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Fatty acid ethyl esters (FAEE) are one of the most popular ingredients in the organic cosmetic market due to

their versatile functionality. However, its production technique aligning with the principle of green

chemistry and adhering to organic standards remains unexplored. This study investigated the use of the

vortex fluidic device (VFD), a versatile thin-film processing device that can generate substantial

mechanical energy within a rapidly rotating tube, to assist in the sustainable and efficient production of

Mongongo FAEE. Using the VFD, a FAEE yield of 92.65% was achieved within 20 minutes of processing,

1.3 times more effective than that attained via bench-top methods. Proton nuclear magnetic resonance

(1H NMR) and gas chromatography-mass spectrometry (GC-MS) confirmed the preservation and

elevated concentrations of polyunsaturated FAEE following VFD processing. Furthermore, Mongongo

FAEE was investigated for its application in hair protection. In a custom hair styling simulation

experiment, a comparative analysis of Mongongo oil with FAEE demonstrated that Mongongo FAEE

exhibited superior coverage efficiency on the hair surface, masking 95% of sulphur and nitrogen from

the hair surface. This results in reduction in pore size, improved surface integrity, enhanced gloss, and

minimised cysteine oxidation of hair. In the sun protection test, the FAEE-treated hair demonstrates

a uniform morphology after 8 hours of sunlight exposure. Overall, it has been shown that a high yield of

Mongongo FAEE was effectively achieved via VFD processing, while also demonstrating the ability to use

the product in haircare applications.
Sustainability spotlight

This study introduces a sustainable approach to producing cosmetic-grade fatty acid ethyl esters (FAEE) fromMongongo oil using the vortex uidic device (VFD).
By eliminating hazardous solvents and minimising energy consumption, the method adheres to green chemistry principles while preserving FAEE properties. It
supports UN Sustainable Development Goals 12 (Responsible Consumption and Production) and 3 (Good Health andWell-Being) by leveraging renewable plant-
based resources and promoting environmentally friendly, skin-safe manufacturing practices. The resulting FAEE offers signicant potential for eco-conscious
applications in organic cosmetics, particularly in hair protection, addressing the industry's need for greener, safer alternatives. This work advances sustainable
innovation in cosmetic manufacturing, contributing to a more responsible and health-conscious global industry.
1 Introduction

Organic cosmetics are formulated using natural-based ingre-
dients, free from synthetic additives such as parabens, phtha-
lates, sulphates, and hazardous solvents, which are oen linked
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to skin sensitivity and environmental pollution.1,2 A growing
consumer preference for organic cosmetic products as safer
alternatives to conventional formulations has been observed,
driven by heightened awareness of the environmental and
health risks posed by synthetic compounds.1,2 To ensure
sustainability, these ingredients are oen derived from renew-
able natural resources.3,4 The strictest standards for organic
cosmetics COSMOS mandate that at least 95% of the ingredi-
ents must be of natural origin.5 Additionally, the production
process of bio-based ingredients must involve minimal chem-
ical modication, simplied processing, and reduced environ-
mental impact, aligning with key green chemistry principles
such as waste prevention and safer chemical synthesis.5 This
RSC Sustainability, 2025, 3, 1909–1922 | 1909
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standard is consistent with the UN Sustainable Development
Goals (SDGs), particularly SDG 12 (Responsible Consumption
and Production) and SDG 3 (Good Health and Well-being).6,7

The global market size for organic cosmetics reached US$ 48.4
billion in 2023, with a projected annual expansion rate of 5.1%
over the subsequent decade.8 This trend reects rising
consumer interest in healthier lifestyles and environmental
sustainability.2 Therefore, the cosmetic industry is consistently
exploring sustainable and safe pathways for synthesis and
production.9

One potential ingredient of choice in organic cosmetics is
vegetable-based fatty acid ethyl esters (FAEE), demonstrating its
versatility in applications such as biosurfactant, antioxidant,
fragrance, avour, and emollient function.10 Plant-based FAEE
offers better stability, and skin biocompatibility with better
penetration efficiency.11 In particular, FAEE with elevated poly-
unsaturated fatty acid content has been reported to exhibit
cardioprotective, antiatherogenic, anti-inammatory, and UV-
protection properties.12–14 Mongongo oil, also known as Man-
ketti oil, originates from the nuts of the Schinziophyton rauta-
nenii trees in Zambia, South Africa. It distinguished itself from
other oils by its high levels of a-eleostearic acid, a unique
conjugated fatty acid with suppressive effects on tumour
growth,15 is used for cellular repair.16,17 Mongongo oil is also
a cost-effective material in the cosmetic area, containing
unsaturated fatty acids (UFAs), including linoleic and oleic, and
is a potential candidate for various cosmetic products with
hydrating, anti-inammatory, tissue-regenerating, and restruc-
turing properties.10 Considering the aforementioned benets,
Mongongo oil-based FAEE has great potential in organic
cosmetics. While numerous studies have utilised unsaturated
vegetable oils such as sunower and soybean oils as raw
materials to get plant-based FAEE,18–20 there is limited research
exploring the cosmetic applications of FAEE derived from
Mongongo oil.

The production of FAEE for the cosmetic industry is derived
from transesterication reactions using renewable plant
oils.21,22 Traditional transesterication using benchtop method
Fig. 1 The introduction of VFD. (a) Photograph of the VFD. (b) Schematic
flows in the rotating tube.

1910 | RSC Sustainability, 2025, 3, 1909–1922
requires organic solvent which also involves prolonged pro-
cessing, high-temperature and pH adjustment.23 From
a cosmetic industry viewpoint, these traditional processing
methods might compromise unsaturated carbon bonds in
polyunsaturated fatty acids (PUFA), which are pivotal for
bioactivities.24 The presence of organic solvent residues such as
hexane and chloroform post-traditional processing also poses
human health risks. Additionally, the extended processing
duration and the requirement for heat introduce considerable
time and energy demands, signicantly driving up
manufacturing costs.23 Alternative methods have been investi-
gated, including the use of biocatalysts, such as enzymes, to
produce FAEEs under ambient conditions, but utilising
enzymes such as lipases for transesterication, which can be
costly and need specially designed immobilised biolipids
systems.25,26 The process also requires low temperatures,
restricting its widespread adoption in industry.27 As such, there
is a need to establish a transesterication protocol for bio-based
FAEE production in the cosmetic industry that is both envi-
ronmentally sustainable and cost-effective.

One potential method for sustainable production of FAEEs is
through the use of the vortex uidic device (VFD). The VFD,
illustrated in Fig. 1, serves as a versatile thin-lm processing
platform with diverse applications in both research and
industry.28–30 VFD technology applies intense micro-mixing to
achieve high mass and heat transfer which overcome the mixing
limitations inherent to conventional batch processing.31,32 The
operation of VFD relies on a rapidly rotating tube, which gener-
ates a thin lm of liquid whose thickness is controlled by the
rotational speed and tilt angle of the tube, and the sample
volume.33 Two distinct types of topological uid ows within the
liquid thin lm are generated in the VFD, both down to submi-
cron dimensions.31,34 These are spinning top or typhoon-like ow
and double helical ow inuenced by the Faraday wave eddies
affected by the Coriolis force.35 These uid ows are the driving
forces initiating chemical reactions and increasing the product
yield.32,36 The VFD has also been employed for nanocarbon pro-
cessing including the one-step assembling of C60 molecules into
of a VFD (confinedmode) operation and the high shear topological fluid

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00763h


Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

r 
20

25
. D

ow
nl

oa
de

d 
on

 2
9.

10
.2

02
5 

02
:0

8:
46

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
nanotubes, rods, cones, and spicules in the absence of surfac-
tant.34,37 Furthermore, the application of VFD extends to small-
molecule synthesis, material processing for drug delivery and
hydrogel production.32,38,39 While the applications of the vortex
uidic device (VFD) in food science, medical science, and
chemistry have been widely explored through green processes, its
application in producing sustainable ingredients for organic
cosmetics industries remains largely unexplored.

This study aims to produce cosmetic-grade Mongongo oil-
based fatty acid ethyl esters (Mongongo FAEE) using the VFD,
with a focus on green chemistry, environmental sustainability,
and enhanced bioactivity. The VFD method employs
a hazardous solvent-free approach, and efficient production
process, and preserves the structural integrity of the FAEE
products, aligning with green chemistry principles and the
Sustainable Development Goals, particularly SDG 12 (Respon-
sible Consumption and Production) and SDG 3 (Good Health
and Well-being). The resulting FAEE is assessed for its potential
in haircare applications, specically for protecting hair from
heat styling (160 °C for 5 minutes) and prolonged natural
sunlight exposure (35 °C, 8 hours).
2 Materials and method
2.1 Materials

Chloroform, D-chloroform, ethanol, sodium hydroxide (NaOH)
and phenolphthalein indicator, were analytical grade and
purchased from Sigma-Aldrich. Shampoo, Mongongo oil and
virgin hair were provided by Plantworx company (Adelaide,
Australia).
2.2 FAEE production

The FAEE was produced by micro-mixing oil and NaOH–ethanol
(1.5% w/v) solution with the ratio of 1 : 3 (v/v) using the VFD at
the speed of 7750 rpm for 20 minutes, and traditional benchtop
methods (water bath) were operated as the control experiment.
These parameters, including rotational speed, catalyst concen-
tration, and the NaOH-to-ethanol-to-oil ratio, were studied and
optimised in a previous study using response surface method-
ology.40 VFD processing uses the mechanical energy generated
by the rotating tubes to produce FAEE at room temperature, in
contrast to the traditional benchtop method that relies on
applying heat. The standard VFD was equipped with a quartz
tube of 20 mm external diameter, positioned at a tilt angle (q) of
45° relative to the horizontal position. This specic tilt angle
was determined as the optimal operating parameter for efficient
shearing. Aer 20 minutes of reaction, the mixture was placed
in an ice box for 20 minutes to stop the reaction. Aer washing
with distilled water, the top layer (FAEE layer) was collected and
dried at 40 °C for 2 hours. The yield of the Mongongo FAEE is
evaluated by the equation below:

Mongongo FAEE yieldð%Þ ¼

the mass of Mongongo FAEEðgÞ
the mass of Mongongo oilðgÞ � 100 (1)
© 2025 The Author(s). Published by the Royal Society of Chemistry
The FAEE produced by traditional procedure was referred to
the reported methods with minor modications.41 The condi-
tion of catalyst concentration (1.5% w/v), oil–ethanol ratio (1 : 3
v/v) and reaction time (20 min) remained the same in this
control experiment. The traditional process of FAEE requires
70 °C and constantly stirring conditions. Aer 20 minutes of
reaction, the mixture was placed in an ice box for another 20
minutes to halt the reaction and facilitate a comparison of the
efficiency between the two methods.

2.3 Mongongo oil and FAEE characterisations

2.3.1 Fourier transform infrared spectroscopy (FTIR).
Attenuated total reectance (ATR) was performed in combina-
tion with infrared spectrometry using a FTIR for sample testing.
All the samples were scanned over the range 500–4000 cm−1

with 16 scans and a resolution of 4 cm−1.
2.3.2 Gas chromatography-mass spectrometry (GC-MS).

GC-MS analysis was performed on a Varian CP-3800 gas chro-
matography unit coupled with a 2200 Saturn MS detection unit.
The injection temperature was set at 40 °C, increasing at a rate
of 20 °C per minute until reaching 300 °C. A reverse-phase
column (30 M × 25 mM × 0.25 mM) was employed, and the
mass spectrometry data were analysed using NIST 05 molecular
recognition soware. Each sample (0.01 mL) was mixed with
1 mL chloroform for GC-MS analysis. The percentage of each
Mongongo FAEE in the composition was determined based on
the corresponding peak area obtained from the GC-MS results.

2.3.3 Nuclear magnetic resonance (1H NMR). 1H NMR
spectra of FAEE were acquired using a 600 MHz Bruker spec-
trometer. Standard quantitative parameters, such as a delayed
pulse (D1) of 10.00 and 16 scans, were employed to assess the
sample. A drop of sample was diluted with 0.5 mL of deuterated
chloroform for testing.

2.3.4 Contact angle analysis. For the contact angle analysis,
a goniometer model OCA25 (DataPhysics Instrument, Germany)
was used. Images of droplets with volume of about 2 mL were
collected. Multiple locations on the substrate – commercially
available hydrophobic adhesive lm, xed on a microscope glass
slide – were probed. The images of the droplet proles were
processed with the equipment soware (SCA20, version 6.1.11) to
measure the static contact angles of Milli-Q water, Mongongo oil
and Mongongo FAEE on the hydrophobic surface.

2.4 Mongongo FAEE application on haircare

2.4.1 Hairstyling process. The virgin hair was evenly
treated with 0.5 mL Mongongo oil/FAEE by so brush and then
straightened at 160 °C with a home-use thermal iron. The
morphology, yaway property, pore size, reection, and surface
structure of hair were tested and compared.

2.4.2 Hair sun exposure test. The hair samples were xed
by glue on a glass Petri dish. A small volume (0.5 mL oil) and
FAEE were applied to the hair surface by brushing it separately.
The original hair, oil-treated hair, and FAEE-treated hair were
exposed to sunlight for 8 hours in Adelaide (34° 550 16.428000 S,
138° 350 58.210800 E). The average exposed temperature was 35 °
C, and the highest temperature was 38 °C. The sun-processed
RSC Sustainability, 2025, 3, 1909–1922 | 1911
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samples were imaged by SEM to investigate their morphology
before and aer shampoo washing. The tensile machine and
FTIR were used to study the change in hair structure.

2.4.3 Scanning electron microscopy (SEM). Samples were
examined using a SEM at 5.0 kV, and a spot size of 4.0 nm, at
10 mm of working distance. Dried hair samples were directly
xed on conductive carbon adhesive tape, while a 2 nm thick
layer of platinum was then sputtered on top of it before SEM
analysis to avoid charging. The high-resolution images of the
sample morphology were then acquired. The energy-dispersive
X-ray (EDX) spectra from this region were also collected to
determine the elemental composition and distribution (C, N, O,
and S).

2.4.4 Microscope test of hair gloss. Images of samples were
recorded using a Zeiss Axio Imager M2 Optical Microscope. The
darkeld illumination was used to test the reection of hair
samples. The 5× magnication objective was used to take
photos. The eyepiece was set at 50%, the darkeld reection was
50%, and the light from the bottom of the microscope was 0 so
that all the light captured was the reection from hair samples.
The image was processed by ImageJ.42

2.4.5 Tensile test. Tensile tests were performed to evaluate
the mechanical behaviour of hair. The hair was washed by
shampoo and dried at room temperature before testing. Each
sample was prepared by cutting the middle section from a long
hair strand, away from the hair root and tip. Only a single strand
was mounted with grips and tested on a universal mechanical
testing platform (Instron 5960) with a load cell capacity of
500 N. The load rate was set to 20 mm min−1. The gauge length
of each strand was 40 mm, and the diameter was measured
around 40 mm with an optical technique. The mechanical
platform automatically recorded the applied force and
displacement.

2.4.6 Flyaway test. The hair with different treatments was
rubbed for 10 s and the yaway degrees were recorded by photo,
and then processed by ImageJ.42 The hair was washed with
shampoo and dried at room temperature before testing.

2.4.7 Differential scanning calorimetry (DSC). The DSC
technique was employed to examine the thermal characteristics
of hair subjected to various drying conditions. The hair was
washed with shampoo and dried at room temperature for DSC
testing. 8 mg of each hair sample was analysed using a DSC
instrument (DSC 8000, PerkinElmer). The samples underwent
a thermal ramp from 25 °C to 300 °C at a heating rate of 10 °
C min−1, all under an inert nitrogen atmosphere.

2.4.8 Brunauer–Emmett–Teller (BET). The surface porosity
of the hairs was assessed using the BET analytical method with
a TriStar II instrument from Micrometric Ltd (Lincoln LN6 3RX,
United Kingdom). The hair was washed by shampoo and dried at
room temperature for BET testing. Before analysis, the hairs with
different treatments were rst crushed into a powder using liquid
nitrogen. Subsequently, 40 mg of each powdered sample was
placed at the base of a BET tube, which was then subjected to a 24
hours evacuation process at 100 °C to removemoisture. Following
the evacuation, the tube was introduced into a BET analyser,
operating under the following conditions: adsorptive gas N2, bath
temperature set at 77 K, and equilibration intervals of 20 s.
1912 | RSC Sustainability, 2025, 3, 1909–1922
3 Results and discussion
3.1 Mongongo oil and its FAEE characterisation

Mongongo oil, characterised by signicantly high degrees of
unsaturation, has characteristic peaks at 992 cm−1 and
966 cm−1 in FTIR,43 as shown in Fig. 2a. These peaks correspond
to the CH vibrations in conjugated cis, trans, and trans-carbon–
carbon bonds of a-eleostearic acid10,17 of Mongongo oil. The 1H
NMR results shown in Fig. 2b–d illustrate the structure differ-
ences of Mongongo oil, FAEE produced in VFD, and FAEE from
the benchtop method. Oils manifest two peaks between 4.1-
4.3 ppm, originating from the triglyceride structure where
hydrogen atoms of the external glycerol backbone are situated
within the 4.1 to 4.3 ppm range,44 denoted as peaks “a” and “c”
in Fig. 2b. The peaks between 5 to 7 ppm, corresponding to the
triple conjugate carbon–carbon double bond of a-eleostearic
acid,10 are represented as numbers 9, 11, and 13 in its fatty acid
chain. In our study, the arising single quartet pattern in the
products at 4.15 ppm labelled “a’” in Fig. 2c and d attributed to
the CH2 group in the ethyl esters, conrming the occurrence of
the transesterication reaction. In addition, signals around
4.3 ppm labelled “c residues” in Fig. 2d indicate the remaining
traces of mono-, di-, and triglycerides of FAEE produced by the
traditional method, suggesting an incomplete progression of
transesterication.44 The absence of that peak in Fig. 2c indi-
cated the full conversion of Mongongo FAEE from oil. Previous
studies have attempted varied hourly durations to achieve
chemical equilibrium in the transesterication reaction.19,27 In
this study, the 20 minutes traditional heating process proved
insufficient for complete FAEE conversion from Mongongo oil,
whereas the VFD efficiently achieved full conversion and
favourable chemical equilibrium at room temperature. This
efficiency is attributed to the unique high shear regimes of the
VFD: at high rotational speeds, the liquid is rapidly distributed
along the inner wall of the tube, forming a dynamic thin liquid
lm. Within this lm, triglycerides and catalysts undergo rapid,
uniform, and thoroughmicromixing, enabling fast and efficient
transesterication. In the comparison of Mongongo FAEE
composition between the VFD process and the traditional
process, GC-MS results were analysed and shown in Fig. 2e–g.
The VFD products exhibited nearly 50% higher peak intensity
compared to those obtained through the conventional method,
indicating an elevated FAEE concentration. Notably, the relative
intensity of peak 5 in the VFD products was signicantly higher
than in the control, suggesting effective protection of the cor-
responding FAEE species. An additional advantage of VFD
processing is the absence of solid formation, as shown in
Fig. S1,† which is caused by saponication during trans-
esterication processing.45 This not only potentially improves
the overall FAEE concentration but also simplies the sample
collection and container cleaning process.

The Mongongo oil fatty acid composition was reported to
have 73% UFAs, close to 83% among the 5 main FAEE in this
study. Ethyl a-eleostearic, reported to be 23.8% of Mongongo
oil, showed a comparable proportion of 22.8% in our study.
This FFA, containing triple conjugate C]C, is prone to damage
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The characterisation of Mongongo oil and Mongongo FAEE. VFD processing: confined mode, 7750 rpm, 20 min, room temperature.
Control processing: water bath, 20 min, 70 °C. (a): FTIR spectra of Mongongo oil; (b)–(d): 1H NMR spectra of Mongongo oil and Mongongo FAEE
from VFD processing and control method; (e)–(g): GC-MS spectra of Mongongo oil and Mongongo FAEE from VFD and control method.
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and increased by 16% during VFD processing, resulting in
a relatively lower ratio of other saturated FAEE. This outcome
can be attributed to the benign conditions of the VFD process,
which involves no heating and consequently avoids damage to
unsaturated FAEE during transesterication. It is evident that
VFD processing signicantly enhances FAEE production with
an improvement in yield of about 20% as shown in Fig. 3. As
previously mentioned, saponication reactions play a crucial
role in inuencing the equilibrium towards trans-
esterication,46 and heating conditions can cause the oxidation
© 2025 The Author(s). Published by the Royal Society of Chemistry
of C]C and damage polyunsaturated fatty acids,47 resulting in
lower production and unsaturation degree of FAEE. However,
the conversion yield of FAEE from different plant oils varies,
with high viscosity and acid value typically contributing to lower
yields. The VFD consistently preserves the structure of unsatu-
rated FAEE from various oils due to its room-temperature
processing.

Another benet of VFD technology is its scalability, as
demonstrated in biolm production.48 The standard VFD used
in this study requires minimal material, reducing energy and
RSC Sustainability, 2025, 3, 1909–1922 | 1913
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Fig. 3 The composition and yield of Mongongo FAEE from the VFD and control method. VFD processing: confined mode, 7750 rpm, 20 min,
room temperature. Control processing: water bath, 20 min, 70 °C. 1–5 represent 5 peaks of FAEE shown in GC-MS spectra.
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resource consumption and aligning with sustainability goals.
Here, we focused on producing Mongongo FAEE and evaluating
their efficiency for hair protection. While the current VFD
design supports scalability, its capacity and adaptability can be
further improved for industrial FAEE production.

The wetting properties of oil products have a signicant
inuence on the contact and absorbance efficiency of skin and
hair. Healthy human hair usually exhibits hydrophobic wetting
Fig. 4 Static contact angles of Mongongo oil and its FAEE on a hydroph

1914 | RSC Sustainability, 2025, 3, 1909–1922
properties.49 The static contact angle of water on the surface
probed in this study is 87°, which showcases the hydrophobic
properties of the substrate, as shown in Fig. 4. The contact angle
of FAEE is 37°, 31% lower in comparison to the Mongongo oil.
The higher affinity of FAEE towards the solid surface is likely
due to its simpler structure and shorter chain length, compared
with the triglyceride structure of Mongongo oil. The Mongongo
FAEE with a lighter texture and lower viscosity could spread
obic surface.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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faster and wider on the hydrophobic surface, which is expected
to be benecial in skin/hair contact and should provide a less
greasing feeling.
3.2 Mongongo FAEE for hair protection during styling

3.2.1 Mongongo FAEE-treated hair morphology changes
aer hair styling. The hair sha is characterised by three
essential components: the outermost layer known as the cuticle,
the centrally located cortex, and the innermost medulla.43 The
outermost cuticle structure inuences the appearance, lustra,
and surface structural integrity of hair.50,51 The original hair
displays a distinct scaly surface structure, whereas hair sub-
jected to thermal iron treatment directly shows a cracked,
diminished, and irregularly layered structure. This alteration is
attributed to the partial damage of hair cuticles in direct contact
with heat, leading to moisture loss and ultimately causing the
hair to become dry and brittle.52 In this study, we conducted
a comparative analysis of the micromorphology of hair treated
with Mongongo oil and Mongongo FAEE following thermal iron
heating. Both oil and FAEE applications were observed to form
a layer on the hair surface, differing from the original hair
structure. Notably, the hair treated with FAEE displayed
a smoother surface, while the oil-treated hair exhibited
a rougher texture with partially exposed cuticles in Fig. 5.

Previous research has indicated that various hair treatments,
such as bleaching, perming, and dyeing, inict signicant
damage to hair, generating numerous microscale pores.53 To
assess the impact of Mongongo oil andMongongo FAEE on hair
integrity, we examined the pore size of hair by BET, as shown in
Fig. 5. Since the hair was thoroughly washed with shampoo, the
Fig. 5 The SEM and BET of hair treated with Mongongo FAEE after hair

© 2025 The Author(s). Published by the Royal Society of Chemistry
oil/FAEE does not inuence the pore size. Thus, the measure-
ment reects the natural pore size of the hair, rather than pores
lled with oil/FAEE. Both Mongongo oil and FAEE treatments
demonstrated a noteworthy reduction in pore size and surface
area, compared with hair heated by thermal iron directly. This
nding aligns well with SEM results, revealing that untreated
hair exhibited more surface defects and openings aer hair
styling, allowing greater penetration of nitrogen into the hair
sha. Conversely, hair treated with Mongongo oil and FAEE
demonstrated a certain degree of preservation in hair surface
integrity. Specically, the BJH absorption cumulative surface
area of pores, which typically represents pore volume, was
determined for hair treated with FAEE, yielding a value of only
0.003 m2 g−1. This value corresponds to 60% of the surface area
observed in oil-treated hair, further underscoring the efficacy of
FAEE in maintaining hair surface integrity. This is also
consistent with the DSC results in Fig. S2,† where FAEE-treated
hair required a higher temperature (82.3 °C) to remove bound
water. This suggests that hair with higher integrity retains
moisture within the hair sha more effectively, indicating that
FAEE helps maintain the structural cohesion of the hair,
reducing water loss. Elkady, et al.54 reported that peaks at 235 °C
and 246 °C correspond to the denaturation of keratin (ordered
alpha-helices) and the complete thermal breakdown of the
cystine, respectively. However, in our study, there was no
signicant difference in the temperature at which the peak
a signals the onset of structural protein denaturation, nor the
peak b indicating the nal breakdown of the keratin network.
This is reasonable, as thermal treatments like at ironing, when
applied within a reasonable time frame, do not signicantly
styling. The hair was washed with shampoo before BET testing.

RSC Sustainability, 2025, 3, 1909–1922 | 1915
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Fig. 6 The SEM-EDX of element analysis of hair treated with Mongongo FAEE after hair styling.
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alter the dense cortex matrix in the innermost of the hair sha.
Consequently, no notable changes were observed in the dena-
turation temperature of keratin. This differs from the SEM, BET,
and DSC water peak results, as the cuticle, located on the hair's
Fig. 7 The gloss/flyaway improvement of hair treated with Mongongo F

1916 | RSC Sustainability, 2025, 3, 1909–1922
surface, is more vulnerable to direct heat contact, leading to
changes in morphology, surface porosity, and water retention
capacity.
AEE. (a)–(c), gloss results; (d)–(f), flyaway results.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 FTIR spectra of hair treated with Mongongo FAEE after hair
styling. All the hair was washed before testing. (a) FTIR spectra of
original hair. (b) FTIR spectra of Mongongo oil-treated hair and Mon-
gongo FAEE-treated hair.
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3.2.2 Mongongo FAEE coating efficiency in hair aer hair
styling. To ascertain the distinctions in hair morphology
resulting from lm coating rather than structural damage, SEM-
EDX analysis was employed to further examine the composition
of the hair surface (Fig. 6). Human hair, a form of keratin,55

primarily consists of carbon (C), hydrogen (H), oxygen (O),
nitrogen (N), and sulphur (S). In contrast, oil and FAEE exhibit
compositions limited to C, H, and O. Lower levels of N and S on
the hair surface indicate more efficient coverage by the coating
material. For original hair, the elemental composition is as
follows: carbon (C, 67%), nitrogen (N, 20%), oxygen (O, 8%),
and sulphur (S, 5%). This composition is consistent with the
presence of protein in the hair.56 In the case of oil-treated hair,
the distribution of C, H, O, N, and S is non-uniform. The
surrounding location of the image displays higher levels of N
and S, while the central region exhibits signicantly lower levels
(indicated by less blue and yellow). This suggests uneven
coating, with the oil aggregating in specic areas rather than
forming a uniform layer over the entire hair surface. Conversely,
FAEE-coated hair exhibits almost absences of N and S, indi-
cating close to 100% coverage on the hair surface. It may also
benet from its good uidity and spread-ability on hydrophobic
surfaces shown in the contact angle test. Fig. S3 in the ESI†
provides a more detailed representation of the intensity of each
element in different hair samples, illustrating coating efficiency
and overall distribution of C, O, N and S.

3.2.3 Mongongo FAEE in gloss improvement aer hair
styling. Following hair styling, the applied heat induces mois-
ture loss and results in brittleness, consequently impacting
both the gloss and yaway properties of the hair.57 Our inves-
tigation involved a comparative analysis of hair gloss properties
and brittleness levels, as shown in Fig. 7. Hair treated with FAEE
aer styling exhibited a markedly superior gloss degree,49,58

nearly three times that of the original hair and twice that of
Mongongo oil-treated hair according to pixel intensity results.
This observation aligns with the inherent superior reective
ratio of FAEE, a characteristic that has historically contributed
to enhancing hair shine properties.59 Furthermore, the FAEE
employed in our study demonstrated enhanced uidity, facili-
tating superior coverage on the hair surface. As corroborated by
SEM images, the smoother surface of FAEE-treated hair is
directly linked to a signicantly increased gloss, while the
partial oil coating causes uneven light reection on the hair
surface. Additionally, following yaway testing, FAEE-treated
hair exhibited improved static properties, likely attributed to
its heightened affinity to the hydrophobic surface of the hair.
This discernible affinity underscores the advantageous impact
of FAEE on minimising static-related issues.

3.2.4 Mongongo FAEE in thermal oxidation protection
aer hair styling. Cystine is a crucial dipeptide within the
structural composition of hair,60 as depicted in Fig. 8. Its
sulphur (S) compounds play a vital role in cross-linking adja-
cent peptides, thereby preserving the integrity of the hair.
Nevertheless, exposure to factors such as sunlight, air pollution,
frequent hair washing, and styling practices can induce oxida-
tive modications to its structure, as indicated by prior
© 2025 The Author(s). Published by the Royal Society of Chemistry
studies.61–63 Depending on the extent of damage, cystine may
transform into cystine monoxide, cystine dioxide, and cysteic
acid. This transformation usually results in a shi of hair from
a highly hydrophobic surface to a hydrophilic one.53 Notably,
oxidative events induce alterations in specic peaks within FTIR
spectroscopy, particularly those associated with sulphur-related
structures. The peaks at 1175 cm−1 and 1044 cm−1 are docu-
mented due to the formation of S]O or O]S]O bonds.64

Fig. 8b shows that the regions corresponding to amides A, B, I,
II, and III exhibit minimal changes following simulated hair
styling processes. It has been reported that the intensity of
peaks at 1041 cm−1 and 1180 cm−1 increased following chem-
ical treatment, indicating the conversion of cystine into cystine
monoxide, cystine dioxide, cysteic acid, and sulfonates during
the process.65 While there was no signicant difference in the
peak intensity at 1041 cm−1, a notable increase in peak intensity
around 1175 cm−1 (circled) was observed in hair treated with
Mongongo oil. In contrast, hair treated with FAEE showed
RSC Sustainability, 2025, 3, 1909–1922 | 1917
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a markedly lower peak intensity, suggesting less cystine oxida-
tion. Considering the capability to probe surface structures of
FTIR,66 it can be inferred that FAEE provides enhanced protec-
tion against thermal oxidation on the hair surface. This nding
aligns with the previous discussion, indicating that FAEE
effectively distributes across the hair surface, shielding it from
direct heat exposure during processing. Consequently, this
protection contributes to the preservation of gloss and surface
integrity.

3.2.5 Mongongo FAEE in thermal oxidation protection
aer hair styling. In the hair sun exposure test, it was antici-
pated that the stability and superior uidity of FAEE would
afford better hair protection against sunburn. Fig. 9 illustrates
that Mongongo FAEE-treated hair maintains surface uniformity
Fig. 9 Mongongo FAEE application in hair sun protection. (a)–(i) SEM, hai
FTIR spectra of hair.

1918 | RSC Sustainability, 2025, 3, 1909–1922
aer 8 hours of sun exposure while Mongongo oil-treated hair
exhibits uneven clumping. Aer shampoo washing, both oil-
treated hair and FAEE-treated hair surfaces appear more
uniform compared to untreated hair, where the cuticles remain
open. Examining the overall picture of the hair sample in Fig. 9i,
Mongongo oil forms a white aggregated solid on hair tress,
while FAEE maintains stability without any undesirable
appearance, as demonstrated in Video 1 in the ESI.† The FTIR
spectra showed that the hair with Mongongo FAEE treated has
a signicantly lower intensity at 1150 cm−1 and 1044 cm−1 than
that of oil-treated hair, indicating minimal cystine oxidation.
However, despite the enhanced uniformity and less oxidation of
the hair surface with FAEE treatment, there were no signicant
differences observed in the hair tensile test aer 8 hours of
r morphology changes after sun exposure. (j) the tensile test of hairs; (k)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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constant sunlight treatment. As shown in Fig. 9j, there was no
apparent difference in the tensile responses between untreated
and treated hair strands exhibiting almost identical levels of
both yield force (∼0.65 N) and peak force (∼1.2 N). The unal-
tered tensile strength can be explained by the fact that the
cortex, not the cuticle, is the major load-carrying component.
Moreover, the surface defects in the form of pores and grooves
are not deep enough so that they cannot readily propagate
towards the centre under lower force, and thus have a negligible
effect on the measured strength.67 A study demonstrated that
shampoos with different plant oils can enhance hair tensile
strength.68 Our future goals involve formulating the FAEE-based
emulsion to facilitate penetration towards the hair sha, aim-
ing to enhance hair strength internally.

4 Conclusion

In our study, we successfully produced Mongongo FAEE from
Mongongo oil using the VFD operating at room temperature
within a 20 minutes timeframe. The yield of FAEE was notably
high at 92% using the VFD, representing a signicant 20%
improvement compared to the traditional heating method. The
Mongongo FAEE obtained through VFD processing demon-
strated a superior unsaturation, maintaining its featured
structure and ensuring a higher quality product for cosmetic
application. The VFD process, utilising induced mechanical
energy and requiring only ethanol, sodium hydroxide, Mon-
gongo oil, and distilled water for FAEE production, exemplies
a green, environmentally friendly, and sustainable approach to
efficient production. In simulated hair styling experiments, the
Mongongo FAEE exhibited enhanced coverage efficiency on the
hair surface aer thermal iron treatment. The FAEE-treated hair
displayed a smoother surface, increased surface integrity
(smaller pore size in BET results), and superior gloss, aligning
with aesthetic preferences. FTIR analysis of the hair surface
revealed that FAEE treatment offered better protection. Besides,
in simulated sun exposure tests, FAEE-treated hair not only
exhibited improved surface structure but also demonstrated
greater stability compared to Mongongo oil. Building upon the
success of FAEE in hair applications, future scopes involve
formulating FAEE-based emulsions to explore their penetration
efficiency and internal effects on hair of strength and tensile
properties.
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