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ARTICLE INFO ABSTRACT

Editor: Raquel Aires Barros Adding carotenoids to cosmetic formulations aligns with the industry’s growing ethos of producing safer, more
sustainable, and nature-inspired products. While synthetic compounds still have their place in cosmetics, the shift
towards natural ingredients such as carotenoids reflects a more significant commitment across the industry to
satisfy consumer preferences and contribute to a greener future. Castor oil is a well-known natural oil used in
several cosmetic formulations because it reduces moisture loss and enhances skin hydration. However, it’s only
added to cosmetics simultaneously with all the other components, including natural extracts. Thus, this work
goes behind literature and classic downstream approaches. A simplification of cosmetics formulations is intended
by using castor oil directly as the extraction solvent of natural bioactive compounds, such as carotenoids from
tomatoes. A comparison of its extraction performance with conventional extraction solvents was made, and all
the process operating conditions were optimized (SLR = 0.06 Zpiomass-MLisivent; percentage of castor oil = 50%
(v/v), and time of extraction = 90 min) to achieve a maximum recovery of 3.2 + 0.2 mgcar. gi,liomass. Additionally,
its capacity as a preservative of carotenoids degradation was also tested against a conventional solvent to
enhance natural pigments’ shelf life showcasing increased stability (especially at 75 °C), a current problem of
their application in industry. The environmental performance of the process proposed was analyzed based on the
carbon footprint, with electricity consumption identified as the most significant contributor. This impact could
be greatly reduced by utilizing photovoltaic energy. Lastly, a conceptual process design has been proposed to
envision its practical application in an industrial setting.
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meaningful contributions to the overall health and vitality of the skin.

[4]

1. Introduction

The cosmetics industry has a growing demand to replace synthetic
compounds with natural alternatives. This shift is being driven by
several factors that underscore the industry’s commitment to consumer
health, environmental sustainability, and a desire for holistic and
nature-derived products. The prospective adverse effects of certain
synthetic compounds, including skin irritation, allergies, and the pres-
ence of reported carcinogenic substances deemed toxic, evoke a sense of
alarm among consumers.[1-3] Consequently, cosmetic products incor-
porating natural compounds provide cosmetic advantages and make
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Tomatoes (Solanum lycopersicum L.), categorized as a fruit and
belonging to the Solanaceae family, have earned global recognition for
their culinary versatility, with their production reaching a scale of
approximately 164 million tons worldwide.[5] However, this large-scale
production also highlights the growing concern of food waste. According
to the Food and Agriculture Organization (FAO), food waste is “food
appropriate for human consumption being discarded, whether or not
after it is kept beyond its expiry date or left to spoil“.[6] In the case of
tomatoes, this waste can occur during processing, where by-products
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like peels, seeds, and pomace—constituting up to 5% of the total
tomato—are often discarded, posing environmental challenges for pro-
ducers. These residual tomato by-products, though frequently wasted,
are rich in valuable compounds, including minerals, vitamins, dietary
fibers, proteins, polyphenols, and carotenoids, aligning with the indus-
try’s demand for natural ingredients.[7] Notably, carotenoids, for
instance, are renowned for their antioxidant properties and potential to
promote skin health, making them promising candidates for novel in-
gredients in the cosmetic industry.[8]

Within the spectrum of carotenoids found in tomatoes, lycopene
constitutes roughly 80-90% of the total pigment content in ripe to-
matoes, giving rise to the characteristic red coloration of these fruits.[9]
Lycopene, characterized by its open-chain structure and 11 trans-con-
figurated double bonds, boasts exceptional antioxidant capabilities for
neutralizing free radicals and protecting the skin against the harmful
effects of light and oxygen. These properties, in turn, lead to reduced
roughness, improved hydration, enhanced elasticity, and pigmentation
on the skin.[10,11] This carotenoid is currently employed to combat the
adverse effects of sun exposure, such as sunburn, and the risk of skin
cancer by mitigating the damage provoked by prolonged exposure to
sunlight.[12] Consequently, lycopene is a popular choice in cosmetic
formulations owing to its remarkable impact on skin rejuvenation,
renewal, and thickness enhancement.

While present in smaller amounts, tomato fruits also contain
B-carotene.[13] p-carotene is an orange-red C4 carotenoid character-
ized by an extensive chain of conjugated double bonds. Like lycopene,
its high antioxidant capacity affords it the capability to regenerate skin
against oxidation and adverse effects of UV radiation on observed le-
sions.[14] Moreover, its tinting ability makes it a valuable ingredient in
sun tan creams and lotions, while also promoting healing, scar preven-
tion, and relieving skin irritation and itchiness.[10]

Considering the exceptional attributes of natural pigments and the
need to valorize waste resources and add them to circular economy
chains, it becomes crucial to possess precise knowledge of straightfor-
ward and efficient extraction techniques to achieve a maximum recov-
ery of carotenoids.[15] Additionally, exploring methods to stabilize
natural pigments is essential to make them a viable option for indus-
trialization.[16] Conventional solvents such as hexane, chloroform, and
acetone have been traditionally employed for lycopene extraction from
vegetable matter. However, due to their harmful and toxic nature, the
elaboration of multi-step procedures is required to eliminate these sol-
vents from the end product, which still represents a significant process
limitation.[17] Also, current industries are starting to recognize their
impacts on the environment and strive to adopt more sustainable
practices, to fulfil the sustainable development goals.[18] To overcome
these drawbacks, new techniques are being developed, and alternative
solvents are being employed.[19]

Castor oil, derived from the crushed seeds of the Castor plant, is
composed of approximately 90% ricinoleic acid, a hydroxyl-containing
fatty acid known for its emollient properties.[20] These fatty acids
effectively reduce moisture loss, enhancing skin hydration and making
castor oil a standard inclusion in various skincare products such as lo-
tions, creams, and moisturizers, rendering it a valuable asset in skincare
routines.[21] Despite its common use in cosmetic products, there is a
lack of existing literature exploring the utilization of castor oil as part of
the extraction process for the bioactive compounds incorporated in
these formulations. In addition to its natural and renewable nature,[22]
enhancing sustainability, from an economic perspective, castor oil use
could lead to a reduction in production costs by providing an extract that
can be directly considered as one of the ingredients to introduce in the
formulation. In other words, this eliminates the need for additional
solvents in the extraction of bioactive compounds and simplifies the
process by skipping the step of adding the oil to the formulation.
Another potential, previously unexplored, could be linked to the pre-
servative function of natural oils in cosmetics.[23] Preservatives are
primarily used in cosmetics to prevent microbial growth, acting as
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antimicrobials. However, they can also act as antioxidants to protect
against oxygen-induced damage and as photoprotectors against UV
light-induced degradation.[24] Hence, castor oil could extend the shelf
life of cosmetic products containing natural pigments by protecting
them from external damage, heat, and oxygen conditions, leading to
color fading over time. Consequently, addressing the stability issue
related to these compounds is also crucial.[25]

The main aim of this study is to unleash the potential of castor oil by
not only developing a straightforward and cost-effective process for
extracting lycopene and f-carotene from tomatoes but also improving
their stability. Thus, we hypothesize that castor oil will efficiently sup-
port the extraction and stabilization of pigments, offering a sustainable
alternative to conventional solvents. With this, tomato waste or ugly
tomato fruits could be efficiently exploited, allowing thus cosmetic
products to successfully integrate natural pigments into their formula-
tions, representing a significant step towards sustainable and naturally
based cosmetics.

2. Experimental section
2.1. Biomass

Fresh tomatoes (Solanum lycopersicum), precisely the type commonly
referred to in Portugal as “Tomate Rama”, were purchased from the
supermarket Auchan Aveiro (Portugal) in May 2021. A single purchase
of a sufficient quantity of tomatoes was made for the entire work, aiming
to minimize the variability in the pigments’ composition within the
fruit. The skins and seeds of the tomatoes were manually removed, and
all the pulp was then blended using a hand immersion blender (Silver-
crest SSMS 600 A1). Subsequently, the blended pulp was divided into
multiple 2 mL Eppendorf tubes and frozen at —80 °C until required.

2.2. Chemicals

Organic solvents tested in the extraction of p-carotene and lycopene
as ethanol (HPLC grade, CAS 64-17-5) and acetone (100 wt%, CAS
67-64-1) were acquired from Fisher Scientific, while ethyl acetate
(>99.5 wt%, CAS 141-78-6) was purchased to Sigma Aldrich. Cationic
compounds based on the ammonium family, namely dodecyl-
trimethylammonium bromide ([N 1,1,12]Br, 99 wt%, CAS 1119-94-4)
and tetradecyltrimethylammonium bromide ([N 1,1,14]Br, 98 wt%, CAS
1119-97-7), were supplied by Alfa Aesar, while decyl-
trimethylammonium bromide (Ny1,1,10]Br, 99 wt%, CAS 2082-84-0)
was acquired from Tokyo Chemical Industry. Tributylte-
tradecylphosphonium chloride ([P4 4,4,14]Cl, 95 wt%, CAS 81741-28-8)
and 1-dodecyl-3-methylimidazolium chloride ([C;2C1im]Cl, >98 wt%,
CAS 114569-84-5) were purchased to IoLiTec. Non-ionic polyethylene
glycol sorbitan monolaurate (Tween® 20, CAS 9005-64-5), and anionic
sodium dodecylsulfate (SDS, pharma grade, CAS 151-21-3) were sup-
plied by Acros Organics and Panreac, respectively. Castor Oil (Pure, CAS
8001-79-4) was obtained at Soft&Co. Standard p-carotene (>97 wt%,
CAS 7235-40-7) was acquired from Fluka™. The molecular structures
of the IL/Surfactants screened in this work are depicted in Figure S1 in
ESI.

2.3. Solid-liquid extraction

Several organic and aqueous cationic, non-ionic, and anionic (250
mM) solvents were initially tested to evaluate their pigments’ extraction
capacity (p-carotene and lycopene) from tomato pulp (previously pre-
pared) and compared with distilled water. Their choice was based on
several articles stating their high performance when discussing hydro-
phobic pigment extraction.[26-31] Concentrations above the critical
micellar concentration (CMC) were always used for the aqueous solu-
tions of surface-active compounds (CMC values available at Table S1 in
ESI). Furthermore, based on the work developed by Martins et al. (2021)
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various systems were tested, in this case using castor oil (Oilc), which
was also tested individually, such as Oil¢ + H20, Oil¢ + IL in H20, Oil¢ +
Ethanol, Oilc + IL in Ethanol. Extraction conditions were a solid-liquid
ratio (SLR) of 0.1 gbiomass.ngélvem, extraction time of 30 min, all at room
temperature (20 — 25 °C) under a constant vertical rotation of 80 rpm in
an IKA shaker digital TRAYSTER. For the systems, a ratio of 84% (v/v) of
an aqueous/organic solution of [P444,14]Cl at 250 mM or only water/
ethanol + 16% (v/v) of Oilc was used. Finally, a centrifugation step was
performed to separate the cell debris and recover the supernatant for 15
min at 10 °C and 4700 g using a Thermo Scientific Heraeus Megafuge
16R centrifuge. All extractions were carried out in triplicate, and the
outcomes were reported as the mean + standard deviations.

The absorption spectra of all samples were measured using a UV-Vis
microplate reader (Synergy HT-BioTek microplate reader) within a
range spanning from 350 to 550 nm. The quantification of total carot-
enoids (p-carotene + lycopene) was carried out using fp-carotene as
standard with calibration curves established at 450 nm for organic/
aqueous solutions (r2 = 0.9926), and at 458 nm for oil systems (r2 =
0.9994). The carotenoid extraction yield was calculated using Equation

D).

Yield of extraction (Mg, -8yiomass )

__ Carotenoids concentration (mg.mL ") x Solvent volume (mL) @
B Weight of biomass (g)

2.4. COSMO-RS model

Water, ethanol, [P4 4 4,14]Cl, and castor oil molecules were optimized
using density functional theory (DFT) calculations with the TURBO-
MOLE V4.5.2 package.[32] All Conductor-like Screening Model for Real
Solvents (COSMO-RS) calculations were performed utilizing the COS-
MOthermX software package (Version 21.0, COSMOlogic GmbH) at the
BP86/TZVP level with the BP_TZVP_21.ctd parameterization.[33,34]
COSMO-RS was employed to determine the 6-potentials and o-profiles of
B-carotene, lycopene, and the solvents. Additionally, the activity coef-
ficient at infinite dilution was estimated, and intermolecular in-
teractions (van der Waals and misfit) were also evaluated.

2.5. Process optimization and kinetics

The chosen system was optimized using a central composite rotat-
able design (CCRD, 22 plus axial) with a total of 13 assays with 5 central
points. As independent variables, the Oil percentage in the chosen sys-
tem (%Oil¢ in %) and the solid-liquid ratio (SLR in gbiomass.mL;})lvem)
were studied according to the carotenoid extraction yield (Yield of
extraction in rngCar.gi}iomass). Temperature, agitation, and extraction
time were maintained at the same levels that were used during the
solvent screening phase (room temperature of 20-25 °C, agitation at 80
rpm, and an extraction time of 30 min). The statistical analysis of the
results was conducted using Statistica® 7 software at a 95% confidence
level, following the methodology outlined by Dean et al [35] and
Rodrigues and Lemma.[36] The actual and encoded values can be found
in Table S2 in the ESI. Finally, the determined optimal conditions were
validated in triplicate using the mean relative deviation (%) values.
Following this, a kinetic curve depicting the recovery yield of the pig-
ments over time was developed using first and second-order kinetic
models.[37] Here, the previously optimized conditions using CCRD
were held constant, with the only variation being the extraction time,
ranging from 2 to 240 min. Equation (2) represents the first-order kinetic
model in its differential form.

ac,

o =ki(Gs—C) @

k1 (min~Y) is the first-order extraction rate constant, t (min) is the
extraction time, and Cs and C; are the carotenoids yield at saturation and
for a specific extraction time, respectively. By integrating Equation (2)
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with the boundary conditions C; =0 at t = 0 and C; = C; at t = t, Equation
(3) is derived.

Cs _
In (CS — Ct> = klt (3)

k; was obtained from the slope of the graph generated by plotting the
natural logarithm (In) values of C; against t. Equation (4) expresses the
second-order kinetic equation for the extraction rate.
dc,

G = ke(Gs = C)? &)

where ko (gbiomass.mgéalr.min’l) is the second-order extraction rate
constant. Upon integrating with the boundary conditions C; = 0 at t =
0 and C; = C; at t = t, and linearization, Equation (5) is derived.

t t 1

- 5
C: Cs kyCs? 2

Plotting t/C; against t, allows the obtention of the Cs and k3 con-
stants, which correspond to the slope and intercept of the plot,

respectively.

2.6. Thermal stability

The thermal stability of the pigments was investigated across four
distinct temperatures (20 — 25 °C, 55 °C, 75 °C, and 95 °C) for both
acetone and oil + ethanol system (after ethanol removal through rotary
evaporation). For 55 °C, 75 °C, and 95 °C, to initiate the experiment,
each extract was dispensed into sealed encapsulated vials (1 mL per vial)
and placed within a heated metal block atop a heating plate, protected
from light exposure.[38] The vials were then collected at different times
and immediately put in an ice bath to stop the degradation process. For
20 - 25 °C, each vial was kept at room temperature under light exposure
and, after collection at the desired time, immediately analyzed. Each
sample underwent UV-Vis spectroscopy analysis, from which a range of
parameters was calculated. This range includes the degradation rate
constant (kg, in h~! for 1%t order and mLgojyent.Mgear-h ™! for 2°¢ order)
and the half-life time (t; /2, in h), calculated for both first-order reaction
kinetics (Equations (6) and (7) and second-order reaction kinetics
(Equations (8) and (9). The thermal activation energy (E,, in kJ ~mol’1)
was determined using Equation (10).[39-41]

In (%) = — kdt (6)
In(2)
tijp = ke @)
1 1
ook ®
1
tij = Coka (C)]

where Cy and C; are the initial (t = 0) and the final (t = t) concentration
of carotenoids (mgCar.ngf)lvem), respectively, t is the time (h).

kq = Ae B/RT (10

where A is the frequency factor (min’l), T is the temperature (K), and R
is the gas constant (8.31 J.K’l.mol’l).

2.7. Statistical analysis

A one-way ANOVA (Analysis of Variance) analysis was performed
followed by the Bonferroni post-hoc test to compare the different out-
comes of the various conditions investigated during this work. The re-
sults were presented as the mean + standard error of the mean, and
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Fig. 1. Yield of extraction of carotenoids, namely p-carotene and lycopene, using distilled water, organic solvents, aqueous solutions of IL/surfactants at 250 mM and
castor oil mixtures with 16% (v/v) of Oilc, at room temperature (20-25 °C), under a constant vertical rotation of 80 rpm, for 30 min, protected from light exposure,
and at a fixed SLR of 0.1 gbiomass.mLsolven{l. Different capital letters represent statistically different values in the conditions under study (p-value < 0.05). *Systems
with two phases, where these results are related to the bottom phase composed of water.

statistically significant differences were determined with a significance
level of 95% (p-value < 0.05).

2.8. Carbon footprint

The carbon footprint of the most promising system at the laboratory
scale, using ethanol and castor oil, was calculated based on a life cycle
perspective, according to the ISO 14067 standard.[42] The system
boundaries include all processes from cradle-to-gate, i.e., from the pro-
duction of the inputs up to the analyzed process. The functional unit
(reference to which the results are related) is 1 kg of tomatoes consumed
in the system. The inventory data are provided in Table S3 in ESI,
comprising the consumption of tomatoes, ethanol, castor oil and elec-
tricity. They also include the production of tomato seeds, peels and used
pulp, which were considered by-products that can have additional uses,
and, therefore, no impact from those uses was allocated to the system
analized. The consumption of electricity was estimated based on the
nominal power of the equipment, the duration of the operation, and the
percentage of the equipment capacity allocated to each task. Therefore,
it represents a worst-case scenario, as the real power may be smaller
than the nominal power assumed in the calculations. The carbon foot-
print from the production of tomatoes, ethanol, and electricity was
sourced from the ecoinvent 3.9.1 database,[43] with the carbon foot-
print of castor oil obtained in literature.[44] The global warming po-
tential of each greenhouse gas applied to convert emissions to a standard
unit of mass of carbon dioxide equivalent (CO; eq) was sourced from.
[45]

3. Results and discussion
3.1. Screening of solvents
The efficiency of carotenoid extraction is significantly influenced by

the selection of an appropriate solvent or solvent combination, since
factors like the functional group (polarity) and chain length of

carotenoids, the composition of the sample matrix and its components,
and moisture content, influence the action of the solvent during
extraction.[19] Therefore, a comprehensive screening of solvents,
spanning from conventional to alternative, was undertaken to assess
their effectiveness in recovering p-carotene and lycopene from tomato
pulp. Tomato pulp was utilized to demonstrate the proof of concept for
the process developed throughout this work. The goal is to transition to
utilizing tomato by-products or ugly tomato fruits in the future.
Adopting a conventional perspective, some of the least hazard organic
solvents with different polarities—such as ethanol, acetone, and ethyl
acetate—were tested and compared against distilled water. From an
alternative standpoint, the behavior of various aqueous solutions of ILs/
surfactants was studied, and their efficiency in extracting carotenoids
and other hydrophobic pigments from diverse sources was also reported.
[26-31] Lastly, in an exploration beyond existing literature, castor oil
and some castor oil mixtures were examined as extraction solvents, to
investigate the possibility of their direct incorporation into the final
product, particularly in the context of cosmetic formulations. Moreover,
a comprehensive list outlining the functions of the tested solvents in
cosmetic products can be found in Table S4 in ESI.

Fig. 1 presents the carotenoids yield of extraction (mgCar.gi}mmass)
from tomato pulp, in terms of the ability of the tested solvents to induce
the release of p-carotene and lycopene. UV-Vis spectroscopy results of
the obtained extracts can be found in Figure S2 in ESI.

Lycopene and f-carotene are highly lipophilic and non-polar carot-
enoids due to their conjugated hydrocarbon structure, lacking polar
functional groups. Hence, its recovery typically calls for less polar sol-
vents, like acetone and hexane.[19] However, the use of acetone is
preferable as it is less toxic. As it can be seen in Fig. 1, from polar to less
polar (water < ethanol 50% < ethanol 100% < ethyl acetate < acetone)
the yield significantly increases, being proved the expected high per-
formance of acetone (p-value < 0.05). Alternatively, the most promising
ILs/surfactants were assessed. Here, only tensioactive compounds were
tested due to their ability to form micelles above the critical micellar
concentration (as it happens at 250 mM for all tested solvents; see
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Fig. 2. COSMO-RS calculated interaction energies between p-carotene and lycopene and water, ethanol, Oilg + Ethanol and Oilc + [P44,4,14]Cl in Ethanol.

Table S1 in ESI), being able to recover more hydrophobic molecules in
an aqueous environment. Nevertheless, while they show effective re-
covery for various carotenoids from diverse biomass sources, its overall
performance consistently fell short compared to acetone. [C;2C1im]Cl
was found to present the lowest yield of extraction, even lower than
water (p-value < 0.05). [Ny,1,1,10]Br, [N1,1,1,12]Br and Tween® 20 pre-
sent no statistically significant differences compared to water (p-value >
0.05). Finally, [Ny,1,1,14]Br, [P44414]Cl and SDS performed a little
better than water, however lower than ethanol 100% (p-value < 0.05).

As demonstrated by Martins et al. (2021) [46] and observed in Fig. 1,
utilizing oil alone as extraction solvent proves to be ineffective in
recovering pigments. Its high viscosity impairs mass transfer of the
compounds of interest from the biomass to the oil and limits its ability to
interact with the cell structure without mechanical assistance. Never-
theless, in the same article, integrating oil into systems with aqueous
solutions of ILs showcased remarkable extraction capabilities. Here,
considering that a different oil is being used, castor oil, the systems
tested with Oilc + H20 and Oil¢ + IL in Hy0 posed some challenges. Two
phases were formed; the upper phase, expected to be rich in pigments
and composed of oil, presented some difficulties as it could not be
analyzed due to turbidity. Contrarily, the aqueous bottom phase, did not
exhibit a significant recovery of carotenoids (Fig. 1). On the other hand,
replacing water with ethanol in the systems yielded remarkable results,
comparable to acetone. In this case only one phase was formed since
castor oil and ethanol are completely miscible. Ethanol has indeed
several advantages. Its water-miscible properties are beneficial for effi-
cient extractions from biomass with high moisture content,[19] the case
of tomatoes. Furthermore, ethanol actively disrupts cell membrane
walls, facilitating the release of intracellular compounds and conse-
quently improving the extraction of carotenoids.[27] As previously
explained, the polarity of ethanol limits its ability to interact efficiently
with lycopene and p-carotene. Nevertheless, when combined with castor
oil, it retains its advantages and overcomes the disadvantages associated
with oil alone. This combination leads to a decrease in the viscosity of
the solution, an effective disruption of the tomato cell membrane, and,
consequently, a high recovery of carotenoids. Finally, adding IL to this
mixture improved the carotenoid extraction yield even more. The IL
chosen here was [P4 4 4,14]Cl since it was one of the tested ones that had
the best yield. Furthermore, cationic ILs are able to establish attractive
electrostatic interactions between the IL cation and the negatively
charged head of the phospholipids present in the cell membrane,[31]
probably explaining the increased performance of the mixture, with no
statistically significant differences found when compared to acetone (p-

value > 0.05).

Going beyond, to better understand the intricate mechanisms that
govern solvent mixtures in extraction processes, theoretical calculations
at the microscopic level were conducted. COSMO-RS was utilized to
predict the activity coefficients at infinite dilution (Iny®®) of B-carotene
and lycopene in the tested solvents, along with interaction energy and
screen charge distribution. The results of the Iny® calculations for
organic solvents and oil mixtures (Figure S3 in ESI) clearly demonstrate
a reduction in the Iny® of oil mixtures upon the addition of ethanol and
[P4,4,.4,14]ClL. This indicates an increase in the solubility of these com-
pounds, as a lower value of Iny™ signifies a greater solvating capacity of
the solvent.[47] Furthermore, increased extraction yield was observed
for mixtures with lower Iny® values.

The extraction mechanism of p-carotene and lycopene can also be
effectively interpreted by analyzing the intermolecular interactions and
o-profiles determined. The o-profile graph can be divided into three
areas based on the molecule’s affinity: the hydrogen bond donor area (¢
< —0.0082 e.f\'z), the non-polar area (—0.0082 eA? < 5<0.0082e.A
2), and the hydrogen bond acceptor area (¢ > +0.0082 e.f\'z). Con-
cerning the tested solvents, castor oil and [P4 4 4,14]Cl exhibit an intense
peak in the non-polar region (Figure S4 in ESI), indicating stronger non-
polarity. Therefore, these solvents are expected to have a greater ca-
pacity to interact with the target compounds, following the “like dis-
solves like” rule.[48] Hence, it is understandable that a combination of
castor oil, ethanol, and [P444,14]Cl exhibits better performance than
pure castor oil for extracting p-carotene and lycopene in terms of
o-profiles.

From the perspective of intermolecular interactions (Fig. 2), water
exhibits a more extensive misfit interaction with f-carotene/lycopene
compared to ethanol and oil mixtures (Oilc + Ethanol and Oilg +
[P4,4,.4,14]Cl in Ethanol). In contrast, the van der Waals (vdW) interaction
energy tends to be more negative for oil mixtures. A negative van der
Waals (vdW) interaction is advantageous, whereas a positive misfit
interaction is disadvantageous for the extraction behavior between
B-carotene/lycopene and solvents. In this context, it is comprehensive
that Oilc + [P4,4,4,14]Cl in Ethanol exhibits the highest extraction effi-
ciency, presenting the lowest misfit energy value and the most negative
van der Waals energy.

Including castor oil in this study presents a novel perspective with no
precedent in the scientific literature, potentially contributing to inno-
vative approaches in the formulation of cosmetic products. Considering
this, the selected mixture for further processing was Oilc + Ethanol.
Including an IL, besides increasing the cost of the process, would require
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Fig. 3. Response surface plot (right side) and respective contour plot (left side) obtained for the CCRD 23 using an Oil¢ + Ethanol system regarding SLR (8biomass-
MLgoiventt) and %0ilc (%) in terms of carotenoids yield of extraction (Yield of extraction, mgCar.gbiomass'l).

an additional polishing step before its integration into a formulation,
introducing complexity to the process. Moreover, in this case, a per-
formance enhancement could be achieved by adjusting the oil-to-
ethanol ratio to align more closely with the yield of acetone (check re-
sults after optimization step).

3.2. Optimization of the process conditions

To attain the optimal carotenoids extraction yield (response defined
as mgCar.gi,liomass) through the central composite rotatable design
(CCRD), two variables were investigated: castor oil percentage in the
Oil¢ + Ethanol system (%0il¢ in % as X1), and solid-liquid ratio (SLR in
gbiomass.mL;},lvem as X2). A total of 13 runs were performed with three
typical levels (-1, 0, +1), axial (—1.41, and + 1.41 levels), and five

Yield of extraction
(mgCar'gbiomass.l)
4.0

central points (level 0). The extraction time was kept constant in all
assays, at 30 min (this variable will be optimized later). During this
experiment, the observed carotenoid yield of extraction ranged from
0.05 mgCar.gi}iomass in assay 6 to 2.53 mgCar.gi,liomass in assay 12 (see
Table S2 in ESI). Using pure error obtained from the Analysis of Variance
(ANOVA), the predicted values were fitted into the model described by
Equation (11).

Yield of extraction (Mg, 8himass) = —3-032 + 0.125(XI) — 0.001(X1)*
+85.915(X2) — 515.471(X2)?
— 0.254(X1)(X2)
an

The model demonstrated a high predictability at a confidence level
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Fig. 4. Kinetic performance of carotenoids extraction, namely p-carotene and lycopene, using Oil¢ + Ethanol system optimized by CCRD [operational conditions: SLR
= 0.06 Zhiomass-MLsolvent ' and %Oil¢ = 50% (v/v), at room temperature (20-25 °C)], along with the fitting obtained using the first and second-order kinetic models.
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Table 1

Linearization of the first and second-order kinetic models for lycopene and
B-carotene extraction for optimum conditions (SLR = 0.06 gbiomass.ngélvem, %
Oil¢ = 50% (v/v)), at room temperature (20-25 °C).

1 order model 2™ order model

Slope 0.0299 Slope 0.282
Intercept 0 Intercept 1.83

r 0.857 r 0.998
Cs (Mgcar-8blomass) 3.51 Cs (Mgcar-Zblomass) 3.55
k; (min™1) 0.0299 k2 (Zbiomass-MEcar-min 1) 0.0435

of 95%, with an 2 value of 0.94264 and Fealculated > Ftabulated. Addi-
tionally, the model adequacy was also confirmed by the predicted vs.
observed values graph (Figure S5 in ESI) as the predicted values closely
align with the observed values. By utilizing the model described in
Equation (11), the response surface illustrated in Fig. 3 was drawn.

The independent variables influence over the predictive model can
be further detailed in Table S5 of ESI and Pareto Chart (Figure S6 in ESI).
Here, both castor oil percentage in the Oilc 4+ Ethanol system and sol-
id-liquid ratio variables significantly influence the predictive model
response (p-value < 0.05). Notably, the solid-liquid ratio (Q) emerges as
the variable with the most pronounced effect. The analysis of the
response surface depicted in Fig. 3 allows us to pinpoint the optimal
recovery condition described by a solid-liquid ratio (SLR) of 0.06 gpio-
mass-MLasivent, and a 50% (v/v) of castor oil in the system, Oil¢ + Ethanol.
Three repetitions of the extraction were conducted under the optimized
conditions to affirm the model’s validity. This yielded an extraction of
3.0 &+ 0.3 mgCar.gi}iomass, with a relative deviation of 9.48% (refer to
Table S6 in ESI). This consistent outcome serves to validate the accuracy
and robustness of the model.

Next, a kinetic study was carried out to determine the most effective
extraction time that maximizes the extraction yield of lycopene and
B-carotene by fitting the first- and second-order kinetic models
(described in the Experimental Section through Equations (2) to (5) to
the experimental data, as shown in Fig. 4. The optimal operational
conditions outlined in the CCRD are used here and are kept constant. All
fitting parameters are summarized in Table 1.

The results illustrated in Fig. 4 reveal a significant increase in
extraction yield with extended extraction time, plateauing from 90 to
240 min at an extraction yield of approximately 3.2 to 3.5 mgcﬁr.gi}iomass.
Considering the preference for shorter times due to energy costs and the
risk of pigment degradation, a 90-minute extraction time was selected in
this process. As can be seen, after optimization of the operating condi-
tions, the extraction yield of carotenoids increased to a value compa-
rable to that of acetone (3.7 4 0.2 mgCar.gi}iomass).

The summarized parameters in Table 1 showcase an improved fitting
of the experimental data achieved through the utilization of the second-
order model, unveiling an extraction rate constant of ko = 4.35 x 1072

1 . 1
8biomass-MZCar-MIN .

Table 2
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3.3. Thermal stability

It is recognized that the unsaturated structure gives carotenoids a
particular sensitivity to high temperatures, light, and pro-oxidant mol-
ecules.[49] This unique structural feature makes carotenoids prone to
degradation under environmental stressors, leading to color, flavor, and
nutritional content changes in various food and plant-based products.
[50] This sensitivity can lead to the isomerization and oxidation of ca-
rotenoids, resulting in compounds that manifest less or do not manifest
biological activities. For example, carotenoids naturally exist in the all-
trans form, however, isomerization of all-trans carotene to cis forms
occurs due to heating, with an increase in cis isomers as temperature and
processing time increase. From a biological point of view, trans and cis
isomers can present distinct biological properties, for example, all-trans
B-carotene has superior antioxidant properties than 13-cis p-carotene.
[51,52]

Therefore, understanding the factors that influence the stability of
carotenoids is crucial for developing effective preservation methods,
ensuring the retention of their beneficial properties in their end appli-
cations, especially if commercialization is being considered.[53,54] In
industries, during the processing and post-processing stages of products,
an increase in temperature may occur, resulting in an induced degra-
dation of carotenoids. Therefore, ongoing research in the field of food
technology seeks to identify new approaches and ingredients that can
improve the stability of carotenoids.[49,53]

In this work, the stabilizing effect of the castor oil (Oilc) was inves-
tigated, and the results were compared with the data obtained for
acetone. The extracts obtained from extraction with the Oilc + Ethanol
system (%0ilc = 50% (v/v)) and acetone, with operational conditions:
SLR = 0.06 gbiomass.mL;},Nem, room temperature (20-25 °C), constant
vertical rotation of 80 rpm, and protection from light exposure, were
analyzed by monitoring the lycopene and p-carotene concentrations
over time under three different temperatures (55 °C, 75 °C and 95 °C). It
is essential to highlight that at this stage, the ethanol content in the
resulting carotenoid-rich extract underwent removal through the utili-
zation of a rotary evaporator. This process was executed to isolate the
extract, leaving behind only the oil component, to be ready for incor-
poration into a cosmetic product, and proceed with its thermal stability
assessment, Table 2.

Upon analyzing Table 2, as expected, and independently of the
extraction solvent, the higher temperature leads to a more significant
decrease in the carotenoids half-life time. It is also possible to notice that
there is a decrease in the half-life of carotenoids in both solvents when
comparing the 3 temperatures (55 °C, 75 °C and 95 °C). Notably, the
decrease is generally less significant for extracts produced by castor oil,
especially at 75 °C, where the use of castor oil more than doubled the
half-life of carotenoids from 51.0 h (using acetone) to 115.7 h (using
castor oil). Although less pronounced, at 55 °C, castor oil still increased
the carotenoids half-life by nearly 12 h, from 362.6 h (using acetone) to
374.5 h (using castor oil). At 95 °C, the results are nearly identical, with
only a 36-minute difference, indicating that castor oil is as effective as
acetone, making it a preferable substitute. This trend reflects the highest

Kinetic parameters obtained using a first-order kinetics model” regarding the influence of the extraction solvent (acetone and Oil¢) on lycopene and p-carotene thermal

stability (55 °C, 75 °C and 95 °C) under dark conditions.

Extraction 55°C 75°C 95 °C E, (kJ.
solvent - - - =~ mol™)
ket () r ko™ iy () r ko™t () r
Acetone 0.0019 362.6 (~15 0.988 0.0136 51.0 (~2 days) 0.988 0.0212 32.7 (~1 0.969 61.1
days) day)
0oil¢” 0.0019 374.5 (~16 0.989 0.0060 115.7 (~5 0.966 0.0216 32.1(~1 0.976 61.6
days) days) day)

kq = thermal degradation constant Gt /2 = half-life time (h); E, = thermal activation energy (kJ.mol ™).
@ A first-order kinetics model was assumed since second-order parameters were very similar.

b Extract obtained under the optimal operational conditions.
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Table 3

Kinetic parameters obtained using a first-order kinetics model” regarding the
influence of the extraction solvent (acetone and Oilc) on lycopene and f-caro-
tene thermal stability at room temperature (20 — 25 °C) under light conditions.

Extraction solvent 20 — 25°C

kg (™) t1/2 () r
Acetone 0.0011 640.5 (~27 days) 0.999
oilc” 0.0011 648.9 (~27 days) 0.998

kq = thermal degradation constant [ /2 = half-life time (h).

# A first-order kinetics model was assumed since second-order parameters
were very similar.

b Extract obtained under the optimal operational conditions.

thermal activation energy obtained for the carotenoids in castor oil

(61.6 kJ.mol ™).
Next, a real-case scenario was assessed where both extracts were

20
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subjected to room temperature (20 — 25 °C) under light exposure. This
was done to mimic the typical conditions that cosmetic products
encounter, both in stores and during regular use, Table 3.

The results in Table 3 highlight again the protective role of castor oil
during thermal degradation of carotenoids, in this case p-carotene and
lycopene. Under light conditions at room temperature (20-25 °C), an 8-
hour longer half-life is observed with castor oil compared to acetone.
These findings underscore the novel perspective examined in this study
regarding the use of castor oil for the recovery of carotenoids, presenting
an additional advantage compared to acetone. The protective role of oil
in the thermal degradation process suggests its potential as a safer and
more environmentally friendly alternative to traditional organic sol-
vents. This not only enhances the sustainability of carotenoid recovery
processes but opens also new possibilities for their application in the
cosmetics industry.
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O Ethanol production
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Fig. 5. Carbon footprint results. “Base case”: electricity consumed from the national grid and ethanol is not reused; “Photovoltaic electricity”: electricity consumed of
photovoltaic origin and ethanol is not reused; “Ethanol use”: electricity consumed from the national grid and 90% of the ethanol is reused in the process.
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Fig. 6. Schematic diagram of the downstream process developed in this work, consisting of (i) solid-liquid extraction of lycopene and p-carotene using an Oilc +
Ethanol system, and (ii) ethanol removal, for future implementation into cosmetic formulations. Dashed lines indicate a proposed industrial implementation of the

process and have not been experimentally executed in this work.
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3.4. Carbon footprint

Fig. 5 presents the carbon footprint results of the most promising
system (Castor oil + ethanol) for three scenarios. The first is the base
case, where the carbon footprint of the electricity is representative of the
average Portuguese electricity mix, and there is no ethanol reuse. The
second case (“Photovoltaic electricity”) differs from the base case in the
source of electricity, which is of photovoltaic origin. The third case
(“Ethanol reuse™) differs from the base case in the fact that 90% of the
recovered ethanol is used in the process replacing “new” ethanol.

The total carbon footprint of the base case is 19.5 kg CO2 eq per 1 kg
of tomatoes used. About 69% of this carbon footprint is due to electricity
consumption in the process, mainly during centrifugation. Castor oil and
ethanol production contribute 16% and 14% of this carbon footprint,
respectively, while tomato production is irrelevant. However, it should
be noted that the carbon footprint at the laboratory scale is over-
estimated and the upscaling of this process is expected to result in a
much lower contribution from electricity production.

Despite this overestimation, the carbon footprint at the laboratory
scale can be significantly reduced if photovoltaic electricity is consid-
ered. In this case, the total carbon footprint decreases to 6.1 kg CO2 eq
per 1 kg of tomatoes used. Finally, if the recovered ethanol is reused in
the process, the carbon footprint will also decrease. For example, if 90%
of the ethanol is reused, the carbon footprint of the base case would
decrease to 17.0 kg CO- eq per 1 kg of tomatoes used.

3.5. Conceptual process design

Finally, a conceptual representation of the process developed in this
study, envisioning its future industrial application, is depicted in Fig. 6.
Ideally, all components of discarded tomatoes are blended and groun-
ded. Subsequently, p-carotene and lycopene are recovered through a
solid-liquid extraction step where the grounded tomatoes are mixed
with castor oil and ethanol (100%) in a 50/50% (v/v) ratio. After
removing of residual tomato components through centrifugation,
ethanol is removed from the process by evaporation using low temper-
ature (ideally room temperature or lower) to prevent carotenoid
degradation. It’s worth noting that ethanol, once removed, can be
reused and reintroduced into the process through condensation. Finally,
the resulting extract stands prepared for incorporation into future
cosmetic formulations.

4. Conclusions

In this work, an innovative approach that integrates castor oil in
downstream processes was accomplished. Several conventional and
alternative solvents and some systems were tested to effectively recover
lycopene and p-carotene from tomato pulp. Castor oil + ethanol was the
chosen system to proceed with this work. Despite its lower performance
compared to Castor 0il + [P4 4 4,14]Cl in ethanol, it was chosen in order to
avoid IL recovery and consequently allowing to decrease both the
complexity and costs of the final process. Besides, after optimizing the
process, conditions the carotenoids yield of extraction becomes closer to
acetone. The optimum operational conditions found by the response
surface methodology are a solid-liquid ratio of 0.06 gbiomass.ng})lvem and
a50% (v/v) percentage of castor oil. From the kinetics study the optimum
extraction time was discovered to be 90 min, with an extraction rate
constant of ky = 4.35 x 1072 gbwmass.mgi;lar.min’l describing the data
fitted by a second-order model. The thermal stability assessment revealed
amore stable extract, especially for 75 °C, when castor oil is the extraction
solvent, showcasing its preservative qualities. The carbon footprint of the
process based on castor oil + ethanol shows that electricity consumption
is the principal red-flag, which may be overcome by powering the final
process envisioned in this work with electricity obtained from photo-
voltaic renewable energy.

The findings support our working hypothesis, confirming that castor
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oil not only successfully recovered these natural pigments but also
enhanced their stability compared to conventional acetone.
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