quats build-up and rins-
ability, particularly in hair care. Cetyl Trimethyl Ammonium Chloride (CTAC) is
used in many products and is generally well tolerated at concentrations between 0.5
and 2.5%, although isolated cases of dermatitis have been reported. Cetylpyridinium
chloride (CPC), commonly found in oral care products, has a lower incidence of skin
reactions and is often used in milder formulations. Cetyl Trimethyl Ammonium
bromide (CTAB), while effective, has been linked to keratinocyte proliferation and
sensitization in some studies, suggesting caution with prolonged exposure [12].

3.2.4. Fatty Amines in Fabric and Hair Detergents

As evidenced by the analysis conducted in the preceding sections, fatty amines are
fundamental in the detergent industry because of their properties and also those of their
derivative compounds. Fatty amines may represent an important example of biobased
hydrophobes, but their derivatization (for example to quats) often relies on traditionally
nonrenewable chemicals (for instance benzyl chloride, ethylene oxide, dimethyl sulfate,
etc.) [5].

Primary (1°) fatty amines are versatile compounds used in a wide range of applica-
tions, including cationic surfactants (for textile softeners, dyeing aids, antistatic agents,
germicides, and pigment dispersants), amphoteric surfactants (in detergents and sham-
poos), as well as corrosion inhibitors, asphalt emulsifiers, mold release agents for rubber,
anti-caking agents in fertilizers, fuel additives, and sludge inhibitors. They are typically
produced by hydrogenating unsaturated fatty nitriles using activated nickel catalysts, with
the desired level of olefin retention tailored to their specific end use [50].

Most industrially important aliphatic amines (like alkylamines and diamines), aromatic
amines (such as anilines), and amino alcohols (e.g., ethanolamines and propanolamines)
are currently derived from fossil resources. For example, ethylenediamine is produced by
reacting ammonia (NH3) with 1,2-dichloroethane (DCE), which itself is obtained by chlori-
nating ethylene. Similarly, ethanolamines are synthesized by reacting ethylene oxide (EO)
with excess ammonia. These processes rely on light olefins like ethylene as the carbon
source, which are generated from petrol through steam or catalytic cracking—one of the most
energy-intensive operations in the chemical industry, responsible for millions of tons of CO,
emissions annually.

Additionally, converting ethylene into intermediates like DCE or EO for subsequent
amination is both costly and energy-intensive. Many conventional synthesis routes for
amines also present significant drawbacks. For instance, using alkyl halides like DCE can
lead to corrosion due to HCl by-product formation and generate large volumes of waste
salts. Neutralizing these with NaOH further produces excess NaCl. Ethylene oxide, used
in ethanolamine production, is highly toxic and explosive, posing serious handling risks.
These challenges highlight the urgent need for more sustainable catalytic processes that
align with the 12 principles of green chemistry—emphasizing high atom economy, minimal
waste, and the use of safe, renewable feedstocks [51].

Quaternary ammonium salts derive from fatty amines. The primary application of qua-
ternary ammonium compounds is fabric softeners, with a market volume of 40,000 metric
tons of 75% active material and an annual growth rate of 4-5%. These products are available
in three main forms [52]:

e 3-8 wt % quaternary ammonium compound dispersions for addition to the rinse cycle.
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e  Quaternary ammonium compound formulations on nonwoven sheets or polyurethane
foam, containing a fatty-acid ester transfer agent, for use in clothes dryers.

e Combined detergent, softener, and antistatic formulations for single-cycle use in
washing machines.

These products provide fabric softening, antistatic properties, ease of ironing, and
odor improvement (via added perfumes). Dimethyl di(hydrogenated tallow) ammonium
chlorides or methyl sulfates are the most effective compounds; imidazolinium and amido-
amine quaternaries are less effective and can cause fabric yellowing. Recently several
studies were carried out regarding innovative biobased softeners for wool or cotton based
on fatty acids and aminoacids [53], suggesting that currently industry is searching for these
products more sustainable solutions.

The manufacture of organomodified clays represents the second-largest market for
quaternary ammonium compounds [54]. In fact organomodified clay are added to drilling
mud to improve its lubricity and rheological properties. This application has rapidly
grown because of the spreading of well drilling and increased well depths. For this reason,
more than 14,000 tons of quaternaries are annually used in the organoclay market [52].
Organoclays are produced through an ion-exchange process, where clay is dispersed in
water and mixed with an equivalent amount of a quaternary ammonium compound.
The positively charged quaternary ions replace the inorganic cations on the clay sur-
face. The resulting organoclay is then separated, dried, and ground. Common qua-
ternary compounds used include dimethyldi(hydrogenated tallow)ammonium chloride,
dimethyl(hydrogenated tallow)benzylammonium chloride, and methyl-di(hydrogenated
tallow)benzylammonium chloride. Beyond their use in drilling muds, organoclays also
serve as thixotropic agents in paints, coatings, grease additives, foundry additives, cos-
metics, resins, and printing inks. Organomodifed clays were also used in the synthesis
of polymer [54] and biopolymer [55,56] nanocomposites, thanks to the fact that, during
polymer processing by extrusion, the nanometric sheets typical of nanoclays can modify the
polymer properties in an extent depending on the composition and achieved morphology.
In fact, in general, the desired properties dictate the type of organoclay needed.

Quaternary ammonium compounds (quats) are additionally widely used as bacteri-
cides and sanitizers, particularly those derived from benzyl chloride and dimethylalky-
lamine (alkyl chains C12-C16). These quats are favored over phenols and chlorine-based
disinfectants due to their non-irritating, odorless, and long-lasting properties, making
them suitable for food processing, restaurants, dairies, and hospitals. Trimethylalkyl quats,
like trimethyloctadecylammonium chloride, also exhibit strong germicidal activity. Di-
alkyldimethyl quats, derived from coconut oil, are effective against anaerobic bacteria,
especially sulfate-reducing bacteria found in oil wells, thus preventing corrosion and plug-
ging. Additionally, quats serve as cationic emulsifiers in water-based asphalt emulsions
for road construction, offering an environmentally friendly alternative to solvent-based
systems and enabling adhesion to negatively charged aggregates [52].

As reported in Sections 3.1.2 and 3.2, the use of fatty amines derivatives in shampoo
formulation is well known and several chemical structures can be selected on the basis of
the addressed properties. In Table 1 the main structures of amine derivatives present in
hair detergents are reported.

Interestingly, fatty acid amides, produced from fatty acids and long-chain amines,
create the pearlescent effect in shampoos [57].
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Table 1. Fatty amines derivatives, their function in hair detergents and examples.
Class of Fatty Primary Functions in Examples
Amine Derivative Hair Detergents P
e  Surfactant (mild, non-ionicor e  Alkyl Dimethyl Amine Oxides
cationic) (ADAO, R—N(CHj3),0)
Amine oxide e  Foam booster/stabilizer e Lauryl Amine Oxide:
e Antimicrobial agent C12Hy5—(CH,)—N(CH3),O
e  Hair conditioning e  Behenyl dimethyl Amine Oxide: CyyHyyN
e  Non-ionic surfactant
' e  Foaming agent e  coco amine ethoxylate
IE\Ithogyla.ted fatty amines e Wetting agent Polyethoxylated Tallow Amine:
on-lonic e  Emulsifier R-N(CH2CH;0),H
e  Mild antimicrobial properties
e  Distearyl dimethyl ammonium chloride
o (DSDMAC, C3gHgoCIN)
Quat . ° Cat'loruc st.n"fac'tant e  Cetyl Trimethyl Ammonium Chloride
CO‘E e(fﬂflfiys ammonium *  Hair conditioning (CTACQ): C;9HgoNC1 CTAC;
i PO e Antistatic agent ) e  Dodecyl Dimethyl Ammonium Chloride
cationic e Antimicrobial preservative (DDAC): CopHysCIN;

e  Benzalkonium Chloride (BAC):
(CnHan41)CHaN(CH3)2C1

4. Fatty Amines in Cosmetics

The skin, the body’s largest organ and a component of the integumentary system com-
prises three primary layers: the epidermis, dermis, and hypodermis. Its critical functions in-
clude physical, chemical, and biological protection, as well as thermo- and hydro-regulation.
The skin also serves as a significant pathway for drug delivery, allowing topically applied
substances to permeate the stratum corneum (SC) and reach deeper skin tissues or sys-
temic circulation. The skin’s extensive surface area facilitates increased active molecules
absorption, enabling effective high-payload transdermal drug delivery. However, the SC
acts as a barrier, limiting the passive absorption of certain drugs, particularly those with
high molecular weight or poor permeability [58].

Due to their peculiar properties, surfactants are very useful molecules and found many
application in the cosmetic market: they are used as cleanser, foaming agent, emulsifier,
suspending agents, and formula stabilizer. One of their many uses is in detergents and
toiletries where the surfactants are exploited to remove fat and dirt particles. Moreover,
when used in toothpastes, surfactants are used to help a fast and complete dissolution of
the product in our mouth thanks to their capability to improve water dispersion of fatty
molecules in water. Finally, it is possible to formulate the right combination of different
surfactants to meet all the required characteristics in just one product. For example, the
right combination can guarantee high skin tolerance without waiving the dirt removal
properties needed [24].

Fatty amines derived from natural fatty acids, such as those found in coconut oil,
soybean oil, and other lipid sources, are commonly used in the cosmetics industry. In fact,
in cosmetic formulations, these compounds and their derivatives play pivotal roles due to
their multifunctional properties. they may act as surfactant, conditioners, anticaking agents,
and emulsifiers. Their amphiphilic nature allows them to interact effectively with both
hydrophilic and lipophilic substances, making them valuable in a wide range of personal
care products [59,60].
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Fatty amines and their derivatives are widely used in cosmetic products due to their
surfactant properties, which help in cleansing and conditioning. They are often used in
formulations for soaps, shampoos, and conditioners to improve texture and stability [60,61].
Additionally, fatty amines and their derivatives are involved in the formulation of makeup
products, where they help in fixing water-soluble coloring materials on the skin, enhancing
the durability and appearance of makeup [62].

Among the fatty amines derivatives, the most used in the cosmetic field are fatty amine
oxide and fatty amine ammonium salts (Figure 12). Amine oxides are interesting products
due to their ability to behave as non-ionic surfactants in neutral or alkaline media and due
to their high foaming activity where they are appreciated for their solid form and for their
ability to be used in water sensitive products [61-63]. Ammonium quaternary salts are also
used in cosmetics and are appreciated as surfactants, antimicrobial compounds [64], and
conditioners [65]. Finally, another emerging application for fatty amines ammonium salts is
the functionalization of clays to produce synergistic effect exploitable in skin and hair care.

Amines Amine Oxides Ammonium
N{/\/\/\/\/\/ Salts
HzN’\/\/\/\/\/\ —oy
Lauramine Lauramine Oxide /@
| ..
ANANNAANAAN s Benzenemethanaminium
HoN ‘O‘NMM/\N N,N-dimethyl-N-octadecyl
Myristamine Myristamine Oxide Sporice
* Foam Stabilizer * Suspending Agent
* Conditioner e
* Foam Booster * Rheology modifier
* Antistatic 3 : . .
* Antimicrobic * Antistatic
* Surfactant s
f * Viscosity Modifier * Surfactant
* Antimicrobic s ! p
¢ Conditioner * Antimicrobic

Figure 12. General structure of amines and ammonium compounds used in cosmetics.

4.1. Functional Roles in Cosmetic Formulations

In cosmetic applications, fatty amines and their derivatives serve several key functions:

Surfactants and Cleansing Agents [66]: They reduce surface tension, aiding in the
removal of dirt and oils from skin and hair.

Foam Boosters and Stabilizers [67]: Enhance the formation and stability of foam in
products like shampoos and body washes.

Emulsifiers and Emulsion Stabilizers [68,69]: Facilitate the mixing of oil and water
phases, ensuring product consistency.

Conditioning Agents [70]: Improve the texture and manageability of hair and skin by
providing a soft, smooth feel.

Antistatic Agents [71]: Reduce static electricity, particularly in hair care products,
minimizing frizz and flyaway.
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Antimicrobial Properties [72-74]: Some fatty amine derivatives exhibit antimicrobial
activity, which can be beneficial in preserving cosmetic products and ensuring they remain
safe for use over time.

Anti-caking Agents [75]: Fatty amines are employed in organo-modified clays for all
the function cited before and also in order to keep the powder flowability and softness in
time [59].

Finally, fatty amines could help in enhancing the bioavailability of compounds that
are not highly hydrosoluble. At the same time, especially in a slightly acidic product, they
can act as anti-microbial compounds [76].

4.2. Types of Fatty Amines and Their Uses
4.2.1. Cocamine and Its Derivatives

Cocamine, derived from coconut fatty acids, is commonly used in its oxide form,
Cocamine Oxide, in various personal care products. It functions as a mild surfactant, foam
booster, and conditioning agent. Its ability to enhance foam and cleansing effectively makes
it a staple in shampoos, facial cleansers, and body washes. Additionally, Cocamine Oxide
exhibits antistatic properties, contributing to smoother hair texture [77].

4.2.2. Soyamine and Dimethyl Soyamine

Soyamine, obtained from soybean oil, and its derivative, Dimethyl Soyamine, are
utilized for their conditioning and antistatic properties. These compounds are particularly
effective in hair care formulations, where they help in detangling and reducing static
electricity, leading to improved hair manageability [78].

4.2.3. Myristamine and Myristamine Oxide

Myristamine, a fatty amine with a 14-carbon chain, and its oxide form, Myristamine
Oxide, are employed in cosmetic products for their surfactant and antimicrobial properties.
Myristamine Oxide serves as a foam stabilizer and conditioning agent in shampoos and
conditioners. Its antimicrobial activity also contributes to the preservation and hygiene of
personal care products [79].

4.2.4. Lauramine and Its Derivatives

Lauramine, derived from lauric acid, and its derivatives, such as Dimethyl Lauramine
and Lauramine Oxide, are widely used in cosmetics. Lauramine Oxide functions as an
effective foam booster, emulsifier, and viscosity modifier. It is compatible with various
surfactants and remains stable across different pH levels, making it suitable for shampoos,
facial cleansers, and body washes [80].

4.3. Commercial Applications in Cosmetics

In the commercial landscape, fatty amines and their derivatives are integral to numer-
ous cosmetic products. For instance:

Dimethyl Cocamine is recognized for its antistatic, emulsifying, and conditioning
properties, making it valuable in hair care formulations [62].

Lauramine Oxide is utilized for its foam-enhancing and emulsifying capabilities,
contributing to the sensory appeal and stability of cleansing products [43].

Myristamine Oxide offers foam stabilization and antimicrobial benefits, enhancing
both the performance and shelf-life of personal care items [57].

Stearalkonium hectorite are used as oil phase rheology modifier and emulsifier with
the possibility to control the viscosity of the final product and with good suspension
capabilities [81].



Cosmetics 2025, 12, 227

23 of 39

These applications underscore the versatility and importance of fatty amines in formu-
lating effective and consumer-appealing cosmetic products [52-61].

5. Fatty Amines and Sustainability

5.1. Alternative Methods of Synthesis
5.1.1. Use of Enzymes

Enzyme catalysis has become a cornerstone of green chemistry, offering significant
environmental and economic advantages. Enzymes are derived from renewable sources,
are biodegradable, and pose minimal hazard to humans or ecosystems. Importantly, they
eliminate reliance on scarce and expensive precious metals, avoiding the need for costly
purification of trace metal residues.

These biocatalysts operate effectively under gentle conditions—ambient temperature
and pressure in aqueous media—and frequently eliminate the need for protecting-group
chemistry or harsh activation steps. Such mild conditions result in more streamlined
synthesis with fewer steps, lower waste generation, and reduced energy requirements.
Moreover, they can be deployed in conventional batch reactors, removing the necessity
for specialized high-pressure or temperature equipment. Enzyme-based reactions can
involve either a single catalyst executing a specific transformation or a series of enzymes
performing sequential reactions in cascade systems. These multi-step, one-pot processes can
be implemented either in living cells or by employing isolated enzymes in vitro, allowing
for complex molecular construction with high selectivity [82].

As noted earlier, fatty amines are traditionally produced via the “nitrile route” from
fatty acids or by reacting fatty alcohols with ammonia or alkylamines. These processes
rely on heterogeneous, often toxic metal catalysts such as nickel, copper, or metal oxides
and require harsh reaction conditions including high temperature, pressure, and hydrogen
gas. Such methods frequently yield mixtures of primary, secondary, and tertiary amines,
complicating downstream processing and necessitating additional safety measures [83].

Citoler et al. [83] developed a one-pot enzymatic cascade that integrates a carboxylic
acid reductase (CAR) with a w-transaminase (w-TA). This system converts saturated or
unsaturated fatty acids (C4—Cyg) directly into amines, achieving up to 96% conversion.
At preparative scale (75 mL, using trilaurin), they isolated laurylamine with a 73% yield
after purification.

Similarly, fatty alcohol aminated through combined enzyme cascades—typically pairing
alcohol oxidases or dehydrogenases with w-TAs—generate aldehyde intermediates in situ
that are then transaminated. While effective, the process still encounters limitations for longer-
chain substrates (C14+), due to low enzyme activity and poor substrate solubility in water.
CAR enzymes are especially suited for these cascades. As three-domain proteins driven by
ATP and NADPH, CARs derived from Mycobacterium marinum, Segniliparus rugosus, and
related strains exhibit broad activity on fatty acids (C4—Cys), efficiently generating aldehyde
intermediates. Their combination with w-TAs forms a robust route for fatty amine production.

Successful implementations of similar cascades include systems combining
CAR + w-TA + imine reductase (IRED) for producing piperidines and pyrrolidines with
high selectivity, or CAR + w-TA with adenine recycling and NADPH regeneration for
alkaloid biosynthesis [84]. Enzyme-based biocatalysis faces notable limitations—chiefly,
enzymes often exhibit insufficient stability under industrial conditions (e.g., elevated tem-
perature, extreme pH, solvents), narrow substrate scopes, low tolerance to product or
substrate inhibition, high production costs, low reaction concentrations, and complex
scale-up logistics. Yet, the future outlook is promising: advances in protein engineering (in-
cluding directed evolution, rational design, Al-assisted methods), enzyme immobilization,
metagenomic discovery of novel catalysts, and innovative reactor strategies (flow chemistry,
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microreactors, biphasic systems) are actively addressing these challenges, paving the way
for robust, high-yield, cost-effective, and truly sustainable biocatalytic processes.

Enzyme-based biocatalysis presents a sustainable and selective approach to chem-
ical synthesis under mild conditions, but its industrial application is limited by several
challenges. These include low enzyme stability under demanding process environments,
narrow substrate specificity, reliance on expensive cofactors, and reduced productivity
due to low operational concentrations. Scaling up biocatalytic processes is further hin-
dered by complex reactor designs and inefficiencies at large volumes. However, recent
advancements are addressing these limitations. Techniques such as protein engineering
(e.g., directed evolution, Al-guided design), enzyme immobilization (e.g., CLEAs, nanopar-
ticle supports), integration into continuous-flow systems, and efficient cofactor regeneration
are collectively improving enzyme performance and process viability. With these innova-
tions increasingly supported by digital tools and green chemistry principles, enzymatic
cascades—such as CAR-wTA systems—are becoming more feasible for industrial-scale
production of bulk chemicals.

5.1.2. Synthesis in Water

Dimethyl alkyl amines are valuable intermediates used in detergents, pharmaceu-
ticals, and as precursors to cationic surfactants. However, their conventional synthesis
often relies on activated substrates or involves methylation using hazardous reagents like
methyl iodide.

Catalytic alcohol amination offers a highly attractive alternative, as it uses readily
available starting materials—aliphatic alcohols and corresponding amines—and generates
only water as a byproduct [85]. Catalytic alcohol amination is already used industrially—for
example, in the production of methylamines from ammonia and methanol. However, this
approach faces limitations when applied to the synthesis of tertiary dimethyl alkyl amines.
The commonly used heterogeneous catalyst, while highly active, lacks selectivity and tends
to convert dimethylamine (DMA) into a mixture of methyl- and trimethylamines, leading to
a complex array of byproducts and downstream processing challenges. The situation is fur-
ther complicated with fatty alcohols, which typically cannot be processed in the gas phase
due to their low volatility, making them unsuitable for use with heterogeneous catalysts.

Unlike heterogeneous systems, homogeneous catalytic amination of alcohols occurs in
the liquid phase and presents a promising route for synthesizing dimethyl alkyl amines.
This method offers several advantages, including the use of readily available bulk chem-
icals and robust ruthenium-based catalysts. The reaction proceeds via the “borrowing
hydrogen” mechanism (Figure 13), where the alcohol is activated in situ through dehy-
drogenation. The catalyst plays a dual role—activating the alcohol and hydrogenating the
resulting enamine—often requiring high catalyst loadings to ensure complete conversion
and minimize reaction time. The concentration of reactive carbonyl intermediates is kept
low, reducing side reactions like aldol condensation. The process yields an enamine or
imine (depending on the type of amine) and water as the only byproduct, highlighting the
sustainability of this reaction pathway.

The amination of long-chain fatty alcohols with dimethylamine in water as the solvent
has achieved conversion and selectivity exceeding 99%. This success is attributed to the
use of a water-soluble ruthenium-based catalyst and the unique phase-mediating role
of dimethylamine. Under these optimized conditions, various fatty alcohols have been
efficiently converted into their corresponding tertiary dimethyl alkyl amines. Despite the
advantages discussed above, this method faces significant drawbacks, primarily related to
catalyst separation and recovery, as well as potential for catalyst deactivation [73].
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Figure 13. Mechanism for the amination of alcohols [73].

5.1.3. One-Step Vapor-Phase Thermocatalysis of Triglycerides

In the traditional fatty nitrile process, triglycerides are hydrolyzed, and the resulting
fatty acids are catalytically reacted in a liquid-phase reaction with NH3. Shirazi et al. [86],
reported a simpler one-step fatty nitrile production method (Figure 14). This method con-
sists of a direct vapor-phase reaction of triglycerides with NHj catalyzed by heterogeneous
solid acid, thus avoiding the hydrolysis step. Catalyst properties were found to influence
product yields and the effects of triglyceride/NHj3 ratios on product yield were assessed
for reactions catalyzed by V;0s.

Temperature <
Triglyceride Controller ;
]
1
Furnace _
— Liq. N,
[ B |
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NH; 1: Catalyst

2: Support

Figure 14. Schematic diagram of the one-step vapor-phase nitrile reaction system [86].

All experiments were conducted using a continuous vapor-phase reactor system (il-
lustrated schematically in Figure 13). Before each run, the reactor was packed with catalyst,
placed in a furnace, and purged with pure nitrogen (N;) to eliminate residual moisture and
oxygen. When the setpoint temperature was reached, the nitrogen flow was stopped, and
NH; was constantly supplied via a mass flow meter. Micron-sized droplets of coconut oil
were then fed into the reactor through an atomizer, maximizing the surface area for efficient
heat and mass transfer. The condensed liquid products were separated into an aqueous
and an organic phase. Additionally, this process greatly reduces (and even eliminates) the
need for complex distillation and purification stages, which are instead necessary in the
traditional processes.

Overall, the one-step vapor-phase nitrile process enables the direct conversion of
triglycerides into fatty nitriles with yields approaching theoretical limits. It also offers lower
energy consumption and the potential for simpler reactor and separation system designs
compared to conventional methods. Although one-step vapor-phase thermocatalysis of
triglycerides offers benefits such as bypassing the energy-demanding hydrolysis stage, it
still presents several drawbacks. These include the necessity for elevated temperatures,
which can trigger undesirable reactions like cracking and coke buildup, as well as the
risk of catalyst degradation. Moreover, achieving precise control over product selectivity
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remains difficult, and the method often relies on expensive catalysts that can withstand
high thermal stress [83].

5.1.4. Aliphatic Amines from Plastic Waste

Plastic waste can serve as a valuable feedstock for chemical production, and several
companies are currently constructing pyrolysis plants with capacities ranging from 5
to 120 kilotons per year. When using polyolefin-rich waste, the resulting pyrolysis oil
typically contains a mix of paraffins, aromatics, and olefins (C5 to C25), with olefins
and diolefins making up as much as 60 wt%. These long-chain olefins require further
processing. Techniques like steam cracking or catalytic conversion can break them down
into ethylene, propylene, and aromatics, which can be integrated into existing petrochemical
infrastructure. Recent studies have shown that hydroformylation can convert these olefins
into aldehydes, which can then be hydrogenated into alcohols—or further transformed
into amines via reductive amination.

Aliphatic amines are widely used in solvents, pesticides, feed additives, rubber pro-
cessing, and water treatment, with solvents and agrochemicals accounting for about 50%
of the market. In 2021, their prices exceeded $2000 per metric ton, with diamines costing
roughly 1.5 times more than monoamines. Monoamines (e.g., n-butylamine, C4H;;N, and
Cy2—Cy6 primary amines) are primarily produced from natural gas through a series of five
steps: steam cracking, oligomerization, distillation, and hydroformylation. In contrast,
diamines (e.g., 1,6-hexanediamine, C¢Hy4N>) are typically derived from naphtha via steam
cracking, hydrocyanation (which involves hydrogen cyanide, HCN), and hydrogenation.

As an alternative route for producing amines and diamines, Li et al. [87] proposed a
tandem process involving hydroformylation followed by reductive amination of olefins
found in plastic pyrolysis oil, using ammonia as the nitrogen source. In their study, alde-
hydes were first generated via hydroformylation of olefins from colored post-consumer
recycled high-density polyethylene (PCR-HDPE). These aldehydes were then converted
into aliphatic amines using a Ru/C catalyst through reductive amination. Since the hy-
droformylation step yields only aliphatic aldehydes, the process selectively targets the
production of aliphatic amines. The study demonstrated that near-quantitative conversion
of aldehydes in hydroformylated pyrolysis oil to amines can be achieved using a 5 wt%
Ru/C catalyst at 90 °C and 40 bar H; in an ammonia-methanol solution. The formation
of primary Cs-C1g mono- and diamines from PCR-HDPE was confirmed through NMR
spectroscopy, gas chromatography, and elemental analysis. Although most metals are
removed during pyrolysis, the subsequent hydroformylation and reductive amination
steps can still proceed effectively in the presence of trace metal contaminants (<200 ppm).
In general, producing aliphatic amines from plastic waste involves complex multi-step pro-
cesses like pyrolysis and catalytic conversion. While it represents a sustainable approach, it
faces key challenges: high energy and operational costs, feedstock contamination, catalyst
deactivation, environmental risks, and difficulties in process control due to variable plastic
compositions [87].

5.2. A Biocircular Approach
5.2.1. Use of Agro-Food Waste and By-Products as Raw Materials for Synthesizing
Fatty Amines

The production of fatty amines from waste biomass is particularly attractive from an
industrial perspective, due to the negative value of these starting feedstocks [88] and the
high value of the target products [89,90]. However, several bottlenecks must be overcome
for the efficient and selective conversion of waste biomass to fatty amines, highlighting its
recalcitrance to the one-pot (bio)-chemical conversion strategies [91]. Many biomass sources
are available in nature that can be exploited to synthesize nitrogen-containing chemicals,
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including the fatty amines herein of interest, but very few studies are conducted on the
direct and efficient utilization of biomass. Especially when employing complex substrates,
the fractionation of useful biomass components remains the preferred strategy, mainly
aimed at the isolation of fatty acids as the prevailing components of interest for fatty amine
production via chemo-catalytic approach (e.g., via nitrile route). In addition, the protein
fraction of the biomass can be fractionated and used as N-donor source for the fatty amine
synthesis, via the bio-catalytic approach, thus better developing the bio-circularity concept.
These strategies are successful when the chemical composition of the biomass is favorable
towards the components of interest. In this context, it becomes of paramount importance
to properly consider the chemical composition of the starting feedstock, which should be
rich in fatty acids and, even better, in nitrogen-donor species (as proteins/amino acids),
especially if the bio-synthetic pathway of fatty amines would be developed. For example,
in the field of the agro-food wastes, apple fruits (e.g., from Jonathan and Golden Delicious
species) by-products (e.g., as apple pomace and skin), are rich in palmitic, stearic, linoleic
and oleic acids as valuable fatty acids, but also amino acids, mainly including leucine,
isoleucine, and valine [92]. According to Benitez et al. [93], tomato pomace by-products
may represent noteworthy waste biomasses for the production of added-value compounds.
In this context, the authors distinguished between fiber (15 wt%), skin (30 wt%) and seed
(55 wt%) fractions, developing a fractionation strategy of the biomass components based
on alkaline hydrolysis, followed by acidification, thus obtaining a non-hydrolysable solid
stream (Rx) and a hydrolyzed liquid one (Hx). The authors claimed that the seed feedstock
was the richest in both lipids and proteins (14 and 16 wt%, respectively, evaluated respect
to the overall weight of the tomato pomace). Remarkably, Hx pomace from seed and
skin differed for the fatty acid composition, the first stream mainly including unsaturated
ones (e.g., linoleic acid for ~53%, followed by oleic acid for ~28%), whilst the second one
was composed of polyhydroxylated ones (e.g., dihydroxylated Cy¢ acids, that is 10,16-
dihydroxypalmitic, for ~43%). Definitely, plant seeds contain the highest quantity of oil and
their utilization adds value to these cheap resources. Historically, tallow (with prevailing
Cy6-Cyg cut of fatty acids) and coconut oils (with prevailing Cg-Cy4 cut of fatty acids) have
been widely used for fatty amine production, according to the nitrile route. Nowadays,
other cheap natural oils are used for the same purpose, including those from linseed,
canola, palm, soybean, castor (richer in Cy4-C;3g fatty acids) and rapeseed (richer in Cy9—Cpp
ones) [94]. From this perspective, the use of soybean oil for fatty amine production, has
been specifically preferred, given the corresponding high content of oleic, linoleic and
linolenic acids [94]. The high reactivity of this type of substrate to the conversion processes,
including the mild bio-catalytic ones, makes this feedstock attractive for the fatty amine
production. Remarkably, fish oil is rich in omega-3 fatty acids, specifically eicosapentaenoic
and docosahexaenoic acid, at the same time including essential amino acids [95], which
are certainly exploitable for fatty amine production. Recently, microalgal oils are attracting
growing interest as valuable substitutes for plant oils for oleochemical synthesis, at the
same time exploiting their triglycerides, whose chemical profile is often different from
other oils (e.g., linseed, soybean, fish), anyway within the cut C14-Cyg [96]. Moreover, algal
biomass includes nitrogen-based compounds (e.g., proteins, peptides and amino acids),
which can be fractionated (generally as hydrolyzed slurries) and further exploited, as in the
case of the bio-chemical path for fatty amine production, thus improving the economics,
sustainability and circularity of the same process [96]. Lastly, marine bivalve species are
well-known animal organisms [94], and the aquaculture industry is strongly promoting
their culture in highly controlled aquatic environments. Following the previous criteria,
given the high content of fatty acids and proteins, and their high productivity (under highly
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controlled conditions), it is reasonable that their use for fatty amine production will be
evaluated within the near future.

Last but not least mammal and fish animal hides from food industry, slaughterhouses
and tanning processes are a valuable source of collagen, the most abundant structural
protein of animals [97]. Collagen extraction has been significantly improved within the
last years, providing efficient methods (such as chemical hydrolysis, salt solubilization,
enzymatic hydrolysis, ultrasound assisted extraction, etc.) [98]. Collagen and its lower
molecular weight denaturation product, gelatin, can be exploited, for example, for fatty
amine production through the discussed bio-chemical conversion paths, as well as for the
synthesis of new bio-based adhesives [99].

5.2.2. Biotechnological Paths for Fatty Amines

As suggested in Section 5.1.1, the enzymatic synthesis of fatty amines has garnered sig-
nificant attention as a sustainable and efficient alternative to traditional chemical methods.
This approach leverages biocatalysts to convert renewable feedstocks into valuable amine
compounds under mild conditions. One of the most promising strategies for enzymatic
fatty amine synthesis is the use of multi-enzyme cascades. These cascades typically begin
with the hydrolysis of triglycerides (from vegetable oils or animal fats) by lipases to gener-
ate free fatty acids. These fatty acids are then reduced to their corresponding aldehydes
by carboxylic acid reductases (CARs). The final step involves the conversion of these
aldehydes to primary amines through the action of transaminases (TAs). This sequential
enzymatic approach has been successfully demonstrated with yields of up to 97% in the
production of medium- and long-chain fatty amines and was able to isolate laurylamine
from trilaurin at a 73% yield in a scaled-up 75 mL reaction [16]. Further expanding on
this concept, researchers have explored the use of whole-cell photoenzymatic cascades
to synthesize long-chain aliphatic amines and esters from renewable fatty acids. This
method utilizes a combination of enzymes, including an alcohol dehydrogenase (ADH), an
engineered amine transaminase (Vf-ATA), and a photoactivated decarboxylase (Cv-FAP),
to convert fatty acids like ricinoleic acid and oleic acid into amines such as (S,Z)-heptadec-
9-en-7-amine and 9-aminoheptadecane. The process has achieved conversions up to 90%,
highlighting its effectiveness in producing industrially relevant compounds from renewable
resources [100].

Moreover, other enzymatic routes are being explored. w-Transaminases, for example,
can be employed for the amination of w-functionalized fatty acids, allowing the synthesis
of w-amino fatty acids, which are important intermediates in the production of bioplastics
and pharmaceuticals. Imine reductases (IREDs) also represent a valuable class of enzymes
capable of performing reductive amination reactions with high stereoselectivity. Moreover,
monoamine oxidases (MAOs) have been investigated for their use in deracemization
processes, which are critical for the synthesis of enantiomerically pure fatty amines [87].

The advantages of using enzymes for fatty amine synthesis are manifold. Enzymes
typically operate under mild temperatures and pressures, which significantly reduces the
energy footprint of the process. Their inherent chemo-, regio-, and stereoselectivity leads to
fewer by-products and higher product purity, which simplifies downstream processing.
Furthermore, because enzymes are biodegradable and reactions often use aqueous media,
the overall environmental impact is much lower compared to traditional chemical processes.

Despite these advantages, there are still some challenges to be addressed. Enzyme
stability remains a major concern, particularly when reactions are conducted over extended
periods or under non-ideal conditions. The scope of substrates that enzymes can effectively
transform is also limited, although advances in enzyme engineering and directed evolution
are rapidly expanding this range. Additionally, optimizing reaction parameters and enzyme
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loadings for cost-effective industrial processes is an ongoing area of research. Efficient
product recovery and purification from aqueous or complex media can also be technically
challenging and may require the development of novel separation technologies.

Looking ahead, the future of enzymatic fatty amine synthesis appears promising. Ef-
forts are currently underway to improve enzyme performance through protein engineering,
using rational design and machine learning-guided approaches. These innovations are
expected to produce more robust and versatile biocatalysts. At the same time, integrated
bioprocessing strategies are being developed to combine enzymatic synthesis with in situ
product separation, thereby increasing process efficiency and reducing operational costs.

Within this context, the CBE funded FLEXIZYME project [101], which aims to create
modular and flexible enzymatic platforms for the synthesis of fatty acid amines from lipid
rich and protein rich by products, aligning the enzymatic synthesis of fatty amines with the
principles of circular economy and green chemistry.

In conclusion, enzymatic synthesis of fatty amines represents a compelling alternative
to traditional chemical methods, offering significant environmental and technical benefits.
While challenges remain in terms of enzyme robustness, scalability, and economic viability,
ongoing research and development efforts, including large-scale projects like FLEXIZYME,
are paving the way for industrial adoption of these sustainable biocatalytic processes.

5.2.3. Fatty Amines and Cationic Derivatives as Additives in Biobased Formulations

Considering the current tendency to use bio-based materials, use of biobased fatty
amines in new formulations of detergents and cosmetics is very promising. The choice
of renewable vegetable oils as starting feedstocks is in full agreement with the principles
of green chemistry, at the same time avoiding health problems, as instead may occur for
tallow oil (e.g., issue of bovine spongiform encephalopathy) [102]. As further proof of
these choices, limited supply of tallow is expected, whilst agricultural-based feedstocks are
widely available. Use of fatty amines as additives of detergent and cosmetic formulations is
already carried out at the industrial level [60]. Anyway, hydrophilic contribution of amino
groups is small, if compared with the hydrophobic one of the alkyl chain that prevails at and
above pH =7, and post-modification reactions of fatty amines are required for improving
the pristine surfactant properties. For this purpose, cationic surfactants are often synthe-
sized and used in cosmetic and detergent formulations, thus improving the hydrophilic
properties of the surfactant, often evaluated in terms of hydrophilic lipophilic balance
(HLB) [103], often considering partition coefficient between heptane and water [104]. As
already discussed in Section 3, these properties would significantly impact on the micelle
packing and interface reactivity, and, consequently, surfactant properties such as solubility,
foaming, gelling, dispersion, and emulsification. All these aspects should be properly
considered during the development of cosmetic and detergent formulations. Modification
of fatty amines to give cationic surfactants may include simple salt formation (e.g., as
pseudo cationic amine salts), by their reaction with inorganic (e.g., hydrochloric) or organic
(glycolic, lactic, acetic, etc.) acids [105], as reported in Figure 15.

RNH, + HCl —RNH," CI-

RNH, + R'COOH — RNH;"R'COO~
Figure 15. Synthesis of pseudo-cationic amine salts.

Anyway, this approach is scarcely used in detergent and cosmetic formulations, at
least for primary amines, due to the pseudo-cationic properties of these salts only at pH
values significantly lower than 7 [106]. As already discussed in Section 3, more profitable
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choices involve the methylation of primary and secondary fatty amines, according to the
Leuckart reaction (e.g., using formic acid as reducing agent) [57] or reductive methylation
(in the presence of formaldehyde, hydrogen and Ni-catalyst), as reported in Figure 16 [95]:

RNH, + 2CH,0 + 2HCOOH — RN(CH,), + 2H,0 + 2CO,

RNH, + 2CH,0 + 2H, — RN(CH,), + 2H,0

Figure 16. Methylation of fatty amines.

After synthesis of methylated fatty amines, corresponding quaternary ammonium
salts can be obtained, which are cationic surfactants of greater interest for the development
of cosmetic and detergent formulations, due to the improved hydrophilicity [107]. Alterna-
tively, quaternization can be carried out by reacting fatty amines with alkylating agents,
such as methyl chloride, methyl sulfate, or benzyl chloride [108], as reported in Figure 17.

RNH, + 3CH;X + 2NaOH — RN(CH,),"X" + 2NaX + 2H,0

R,NCH; + CH,X — R,N(CH,),' X
Figure 17. Synthesis of quaternary ammonium salts.

Reaction of fatty amines with chloroacetic acid results in alkyl betaines (Figure 18).
These compounds have important applications in the cosmetics or personal care industries
(for instance ingredients in shampoos, conditioners, foaming, and wetting agents), as
amphoteric surfactants [109].

RN(CH;), + Cl—-CH,COOH — RN*(CH,),CH,COO" + HCI

Figure 18. Synthesis of alkyl betaines.

Betaines are particularly interesting surfactants because of their high solubility in
water. In fact, in liquid body wash systems, betaines are commonly used as cationic sur-
factants [110]. Some noteworthy examples are represented by alkylamidopropyldimethyl
betaines (APBs) and alkyldimethylbetaines (ABs), that are widely used in cosmetic formu-
lations of cleansers, providing more-stable and richer foam (Figure 19):

@ O (b) CH,

R)LN/\/\ﬁrv COO R-N{_COO
CH, CH;

Figure 19. Examples of structures of (a) alkylamidopropyldimethyl betaine and (b) alkyldimethyl betaine.

In this context, L'Oreal has launched sulfate-free products worldwide, including
betaines in body wash and hair shampoo products [100].

Fatty amine alkoxylates and amine oxides represent other classes of fatty amine-
derived surfactants, widely employed for improving hydrophilicity of detergent and
cosmetic formulations [107]. Regarding fatty amine alkoxylates, these are generally consid-
ered as non-ionic surfactants. Ethylene oxide (EO) is the main alkoxylating agent used for
this post-modification reaction, although propylene oxide (PO) and mixed alkoxylates have
been proposed. Ethoxylation of primary fatty amine backbone leads to the corresponding
bis(2-hydroxyethyl) tertiary amine, by this way improving water solubility of the pristine
fatty amine [107]. Further addition of EO to the tertiary amine can be pursued, generally in
the presence of basic catalysts, such as KOH or NaOH, as reported in Figure 20.
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0 H,CH,OH CH,CH,0).H
/\ SHLCHO n GH,0 (CHLCHL0)
R—NH, + 2H,C—CH, —» R—N — R—N
\ catalyst \
CH,CH,0H (CH,CH,0),H

Figure 20. Synthesis of ethoxylated fatty amines.

Different ethoxylated fatty amines are available for cosmetic and detergent uses,
generally up to 50 mol of EO/mol of fatty amine [87]. The use of PO (instead of EO)
improves the hydrophobicity of the fatty amine, and its use is required for reducing
foaming of the formulation, at the same time obtaining better wetting characteristics and
reducing foaming tendency [107].

Regarding the amine oxides, these weak cationic surfactants are manufactured by
oxidation of tertiary (dimethyl or ethoxylated) amines with hydrogen peroxide [111], as
reported in Figure 21.

/CH3 /CH3
R— N\ + H,O, —» R—N\—»O + H,0
CH, CH;,

Figure 21. Synthesis of amine oxides.

Hydrogen peroxide is generally supplied in 35-70% aqueous solution. The reaction
is carried out in a water miscible solvent, such as isopropanol, ethanol or propylene
glycol [111]. Amine oxides are unstable at high temperature: they degrade via the Cope
reaction above 120 °C and by reversion to amine at slightly lower temperatures [111].
Amine oxides can behave as either cationic or non-ionic surfactants, depending on the pH
of the environment. In acidic conditions, the amino group becomes protonated, giving
the compound cationic properties. In neutral or alkaline solutions, however, amine oxides
primarily exhibit non-ionic behavior. Alkyldimethyl amine oxides are commonly used
in household cleaners where enhanced detergency is required [110]. When combined
with anionic surfactants—especially under alkaline conditions—amine oxides function as
effective foam boosters. In shampoos formulated with alkyl sulfates or alkyl ether sulfates
(AES), they also act as foam stabilizers, thickeners, and enhance the tactile feel of hair [112].
For example, cocamine oxide is used in small percentages (3-5 wt%, e.g., as secondary
or co-surfactants) in shampoo formulations, as foam modifier, enhancing cleansing and
viscosity of the product [113]. Its use is mostly in combination with alkyl sulfates, the
latter considered as primary surfactants (e.g., 10-15 wt% in the final formulation) [114]. In
general, amine oxides are compatible with all other surfactants, and their use is suitable in
slightly acidic or neutral formulas [115].

Alkyl polyamines are produced by cyanoethylation (Michael addition) of fatty amines,
involving their reaction with acrylonitrile (mononitrile or dinitrile), followed by the hydro-
genation to diamines and triamines [108], as reported in Figure 22.

Cyanoethylation (Michael addition)

70-80 °C,

RNH, + CH,=CHC=N - RNHCH,CH,C=N

RNHCH,CH,C=N + CH,=CHC=N 2% RN(CH,CH,C=N),

Hydrogenation

RNHCH,CH,C=N + 2H, - RNHCH,CH,CH,NH,
RN(CH,CH,C=N), + 4H, -» RN(CH,CH,CH,NH,),

Figure 22. Synthesis of alkyl polyamines.
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The above fatty amine-derived compounds are only some of the most noteworthy ex-
amples of surfactants nowadays used in cosmetic and detergent formulations. Remarkably,
new classes of amines could be synthesized starting from biomass derivatives. In this con-
text, Xie et al. [116] proposed the synthesis of new amines by catalytic conversion of chitin
monomer, e.g., N-acetyl-D-glucosamine (NAG), which could be obtained by hydrolysis
of crustacean shells and exoskeleton of insects. After optimization of the deoxygenation
(reduction) path of NAG, carried out in the presence of Hy and Ru/C catalyst, the authors
claimed maximum yield of about 50% in the new amines (Figure 23).

- / NAG N [E

Figure 23. New amines obtainable by Ru/C catalyzed deoxygenation of chitin monomer.

Even though this is a preliminary investigation (e.g., a better control of the selectiv-
ity parameter would be required), this approach is certainly appealing, developing the
valorization of a waste biomass for the production of new classes of value-added amines.

The biorefinery approach is emerging as a sustainable solution for producing additives
used in detergents and cosmetics, especially from renewable sources like macroalgae [117].
These compounds include polysaccharides, polyunsaturated fatty acids, antioxidants, and
antimicrobial agents, which offer multifunctional benefits such as hydration, anti-aging,
and skin protection. While these ingredients offer eco-friendly benefits, their performance
may not always meet industrial standards [117]. Combining them with biobased fatty
amines—known for their surfactant and antimicrobial properties—can enhance formulation
effectiveness and support the transition to greener products. This synergy aligns with
circular economy principles and represents a promising direction for future innovation.

A key aspect for the development of new bio-based formulations is the full biodegrad-
ability of its components, at the same time guaranteeing the absence of environmental
and health issues. Biodegradability of the surfactant is generally evaluated after a 28 day
screening test, whereas it should be completely degraded under aerobic conditions [118].
Biodegradation tests and metabolic studies have shown that these cationic surfactants
undergo complete degradation [119]. Primary, secondary and tertiary amines are readily
degraded, as well as their derivatives. Biodegradation occurs via scission of the alkyl-N
bond [108] which can be influenced by the chemical surrounding of the fatty amine (e.g.,
including both hydrophilic and hydrophobic components). Regarding the hydrophobic
component, differences in the chain length distribution do not significantly impact the
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performance of the surfactants, whilst differences in the degree of unsaturation and isomer
distribution affects their oxidative stability, liquidity, and solubility [120]. The oxidative
stability is also influenced by the type of unsaturation; for instance it is reported that
linolenic acid is about 10 times less oxidatively stable than linoleic acid, which is less stable
than oleic acid [109]. The oxidative stability of surfactants can be enhanced by selectively
hydrogenating polyunsaturated C18 fatty chains into oleyl derivatives, which maintains flu-
idity while improving stability [121]. Unsaturation also boosts solubility in hydrocarbons,
making oleyl-based compounds a popular choice for surfactant development.

6. Conclusions

This review highlights the multifaceted roles of fatty amines and their derivatives in
detergents and cosmetics, emphasizing both their current industrial relevance and their
future potential within a sustainability-driven framework. Fatty amines, particularly when
protonated or converted into positively charged derivatives, demonstrate strong surfactant
activity and antimicrobial properties that are effectively utilized across both sectors.

In the detergent industry, the demand for multifunctional surfactants—especially those
with antimicrobial properties—is increasing, driven by the need to clean natural, synthetic,
and fossil-derived textiles, as well as hard surfaces and by personal care applications. In
cosmetics, fatty amine derivatives are extensively used in hair care formulations to improve
shine, manageability, and protection, while also contributing to the stability and texture of
creams, lotions, and other liquid products.

From a sustainability standpoint, the synthesis of fatty amines is undergoing a signifi-
cant transformation. Traditional chemical production methods, which rely on petrochemi-
cal feedstocks and toxic catalysts, are energy-intensive and environmentally burdensome.
In contrast, greener methodologies such as the valorization of agro-food waste and by-
products align with circular economy principles and offer promising alternatives. Notably,
enzymatic and biocatalytic processes have emerged as innovative routes for producing
fatty amines under milder, safer, and more selective conditions. While challenges related to
enzyme stability, scalability, and economic feasibility remain, continued research is steadily
advancing these methods toward industrial application.

The integration of biocircular fatty amines into detergent and cosmetic formulations
presents promising avenues for product innovation. These compounds can be synergisti-
cally combined with bio-based polymers and functional ingredients to develop formula-
tions that are both high-performing and environmentally sustainable. Such innovations
offer a viable alternative to conventional products that predominantly rely on fossil-derived
ingredients. By aligning efficacy with ecological responsibility, fatty amines emerge as
pivotal components in the advancement of next-generation green consumer goods.

In conclusion, the integration of bio-based feedstocks, green chemistry, and biotechno-
logical advancements provides a clear path forward for enhancing the sustainability and
functionality of fatty amines. As both consumer demand and regulatory pressures continue
to favor sustainable solutions, fatty amines and their derivatives are well-positioned to
play a central role in shaping the future of detergents and cosmetics.
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