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Medium-chain free fatty acids (MCFFA), such as capric acid and caprylic acid, are valuable ingredients in
organic cosmetics and are well-known for their antibacterial properties. To produce such MCFFA,
conventional triglyceride saponification methods are commonly employed; however, these methods are
often inefficient, energy-intensive, and fail to meet sustainable MCFFA production standards. This study
utilises a Vortex Fluidic Device (VFD), a thin-film processing technology, to enhance the production
efficiency and the yield of MCFFA from Palmester oil, composed of 40% capric acid (C10) and 60%
caprylic acid (C8). Operating at 5000 rpm in continuous flow mode at 70 °C, the VFD achieved a 95%
yield of MCFFA with 96% purity, representing a 1.44-fold increase in yield compared to the conventional
water-bathing method under the same processing conditions. In contrast, the benchtop methods
yielded 37% fatty acid ethyl esters as byproducts with significantly lower purity. Rheological analysis
revealed that the MCFFA produced via VFD, resulting from the ethanol used in the saponification
process, exhibited low viscosity. DSC analysis confirmed the thermal stability of the product,

underscoring its potential in industrial applications. Moreover, MCFFA showed superior antibacterial
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Accepted 9th November 2025 activity, producing larger inhibition zones compared to commercial capric acid and caprylic acid at the

same concentrations. These findings highlight the potential of VFD as a novel technology for producing

DOI: 10.1039/d55u00610d high-purity MCFFA with enhanced antibacterial efficacy, supporting its application in organic cosmetic

rsc.li/rscsus formulations.

Sustainability spotlight

This study presents a sustainable method for producing cosmetic-grade medium-chain free fatty acids (MCFFA) from Palmester oil using vortex fluidic device
(VFD) technology. The process significantly enhances yield and purity while reducing reaction time and energy consumption, demonstrating strong alignment
with green chemistry principles. By utilising a renewable feedstock and replacing the energy-intensive processing method, the approach supports UN
Sustainable Development Goals 12 (Responsible Consumption and Production) and 3 (Good Health and Well-Being). The resulting MCFFA exhibits superior
antibacterial efficacy and favourable formulation properties, offering a high-performance, bio-based alternative for eco-conscious applications in organic
cosmetic products.

Development Goals (SDGs), such as responsible consumption
and production (SDG 12) and good health and well-being

1 Introduction

The demand for organic cosmetics has surged in recent years as
consumers become increasingly conscious of the ingredients in
skincare products and their environmental impact.! Organic
cosmetics are valued for their purity, safety, and contribution to
sustainability,> aligning with the United Nations' Sustainable
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(SDG 3). Various regulatory bodies have established standards
to ensure these products meet stringent criteria. In the United
States, the U.S. Department of Agriculture (USDA) Organic
Certification mandates that products labelled as organic must
contain at least 95% organically produced ingredients. In
Europe, the Cosmetic Organic and Natural Standard (COSMOS)
requires all products to have at least 95% plant-based ingredi-
ents, 20% of the total ingredients to have “organic” certifica-
tion, and 50% to have “natural” certification.® Similarly,
Ecocert, one of the oldest certification bodies, stipulates that at
least 95% of the total ingredients must be natural or of natural
origin, with a minimum of 10% of the total ingredients by
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weight coming from organic farming. These standards ensure
that organic cosmetics are free from parabens, genetically
modified organisms, and artificial fragrances, guaranteeing
product safety and environmental sustainability.* In organic
cosmetics, plant-based ingredients are sourced and minimally
processed without synthetic chemicals or irradiation,
preserving their natural structure while ensuring the integrity
and purity of the final product.®* COSMOS-approved processes
include physical methods like grinding and extraction, as well
as biological processes such as fermentation. Chemical
methods like hydrolysis, esterification, and saponification are
also allowed if they are eco-friendly and do not produce
synthetic molecules.® The production processes for organic
ingredients aim to reduce environmental impact through
sustainable sourcing, energy-efficient manufacturing, and eco-
friendly packaging.**

Plant-based caprylic acid (Cg) and capric acid (Cyo) are
medium-chain free-fatty acids (MCFFA) that are highly valued in
the cosmetic industry.” In skincare formulation, MCFFA
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penetrates skin easily which ensures deep hydration and long-
lasting effects. MCFFA also enhances the product efficacy by
acting as a stabilising solvent for other active ingredients.
Additionally, MCFFA improves the skin barrier, preventing
moisture loss and protecting against environmental stressors.®°
In the fragrance industry, they are used as carriers and solvents,
ensuring consistent scent profiles and enhanced longevity.
Furthermore, MCFFA has been explored as an active ingredient
in outdoor cosmetics, serving as a natural insect repellent that
protects against insect bites while promoting skin health,
offering a safer alternative to chemical-based repellents.'>" In
cleaning products, the antimicrobial properties of MCFFA make
them ideal for disinfecting surfaces and eliminating harmful
bacteria and fungi."** Especially, caprylic acid and capric acid
have been reported for their antibacterial and antifungal
activities, being effective ingredients against a broad range of
microorganisms, including Candida albicans, Staphylococcus
aureus, and Escherichia coli."* As microbial contamination is
a significant concern in the cosmetic industry, MCFFA can act

standard viDI§

Magnetic Mixer Control

Fig.1 Schematics of the Vortex Fluidic Device (VFD). (a) The two topological flows, both with micron/submicron dimensions, are generated in
the thin film of liquid during processing. (b) A photo of VFD in confined mode processing, (c) a photo of VFD in continuous flow mode of

processing.
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as a natural antibacterial agent for the organic cosmetic
industry, offering versatile functions for organic cosmetic
formulations while complying with stringent organic cosmetic
standards.

Traditional MCFFA production relies on triglyceride sapon-
ification, which is energy-intensive and inefficient when using
conventional benchtop methods. This inherent inefficiency
underscores the necessity of developing new technologies that
prioritise sustainability and energy efficiency. The Vortex
Fluidic Device (VFD), as an efficient and one-step and energy-
efficient processing platform, meets the sustainable process-
ing requirements. As shown in Fig. 1a, the VFD utilises thin film
technology that enhances chemical reactions through high-
shear stress. It consists of a rapidly rotating and inclined
quartz tube that creates a thin liquid film against the tube's
inner surface. The liquid thin film is subjected to intense shear
forces, which drive the chemical reactions. Within the VFD, two
distinct types of topological flows prevail, both down from
micron to submicron dimensions. The spinning top (typhoon-
like) flow from the Coriolis force from the hemispherical base
of the tube and the double helical flow influenced by Faraday
wave eddies."® These fluid flows act as driving forces to initiate
reactions, significantly increasing processing efficiency. Recent
studies have further clarified the fundamental mechanisms
underlying VFD processing. Alotaibi'”** demonstrated that UV
irradiation of aqueous thin films within the VFD induces photo-
contact electrification under the high shear, generating reactive
oxygen species (H,O,, ‘OH, O," ") which reduce metal ions
without the need for added reducing reagents, as a reagent-free,
green-chemistry process. Complementarily, another study
revealed that magnetic-field-modulated shear flow in the VFD
produces chiral lemniscate patterns through Lorentz-force-
driven spin alignment, confirming that magnetic fields can
influence materials orientation and reactivity. The VFD has
proven its capability across various applications in broad areas,
including chemistry,* biology,** food processing,** and medical
science.”® These applications include self-assembly of Cg,>*
processing of liposomes,*® formation of nanogold,* fabrication
of 2D materials®® and hydrogels,** biomarker diagnostics,* and
enhancing shampoo function.*” This versatility highlights its
potential to revolutionise material processing, in line with the
processing standards in organic cosmetics.

The VFD operates in different modes tailored to specific
applications. The confined mode operation, shown in Fig. 1b,
targets small-scale reactions, where 1-2 mL of liquid is added to
a quartz tube. The heating jacket positioned around the rotating
tube offers external heat to further drive a reaction. The
continuous flow mode (Fig. 1c) allows for the constant feeding
and processing of reagents by using an external pump to
introduce them through a jet feed at a controlled flow rate. This
mode of operation can be used for efficiently processing large
volumes and therefore allows scalability of the process. It has
been used in biofuel production,*® large-scale chemical
synthesis,* pharmaceutical manufacturing,® and organic dye
degradation,® offering scalability from laboratory research to
more practical industry applications.

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

View Article Online

RSC Sustainability

COSMOS-approved Palmester oil, composed of 40% capric
acid and 60% caprylic acid, is a widely recognised emollient and
moisturiser in organic cosmetics.** In this study, it is utilised as
an organic feedstock for the sustainable production of MCFFA
through a VFD-enhanced saponification process. While sapon-
ification is a widely used process, this study employs VFD pro-
cessing instead of conventional benchtop methods to enhance
reaction efficiency, reduce energy consumption, and improve
product purity. The confined mode of VFD operation is used for
optimising the parameters, while the continuous flow mode is
pursued for scaling up. Traditional water bathing served as
a control to compare the saponification efficiency. The anti-
bacterial efficacy of the MCFFA produced by the VFD was
assessed against that of commercially available single MCFFA to
evaluate its potential use in cosmetic formulations for
enhancing antimicrobial properties. By leveraging the capabil-
ities of the VFD, this study demonstrates a more efficient and
eco-friendly approach for producing high-purity MCFFA from
Palmester oil, thereby promoting sustainable practices in the
development of organic cosmetic ingredients.

2 Materials and methods
2.1 Materials

Palmester oil and ethanol were provided by Plantworx Pty Ltd
(Adelaide, Australia). Analytical grade solvents, including chlo-
roform, chloroform-d, NaOH, capric acid, caprylic acid, and 2,2-
diphenyl-1-picrylhydrazyl (DPPH) were purchased from Sigma-
Aldrich.

2.2 MCFFA production

The MCFFA was derived from Palmester oil through a saponifi-
cation reaction by mixing the oil with a 20% NaOH-ethanol
solution at a ratio of 1:2. The rotational speeds and process-
ing time were optimised using the confined mode of VFD, fol-
lowed by scale-up production using its continuous flow mode.
The results were compared to the water-bathing method, and
the production yield was calculated using eqn (1).

MCFFA yield = mass of MCFFA/mass of raw Palmester oil
(1)

2.2.1 MCFFA optimised production in VFD confined mode.
The VFD was equipped with a quartz tube of 20 mm external
diameter and positioned at a tilt angle (6) of 45° relative to the
horizontal axis. To compare saponification efficiency in VFD,
the rotation speeds of 5000 and 7750 rpm were tested over 1 h.
Subsequently, the processing time was reduced to 40, 20, and
10 min for further evaluation. While the rotational speed and
processing time were varied to determine the optimal operating
conditions, the heating jacket was maintained at 70 °C
throughout all VFD experiments as a fixed operational param-
eter to ensure consistency and comparability. A NaOH solution
was prepared by dissolving 20 g of solid in 50 mL water, fol-
lowed by mixing it with 50 mL ethanol. Then, 0.6 mL of oil and
1.2 mL NaOH-ethanol solution were added to the quartz tube.
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After reacting in the tube for the designated time, the mixture
was allowed to cool to room temperature. The samples were
subsequently washed with distilled water, and the pH was
adjusted to 1 using HCI. Finally, the samples were collected
after centrifugation at 9000g for 20 min.

2.2.2 MCFFA scale-up production in VFD continuous flow
mode. The continuous flow mode VFD was used to scale up
MCFFA production. A mixture of 30 mL of the oil and NaOH-
ethanol was prepared and loaded into a 50-mL glass syringe.
The flow rate was set to 0.5 mL min~" (1 h processing time in
total), and the VFD rotational speed was derived from the
optimisation experiments as described in Section 2.2.1.
Magnetic mixer control was employed to gently mix the oil and
NaOH-ethanol mixture, preventing phase separation of the
starting solution before loading to the syringe pump.

2.2.3 MCFFA production in bench-top method. The bench-
top operation was conducted in a water bath with a magnetic
stirrer (MSH-300, Biosan) to maintain temperatures of 70 °C or
100 °C for comparative analysis, while all other conditions
remained consistent with those used in VFD processing. A
30 mL mixture was processed in the water bath for 1 h at each
temperature to evaluate the effect of thermal conditions on
MCFFA production.

2.3 MCFFA characterisation

2.3.1 Nuclear magnetic resonance. Proton nuclear
magnetic resonance (lH NMR, Bruker 600 MHz Avance III
Spectrometer) spectra of samples were acquired using a 600
MHz Bruker spectrometer. Standard quantitative parameters,
including a delayed pulse (D1) of 10.00 and 32 scans, were
employed for oil and MCFFA assessment. 10 pL of each sample
was diluted with 0.5 mL p-chloroform in NMR tubes prior to
recording the spectra.

2.3.2 Fourier transform infrared spectroscopy. Fourier
transform infrared spectroscopy (FTIR, Nicolet Nexus 870) was
carried out to determine functional groups present in Palmester
oil and MCFFA. Attenuated total reflectance (ATR) in conjunc-
tion with infrared spectrometry using a Fourier transform was
employed for sample testing. Here, 0.1 mL of each sample was
placed on the diamond crystal of the ATR FTIR spectrometer
and scanned over 500-4000 cm ™~ * with 8 scans, and a resolution
of 4em™.

2.3.3 Gas chromatography-mass spectrometry. The
samples were tested by gas chromatography-mass spectrometry
(GC-MS),* which was conducted using a Varian CP-3800 gas
chromatography unit coupled with a 2200 Saturn MS detector.
The injection temperature was set at 40 °C, with a gradual
increase to 300 °C. A reverse-phase column (30 m x 25 mm X
0.25 mm) was used, and NIST 05 molecular recognition software
was employed for data analysis. 10 pL of sample was diluted
with 1 mL of chloroform in a glass vial for the analysis.

2.3.4 Viscosity and rheology. The sample rheological
properties were determined using a Brookfield Rheometer (TA
Instruments RA2000) equipped with a thermo-container and
a programmable temperature controller. The thermo-container
includes a sample chamber and spindle. The temperature was
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maintained at 25 °C, with a 10 mm gap setting, and 1.5 mL of
each sample was placed on the plate for all measurements. For
the strain sweep, the shear frequency was controlled at 6.283
rad s, with strain values ranging from 1% to 10 000%. The
viscosity profile was tested in flow mode with the spindle set to
a shear rate from 0.01 to 500.00 rad s~ at 5 s intervals.

2.3.5 Differential scanning calorimeter. The thermal
stability of samples was determined using TA Instruments DSC-
2930 and DSC-8000 Differential Scanning Calorimeters. The
equipments were calibrated with pure indium, and the empty
aluminium pan was used as a reference. The thermal stability of
samples was tested by the DSC-2930, utilising T-zero sealed
pans. Nitrogen gas flowed at a rate of 50 mL min~", and the
temperature range was set from —70 °C to 300 °C, with a heating
rate of 10 °C min~*. For the thermal oxidation test, around 0.2—-
0.5 mg of each sample was weighed into open aluminium pans
and placed in the DSC-8000 sample chamber. The gas flow rate
was set at 20 mL min~' for both nitrogen and air. The
temperature range was 25 °C to 300 °C, with a heating rate of
10 °C min . The onset point was determined as the intersec-
tion of the extrapolated baseline and the horizontal line of the
isotherm, marking the onset of oxidation.

2.4 Bioactivities of MCFFA

2.4.1 Antibacterial efficiency. Staphylococcus aureus subsp.
aureus ATCC 25923 (Gram-positive) and Escherichia coli strain B
ATCC 11303 (Gram-negative) were used to evaluate antibacterial
activity. For each species, individual bacterial colonies were
picked and transferred to 10 mL Luria-Bertani (LB) broth
(Merck, Germany) and grown overnight at 37 °C with shaking at
250 rpm. The bacterial inoculum was adjusted to an ODg, Of
0.1, corresponding to =1 x 10” CFU mL ™ * for S. aureus and =1
x 10® CFU mL™" for E. coli by diluting with fresh LB medium.
The surface of LB agar plates was inoculated with 200 pL of
bacterial suspension, which was spread evenly to create
a uniform bacterial lawn. A sterile cork borer was used to create
7 mm diameter wells, and 30 pL of each sample at the desired
concentration was added to the wells. Plates were incubated
overnight at 37 °C. To assess antibacterial activity, the diameter
of the zones of inhibition (ZOI) was measured using a ruler,
with larger diameters indicating greater antibacterial efficacy. A
50% ethanol solution was used as the negative control, and
ampicillin (50 ug mL ") was used as the positive control. The
MCFFA was initially prepared as 250 g per L stock solution in
50% ethanol solution and subsequently serially diluted in
MilliQ water to concentrations of 100, 50, 25, and 12.5 g L™
Commercial capric acid and caprylic acid were tested under the
same conditions to evaluate the potential synergistic effect of
the MCFFA on antibacterial efficiency.

2.4.2 DPPH radical scavenging activity. A 0.1 mM solution
of DPPH in ethanol was freshly prepared to assess the antioxi-
dant activity of the samples. For each assay, 180 uL of the DPPH
solution was pipetted into a 96-well microplate, followed by the
addition of 20 uL of the sample to be tested. The reaction
mixtures were incubated at 25 °C for 30 min in the dark to
prevent photodegradation of the DPPH. After incubation, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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absorbance was measured at 517 nm using a microplate reader
(SPECTROstar Nano, BMG LABTECH). The DPPH inhibition
was calculated as a percentage with respect to the blank
solution.

3 Results and discussion

3.1 Optimisation of MCFFA production using VFD
(confined mode)

The efficiency of capric acid and caprylic acid production is
highly dependent on the saponification process, wherein the
triglyceride structure of Palmester oil is broken down in the
presence of a catalyst and heat.** During this process, three fatty
acid molecules are cleaved from the glycerol backbone, which
can be distinguished by characteristic peaks in 'H NMR spectra.
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The triglyceride structure of Palmester oil is marked by the
symmetric hydrogen atoms in the glycerol backbone,*
contributing to peaks a and c at 4.34 and 4.19 ppm in Fig. 2a.
Additionally, the hydrogen atoms attached to the middle carbon
(peak b) of the glycerol are observed at 5.3 ppm. The absence of
these three peaks indicates the completion of the saponification
process, while the presence of any of these peaks suggests the
presence of mono-, di-, or triglycerides, where not all fatty acids
have been cleaved from glycerol.*®

The rotational speed in the VFD affects the thickness of the
liquid film and the fluidic flows applied during processing,
resulting in different reaction outcomes. The peak a’ at
4.17 ppm in Fig. 2b is observed for the compounds produced in
VFD confined mode at 7750 rpm for 1 h, corresponding to the
methylene protons (-CH,-) of the ethyl group in fatty acid ethyl

a) (cH)n Palmester Oil
o A
2 i (CH2C=0) ‘ (CH3)
(ocH2) b (CH2-CH2-C=0) P 4
(OCH) a € |
b 5.30 | 2434 § % c4.19 A L
b) . MCFFA (VFD 7750 rpm 60 min)
A A Oh
9 0
~CH~ (ethyl group, FAEE)
2'4.16 ! l l
MCFFA (VFD 5000 rpm 60 min)
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/\/\/\)\0“
o
ANANASAA o l [
.
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o
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Fig.2 'H NMR spectra of MCFFA processed in VFD confined mode. The VFD was operated at 5000 rpm and 7750 rpm for 1 h each at 70 °C, with
the processing times then reduced to 40, 20, and 10 min. (a) *H NMR spectra of Palmester oil. (b) *H NMR spectra of MCFFA produced using the
VFD at 7750 rpm for 60 min. (c—f) *H NMR spectra of MCFFA produced using the VFD at 5000 rpm for 60, 40, 20, and 10 min, respectively.
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ester (FAEE) structure,*”*® which is the byproduct of the MCFFA
production process. The formation of FAEE originates from the
ethanol present in the NaOH-ethanol saponification solution
described in Section 2.2 for MCFFA production, where liberated
fatty acids can undergo secondary esterification with ethanol,
particularly under prolonged reaction times or elevated
temperatures. As shown in Fig. 2¢, no peaks are present between
4.2 and 5.3 ppm for the product processed using VFD in the
confined mode at 5000 rpm after 1 h, indicating complete
saponification. Higher rotational speeds create thinner films
and greater shear forces, enhancing mass and heat transfer,
which accelerates reaction rates but also promotes secondary
reactions, such as ethyl ester formation. This aligns with
previous studies showing increased fatty acid methyl ester
yields at higher speeds.* In this study, 5000 rpm was optimal
for MCFFA production, balancing efficient mixing and reaction
control while minimising byproduct formation.

Across various processing times—1 h, 40 min, 20 min, and
10 min—in the VFD confined mode at 5000 rpm, a 20-min
processing time was found optimal for achieving high-purity
MCFFA products. The 'H NMR spectra from the 10-min
process exhibited residual signals between 4.2 and 5.3 ppm
(Fig. 2f), showing residual unreacted glycerides. The VFD
confined mode is an ideal choice for small-scale trial experi-
ments as it allows precise control over reaction time, tempera-
ture, and rotational speed, thereby enhancing mixing efficiency
while minimising resource and energy consumption.*” This
approach is particularly advantageous for optimising reaction
conditions before scale-up, as it ensures efficient use of mate-
rials, reduces waste, and aligns with environmentally friendly
and sustainable processing practices.

3.2 Scale-up of MCFFA production using VFD
(continuous flow mode)

The VFD continuous flow mode was employed to scale up
MCFFA production from Palmester oil, along with a traditional
water bath for comparison. According to the "H NMR spectra
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In contrast, the products from water bath processing at both
70 °C and 100 °C exhibited an FAEE peak at 4.17 ppm, indi-
cating the presence of C=O0 in FAEE. As the temperature
increases, the intensity of the peak in the "H NMR spectra of
products from the water bath processing decreases. Although
higher temperatures enhance saponification efficiency using
a water bath, they do not align with clean production and
sustainable processing standards due to increased energy
consumption.*” The VFD processing at 70 °C achieved signifi-
cantly higher purity of MCFFA with lower energy input, as
shown in Table 1, demonstrating 18% of energy consumption of
the control trial using a magnetic stirrer. The energy
consumption was calculated based on the maximum input,
with specific speed-dependent values to be explored in future
studies. In this work, the standard VFD operated under the
continuous-flow mode proved effective for delivering clean,
high-purity MCFFA under mild conditions while maintaining
stable product throughput, demonstrating its potential for
semi-industrial applications. Although this study employed the
standard VFD, our group has successfully utilised an upsized 50
mm-OD VFD for large-scale cosmetic FAEE synthesis,*" and its
continuous-flow capabilities are being developed. This ongoing
engineering effort aims to reproduce the analogous thin-film
hydrodynamics and high-shear efficiency with higher through-
puts relative to the 20 mm OD diameter VFD, a route to estab-
lishing a realistic and scalable technological pathway toward
the sustainable, industrial-scale production of MCFFA and
other bio-based cosmetic ingredients.

The purity of MCFFA products from the scale-up produc-
tion was further verified using FTIR spectra. As shown in
Fig. 4a, there is no wide absorbance band between 3500 cm ™"

Table1l Energy consumption comparison of VFD and magnetic string
device

Device Power (W) Energy input (kWh)

Magnetic stirrer (MSH-300, Biosan) 825 0.825
(Fig. 3a), the products processed using VFD continuous mode VFD (5000 rpm with heating jacket) 145 0.145
showed no residual triglyceride peaks or the presence of FAEE.
a) N\/\/’OLN MCFFA (VFD continuous flow mode, 70 °C) Zoomin
/\/\/\/\j\m ] )I J -
e
b) RN MCFFA (Water bath, 70 °C) Zoomin 417
—~CH,~ (ethyl group, FAEE) T l . T
) I
l i VL 1 .‘J{;:
g B MCFFA (Water bath, 100 °C) Zoamin
Ao
~CH- (ethylgroup, FAEE) 417 \_J “ a. T17
I l M A

6 4 2 [ppm]

Fig. 3 The *H NMR spectra of MCFFA were produced using the VFD continuous flow mode and a water bath. The VFD was operated at the
rotational speed of 5000 rpm at 70 °C, with a flow rate of 0.5 mL min~*. The water bath was set to 70 °C and 100 °C. A total volume of 30 mL was
processed over 1 h for all methods. (a) *H NMR spectra of MCFFA produced using the VFD in continuous-flow mode at 70 °C. (b and c) *H NMR
spectra of MCFFA produced using the water bath method at 70 °C and 100 °C, respectively.
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Fig.4 The FTIR spectra of MCFFA were processed in VFD continuous flow mode and a water bath. The VFD was operated at a rotational speed of
5000 rpm in continuous mode at 70 °C, with a flow rate of 0.5 mL min~. The water bath was set to 70 °C and 100 °C. A total volume of 30 mL was
processed over 1 h for all methods. (a) FTIR spectra of Palmester oil. (b) FTIR spectra of MCFFA produced using the VFD in continuous-flow mode
at 70 °C. (c and d) FTIR spectra of MCFFA produced using the water bath method at 70 °C and 100 °C, respectively.

and 2900 cm ! in Palmester oil. The CH, and CH; vibrations
of the carbon chain are present at 2954 cm ™" and 2854 cm ™",
respectively, consistent with the recognised triglyceride
structures in previous studies.**> After saponification, a broad
absorbance band between 3500 cm ™' and 2900 cm ™' appears
in all FFA products, corresponding to the -COOH group,
a characteristic absorbance band of FFA.** The C=O0 bond is
present in the oil, MCFFA, and FAEE, and its position in the
FTIR spectra reflects the purity of the FFA products.** The
original oil shows a C=0 absorbance band around 1741 cm™*
in Fig. 4a, while the C=0 absorbance band for MCFFA is
observed at 1708 cm ™" in Fig. 4b-d, confirming the formation
of MCFFA. Notably, the products from the water bath treat-
ment, shown in Fig. 4c and d, display a shoulder absorbance
band at 1708 cm ™! with a lower-intensity absorbance band at
1737 em™ ", indicative of the C=0 group corresponding with
FAEE. As the temperature of the water bath increases, the
intensity of this FAEE C=O absorbance band decreases,
consistent with the "H NMR results.

The composition and purity of MCFFA were confirmed by
GC-MS (Fig. 5Db). Four peaks are visible in the GC

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

chromatogram shown in Fig. 5a, representing two main
MCFFA products (capric acid/caprylic acid) and two FAEE
byproducts (ethyl caprate/ethyl caprylate). Commercial capric
acid and caprylic acid were used as references, as displayed in
Fig. S1. Overall, the combined capric acid/ethyl caprate
content accounted for 40% while caprylic acid/ethyl caprylate
made up 60%. This is consistent with the fatty acid compo-
sition of Palmester oil. Notably, the four peaks exhibited
variations in both percentage and intensity in the GC chro-
matogram under different processing conditions.

The MCFFA processed in a water bath at 70 °C showed
a significantly higher percentage of FAEE (44%) than that
processed in the VFD (5000 rpm) at 70 °C, which is 4%.
Increasing the temperature to 100 °C in the water bath resul-
ted in a higher MCFFA percentage (85%); however, the
proportion of byproducts was still four times higher than that
obtained using VFD. Moreover, the yield of MCFFA produced
in the VFD was 95%, 1.44 times higher than the yield from the
70 °C water bath condition and 1.3 times higher than that
from the 100 °C water bath experiment, as shown in Fig. 5c.
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Fig.5 The GC-MS spectra of MCFFA processed in VFD continuous mode and water bath conditions. The VFD was operated at 5000 rom and 0.5
mL min~! in continuous flow mode at 70 °C. The water bath was set to 70 °C and 100 °C. All methods processed 30 mL in 1 h. (a) GC spectra of
MCFFA samples, showing the separation of components. (b) Mass spectra of four key peaks, identifying the molecular composition. (c)
Percentage composition of each MCFFA component and the corresponding yield.

3.3 Rheology of MCFFA

Lipid ingredients with lighter textures present significant
advantages in cosmetic formulations by reducing the greasy
residue commonly associated with heavier oils.** It is reported
that light oil has enhanced absorption and provides superior
spreadability on the skin."® To assess these benefits, the rheo-
logical properties of the MCFFA were compared with those of
Palmester oil. As shown in Fig. 6a and b, the MCFFA exhibits
lower values of storage modulus (G') and loss modulus (G”)
compared to Palmester oil, indicating that the MCFFA forms
a less rigid, more fluidic structure, contributing to a lighter and
less greasy sensory feel during application. The viscosity curves of
both the oil and MCFFA demonstrate a shear-thinning behaviour
at low shear rates in Fig. 6¢, exhibiting characteristics of non-
Newtonian fluids.*” The viscosity test shows that MCFFA
exhibits significantly lower viscosity than the original Palmester
oil, which can be attributed to the simpler structure of MCFFA. In
contrast, the triglycerides in Palmester oil have more extensive
and complex chain-chain interactions, including physical
entanglements, leading to higher viscosity.”~*° At a shear rate of
0.01 s, the viscosity of MCFFA is below 0.01 Pa s, indicating
excellent fluidity. This low viscosity enhances spreadability,
making MCFFA ideal for cosmetic formulations that provide
a lightweight, non-greasy feel.>

3.4 Thermal stability of MCFFA

To examine their thermal behaviour, DSC analysis was con-
ducted under both nitrogen and air atmospheres. These

RSC Sustainability

conditions simulate inert and oxidative environments, respec-
tively, providing insights into their stability during industrial
storage and processing. Although 300 °C exceeds the tempera-
ture range typically encountered in cosmetic applications, this
upper limit was used to evaluate the onset of oxidative degra-
dation or thermal polymerisation relevant to storage and pro-
cessing. After each DSC run, the sealed pans were opened to
visually examine the thermal residues.

Under nitrogen, Palmester oil exhibited a small exothermic
peak around —33 °C (Fig. 7a), likely indicating partial melting
followed by recrystallisation into a more stable polymorphic
structure, possibly the B’ form, which is a metastable crystalline
state of the oil.>* Upon further heating, a sharp endothermic
peak around 2 °C corresponded to the complete melting of
crystalline material.* The MCFFA melted at 0.81 °C (Fig. 7b),
significantly lower than that of pure capric acid and caprylic
acid in Fig. S2a and c, which is consistent with eutectic behav-
iour and reduced molecular order.*>** As a result, the MCFFA
produced in this study remain liquid and stable at ambient
temperature, without crystallising or phase separating even
after prolonged storage, which is highly advantageous for
formulation handling, cold-chain-free storage, and consistent
performance in cosmetic applications. After melting, Palmester
oil exhibited no further thermal events up to 300 °C, indicating
thermal stability under inert conditions. Its stability is further
evidenced by the clear, oily residue remaining in the aluminium
pan. In contrast, the heat flow of MCFFA dramatically decreased
(endotherm) when the temperature reached 243 °C,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Rheological properties of VFD-produced MCFFA and Palmester oil. The VFD was operated at 5000 rpm and 0.5 mL min~ in continuous
flow mode, at 70 °C. (a) Strain sweep of Palmester oil. (b) Strain sweep of MCFFA. (c) Viscosity of Palmester oil and MCFFA.

accompanied by the release of white vapour from the chamber.
The residue-free pan suggests evaporation, which is consistent
with the reported boiling points of caprylic and capric acids
(230-260 °C). As pyrolysis generally leaves behind carbonaceous
residues, with no such residue observed in the present study,
the event is attributed to volatilisation rather than thermal
decomposition.> Future studies using sealed-pan DSC with
cyclic heating and cooling (—50 °C to 100 °C) could better
represent practical cosmetic conditions.>*

To assess the oxidative thermal stability of MCFFA, DSC was
performed under air, exposing the samples to both heat and
oxygen. Both Palmester oil and MCFFA remained stable below
150 °C, indicating suitability for cosmetic processing. However,
the samples displayed oxidative/decomposition behaviours
beyond this point. Palmester oil exhibited a strong exothermic
peak at 321 °C, suggesting oxidative degradation of triglycerides
into smaller oxygenated molecules, such as aldehydes, ketones,
and hydroperoxides. These may break down further into CO,
and H,O, while incomplete oxidation left a yellowish, sticky
residue,” as shown in Fig. 7c. In contrast, MCFFA showed an
endothermic event at 182 °C, without a significant exothermic

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

peak, resembling the behaviour of pure capric and caprylic
acids (Fig. S2c and d). The saturated chains in FFA are more
prone to decomposition or oxidation at lower temperatures
than triglycerides.® The dark residue left in the pan suggests
carbonisation, where the material is only partially oxidised,
undergoing incomplete thermal decomposition and leaving
behind carbon-rich products (char) after heating. In short,
Plamester oil undergoes oxidative cleavage, leading to
exothermic decomposition.*”

3.5 Antibacterial efficiency of MCFFA

The antibacterial properties of MCFFA are particularly valuable
in organic cosmetics compared to synthetic antibacterial
agents, as they are derived from natural sources and are
biodegradable in an eco-friendly manner.®® Additionally,
mixtures of MCFFA have been reported to exhibit synergistic
effects, outperforming individual fatty acids.’® MCFFA,
composed of 60% caprylic acid and 40% capric acid, has
potential for bacterial resistance. Staphylococcus aureus (S.
aureus), a Gram-positive bacterium, and Escherichia coli (E. coli),
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Fig.7 DSC spectra of VFD-produced MCFFA and Palmester oil. The VFD was operated at 5000 rpm and 0.5 mL min~t in continuous flow mode
at 70 °C. (a and b) Samples were measured under the nitrogen atmosphere (DSC-250, temperature range was set from —70 °C to 300 °C). (c and
d) Samples were measured under the air atmosphere (DSC-2000, the temperature range was 25 °C to 350 °C).

a Gram-negative bacterium, are commonly found in personal
care products such as cosmetics, shampoos, lotions, and skin-
care products.®® The cosmetics industry invests substantial
resources into maintaining bacterial levels below regulatory
standards. This study aims to assess whether the MCFFA
produced from Palmester oil via VFD (60 : 40 mixture of caprylic
and capric acids) offers enhanced antibacterial effectiveness
against S. aureus and E. coli, exploring its potential in industry
applications.

Ampicillin at 50 ug mL~" was used as a positive control,
showing significant antibacterial effects against both S. aureus
and E. coli, while a 50% ethanol solution showed no zone of
inhibition (ZOI), as shown in Table 2 and Fig. S3. There was no
significant difference in the ZOI for ampicillin across all plates,
confirming the reliability of the comparison of MCFFA anti-
bacterial efficacy. Overall, S. aureus showed greater suscepti-
bility to MCFFA. Notably, MCFFA exhibited superior
performance in inhibiting S. aureus, producing ZOIs of 1.7 mm
and 6.0 mm larger than those of commercial capric and caprylic
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acids, respectively, at a concentration of 100 g L™'. Further-
more, MCFFA displayed a ZOI of 24.33 mm at 50 ¢ L', 9 mm
larger than caprylic acid, while capric acid showed no antibac-
terial activity at concentrations of 50 g L™" and lower. In E. coli,
MCFFA and caprylic acid produced comparable ZOIs at 100 g
L' and at 50 ¢ L™, but only MCFFA had a minor ZOI at 25 g
L. Capric acid once again showed no antibacterial activity at
concentrations equal to and lower than 50 g L', while no
MCFFA had antibacterial effect at 12.5 g L.

These data are consistent with the earlier report that caprylic
acid is more effective against E. coli, fungi, and other microbes
compared to capric, lauric, and longer-chain fatty acids.®
Interestingly, MCFFA showed a ZOI at 25 g L', while neither
caprylic nor capric acid exhibited any inhibition. Our findings
demonstrate that the mixture of caprylic and capric acids
enhances antibacterial efficacy compared to its individual
constituent fatty acids, particularly against S. aureus. Several
mechanisms may contribute to this effect. The smaller size of
caprylic acid may allow for rapid membrane penetration, while

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table2 Antibacterial activity of VFD-produced MCFFA. The VFD was operated at 5000 rpom and 0.5 mL min~tin continuous flow mode, at 70 °C.
Commercial caprylic acid and capric acid serve as controls. A 50% ethanol solution is used as the negative control, while 50 pg per mL ampicillin
is used as the positive control. When no ZOI was observed, the well diameter (7 mm) remained unchanged indicating no antibacterial effect,

a ZOl of 0 is reported in these cases (n = 3)

Positive control
ampicillin (50 ug mL™*)

Negative control
(50% ethanol)

MCFFA 100 g L' MCFFA 50 g L' MCFFA 25 gL' MCFFA 12.5gL "

S. aureus MCFFA 25.0 £1.0 0.0
Capric acid (C10) 22.0 £ 1.0 0.0
Caprylic acid (C8) 25.7 £ 1.2 0.0
E. coli MCFFA 21.3 £ 1.5 0.0
Capric acid (C10) 22.3 £ 0.6 0.0
Caprylic acid (C8) 21.7 £ 0.6 0.0

capric acid provides more sustained disruption.®* Their differ-
ences in solubility and lipophilicity enable them to target the
bacterial membrane at varying rates and depths, creating
a staggered attack that weakens the membrane further.®*** This
disruption of the phospholipid membrane leads to leakage of
cell contents and ultimately bacterial cell death. Gram-positive
bacteria, like S. aureus, are especially vulnerable, as they lack the
protective outer membrane present in Gram-negative
bacteria.®>®* We also examined the DPPH scavenging activity
of MCFFA and found no significant difference between the
samples (Fig. S4). This can be attributed to the stable structure
of MCFFA, which lacks reactive groups to interact with DPPH
radicals. Fatty acids with more C=C bonds may contribute
more effectively to radical scavenging activity.*®

4 Conclusion

This study demonstrates the production of high-purity MCFFA
for antibacterial applications using VFD processing, offering
enhanced efficiency and scalability for developing sustainable
organic cosmetics. The VFD-confined mode was used for the
optimisation study of optimal cost-efficiency. Additionally,
continuous-mode VFD facilitated the scale-up of MCFFA
production with a higher efficiency, purity, and yield compared
to the traditional water bathing method. Specifically, VFD pro-
cessing at 70 °C produced MCFFA with higher purity (96%) than
water bath processing at 100 °C (70%). Analytical tests,
including DSC, rheology, and viscosity measurements, revealed
that MCFFA exhibited reduced viscosity and good thermal
stability for cosmetic industry applications. Antibacterial
testing further showed that MCFFA had greater efficacy against
S. aureus than commercial caprylic and capric acids, high-
lighting its potential as a natural preservative for the organic
cosmetics industry. Future research will investigate the biolog-
ical applications of MCFFA, with an emphasis on its potential
impacts on the skin barrier.
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