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This study evaluated -carotene extraction from crude high-oleic palm oil (HOPO) derived from the Coari x La
Meé (OxG) hybrid using hexane, methanol, and ethanol. Hexane provided the highest extraction yield (41.5 +
7.5%), but its economic, regulatory, and environmental limitations hinder large-scale implementation. Methanol
achieved a moderate yield (8.3 £ 1.5%), though its high polarity restricted efficiency at higher concentrations.
Ethanol, a green solvent, resulted in a lower yield (2.2 + 1.5%) at a cost of 1.5 + 0.3 USD/mg of B-carotene, yet
was considered the most promising option due to its lower toxicity, cost, and environmental impact.
Consequently, ethanol was selected for further optimization using a full factorial design including oil-to-ethanol
ratio, stirring time, and ultrasound exposure. The oil-to-ethanol ratio was the most influential parameter,
achieving 11.8 + 1.3% B-carotene recovery at a 1:9 ratio and 5 min of stirring. Although ultrasound showed no
significant individual effect, it enhanced interactive effects, improving overall process performance.

1. Introduction

Palm oil (PO) is one of the most significant agricultural products worldwide due to its high productivity (8 tons of
oil/hectare/year) and versatility in industrial applications (Kurniawan et al., 2024). Among the cultivars of PO,
the interspecific hybrid OxG has emerged as a promising alternative due to its tolerance to diseases such as
bud rot and its superior oil extraction yield. In addition to its agronomic advantages, HOPO is a rich source of
bioactive compounds, including tocotrienols, tocopherols, sterols, vitamin E, and carotenoids (Rada—Bula et al.,
2024). These compounds possess bioactive properties, making them highly valuable for the food,
pharmaceutical, and cosmetic industries (Madonna et al., 2025). For instance, B-carotene, a precursor of vitamin
A, is widely used as a natural colorant and additive in food, as well as a natural antioxidant with health benefits.
Despite this potential, the extraction of bioactive compounds from HOPO remains underexplored, representing
an opportunity to diversify the uses of this resource (Gonzalez-Diaz et al., 2021). Recent studies have
highlighted the potential of HOPO for obtaining high-value bioactive compounds. For example, Gonzéalez-Diaz
et al. (2021a) analyzed ultrasonic microwave-assisted nanoemulsions prepared from a high-phytonutrient-
concentration oil (OHPC) recovered during biodiesel production from HOPO. Their findings further underscored
existing knowledge gaps concerning the bioactive compounds present in HOPO, the mechanisms governing
their extraction from crude liquid oil, and their potential commercial applications. In addition, most available
extraction studies for palm-derived matrices have been conducted in solid—liquid systems, where hexane and
alcohols have shown different performances depending on solvent polarity (Alvarenga et al., 2020; Mustofa et
al., 2022). These findings cannot be directly extrapolated to HOPO, since liquid—liquid extraction involves
different phase behavior, solvent—oil interactions, and separation constraints. Therefore, the main knowledge
gap is not only the limited information on B-carotene recovery from HOPO, but also the absence of an integrated
evaluation of solvent performance under technical, economic, legal, and environmental criteria in a liquid—liquid
extraction system. Addressing this gap is important for identifying extraction conditions with potential for
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industrial implementation. In this context, this study aims to assess solvent selection and key process variables
for B-carotene extraction from HOPO by liquid-liquid extraction.

First, a comprehensive characterization of HOPO samples was performed to identify and quantify the 3-carotene
present, thereby establishing a baseline for subsequent analyses. Then, the extraction efficiency of three
solvents—ethanol, methanol, and hexane—was evaluated, and the optimal solvent was selected through an
integrated assessment of environmental impact, economic feasibility, and extraction performance.

Finally, the effects of key process variables, including the oil-to-solvent ratio, stirring time, and ultrasound
exposure, were investigated to optimize -carotene recovery. Statistical tools were applied for experimental
design and data analysis, providing valuable insight into the selection of sustainable solvents and the operating
conditions for 3-carotene recovery from HOPO.

2. Materials and Methods
2.1 Sample Collection and Characterization of HOPO

HOPO samples were sourced from the Guaicaramo S.A.S. palm oil mill, located in Barranca de Upia, Meta,
Colombia. To ensure representativeness, samples were collected hourly during full production shifts (8 hours
per day), over five consecutive days.

The characterization of HOPO samples was conducted at the Colombian Oil Palm Research Center-Cenipalma
in Paratebueno, Colombia. B-carotene content in HOPO was quantified using high-performance liquid
chromatography (HPLC) following the AOCS Official Method Ce 8-89. The HPLC system (1260 Infinity, Agilent
Technologies, USA) was equipped with a fluorescence detector (FLD), a diode-array detector (DAD), and a
Chromolith® RP-18e reverse-phase column. The mobile phases consisted of Acetonitrile: Water (90:10) and
Acetonitrile: Isopropanol (65:35), with a gradient elution program.

2.2 Extraction procedure

Three experimental variables were defined to evaluate the extraction process: oil-to-solvent ratio (1:1 to 1:9),
agitation time (5 to 10 minutes), and ultrasound exposure time (0 to 5 minutes). A complete factorial
experimental design with three replicates was implemented using Minitab® software.

The experimental setup comprised a 250 mL mixer, a magnetic stirrer with heating (Heidolph MR Hei-Standard),
an ultrasonic unit (VWR International P250HT), and a gravity-based decantation system. Oil-solvent mixtures
were prepared to a total volume of 100 mL by the experimental design. The mixtures were stirred at 500 rpm
for the specified duration, followed by ultrasound treatment.

After processing, the samples were left to decant for 48 hours under dark conditions. Subsequently,
approximately 15 mL of each phase was carefully collected. The fractions were stored in light-protected
containers and labeled according to solvent and experimental treatment. Throughout all experiments, the
temperature was maintained at 20 °C, while the ultrasonic unit operated at a constant power of 120 W and a
frequency of 45 Hz.

2.3 Data Analysis and Process Evaluation

The solvents were classified according to their persistence and bioaccumulation potential, following the
methodology proposed by Allen and Shonnard (Allen & Shonnard, 2001). For this purpose, the CAS number of
each solvent (ethanol: 64-17-5, methanol: 67-56-1, and n-hexane: 110-54-3) was entered into the EPI Suite™
software (version 4.11) to determine key physicochemical and environmental parameters (Pedraza-Casanova
et al., 2025). These included water solubility, volatility, soil adsorption (Koc), half-life degradation, and
bioaccumulation potential.

The results were analyzed to assess the potential environmental impacts of each solvent across different
environmental matrices. Additionally, the cost of the solvents was determined using the Merck catalog
(https://lwww.sigmaaldrich.com) for the North American market as of July 2025. The analysis considered the
purity of the reagents, ensuring consistency with the experimental requirements.

To quantify the extracted B-carotene, the solvent-phase fractions were concentrated using an evaporation
system set at 50 °C, reducing the volume to 2 mL. The (-carotene concentration was determined for each
experiment in both the residual oil fraction and the solvent fraction. These values were then compared to the
initial B-carotene concentration in the original oil sample, allowing for the calculation of a mass balance. The
experimental results were analyzed using factorial analysis of variance (ANOVA) in Minitab® to evaluate the
significant effects of the variables and interactions (oil-to-solvent ratio, agitation time, and ultrasound exposure
time) on B-carotene extraction yield. Before conducting the ANOVA, the normality and homoscedasticity of the
data were assessed using a standardized residuals plot. All raw and processed data from the extraction process,
including Excel and Minitab files, can be downloaded from Data Set (Zambrano et al., 2025).
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3. Results and Discussion
3.1 Solvent selection

The extraction of B-carotene from HOPO using n-hexane, methanol, and ethanol at different oil-to-solvent ratios
is shown in Figure 1a. In all cases, the extraction performance depended on the oil-to-solvent ratio, although
the trend varied according to the solvent used. For n-hexane, the highest extraction yield among the solvents
evaluated was obtained, reaching 41.5 + 7.5% at an oil-to-solvent ratio of 1:1. When the oil-to-solvent ratio was
increased to 1:9, phase separation was not achieved, preventing the recovery of 3-carotene. This behavior may
be associated with the low polarity of hexane (polarity index: 0.1 (John McMurry, 2023)), which favors its affinity
with the nonpolar oil phase and may hinder phase disengagement at high solvent proportions. This finding is
consistent with those of Calle et al. (2023), who associated extraction yield of phenolic compounds with the
polar covalent character and molecular geometry of the solvent. In contrast, methanol exhibited a decrease in
extraction yield as the oil-to-solvent ratio increased. At a 1:1 ratio, the extraction yield was 29.5% higher than
that obtained at a 1:9 ratio. This trend may be related by the high polarity of methanol (polarity index: 5.8 (John
McMurry, 2023)), which could reduce its affinity for nonpolar compounds such as 3-carotene, thereby lowering
extraction efficiency at higher solvent proportions. Ethanol, on the other hand, showed the opposite behavior:
the extraction yield increased with higher oil-to-solvent ratios, from 2.2 + 0.4% ata 1:1 ratioto 11.8 £ 1.3% ata
1:9 ratio. This may be explained by its intermediate polarity (polarity index: 4.3 (John McMurry, 2023)), which
could promote a more balanced interaction with both $-carotene and the oil matrix.

Overall, these results indicate that solvent polarity is a key factor governing the efficiency of 3-carotene
extraction. The polarity order of the solvents tested (hexane << ethanol < methanol) directly influences their
interactions with (-carotene and the oil. Solute—solvent interactions beyond bulk polarity also influence
extraction. 3-carotene’s T1-conjugated structure favors London dispersion interactions, enhanced by n-hexane’s
nonpolar hydrocarbon chains. In contrast, methanol and ethanol self-associate via hydrogen bonding, reducing
interactions with nonpolar solutes. Ethanol’s longer alkyl chain could improve the dispersive—polar balance,
explaining its higher extraction yield. Nevertheless, this interpretation should be considered preliminary, and
additional studies are required to confirm the mechanisms involved.
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Figure 1: a) B-carotene extraction yield and b) cost per mg extracted, using n-hexane, methanol, and ethanol
as solvents at different oil-to-solvent ratios.

From a strictly technical perspective, n-hexane is the most effective solvent for B-carotene extraction from
HOPO, as it provides a significantly higher yield than methanol and ethanol. However, the selection of a solvent
for industrial-scale extraction processes depends not only on technical performance but also on economic,
regulatory, and safety considerations (Abate et al., 2022). With respect to solvent cost, hexane is the most
expensive option (97.63 = 15 $- L"), being approximately 1.8 times more costly than methanol (50 = 5 $- L")
and 5.6 times more costly than ethanol (17 + 4 $- L"). Figure 1b presents the B-carotene extraction normalized
by solvent cost, expressed as cost per mg of (3-carotene extracted. When yield is evaluated in terms of cost,
comparable costs per mg of 3-carotene extracted are observed for ethanol, despite its lower technical yield, due
to its substantially lower price. Although a portion of the solvent can be recovered during the extraction process
(Zhang & Ray, 2023), the high unit cost of hexane substantially increases the overall expenses associated with
carotenoid separation. Furthermore, both methanol and high-purity hexane (>99%) are regulated in palm-
producing countries, like Colombia, due to their potential use in the production of illicit substances. These
restrictions limit their industrial use, as they require specific permits and controlled conditions. Figure 2 shows
environmental impact of the solvents considering their persistence, bioaccumulation, and risks in different
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ecological matrices. Figure 2a shows that hexane has the lowest flash point (-22 °C) with high combustion
enthalpy (4100 kJ/mol), making it highly flammable and more likely to create explosive atmospheres even at
low temperatures. Although methanol and ethanol are also flammable, their higher flash points (9 and 17°C,
respectively) slightly reduce the associated risks, supporting by low combustion enthalpy (< 1500 kJ/mol).

All three solvents have low volatility (< 5 atm-m3-mol-'), which facilitates their rapid diffusion into the air and
increases the risk of creating unsafe atmospheres, as shows Figure 2b. Regarding soils, hexane has a moderate
probability of adsorption (2.7 < log Koc < 5), whereas for alcohols, adsorption is likely to be insignificant.
However, degradation under normal conditions is rapid for hexane and ethanol (half-life < 50 h) but slow for
methanol, indicating that methanol could persist longer in the environment without degrading (half-life = 250 h).
Although the probability of bioaccumulation, as noted by the bioconcentration factor (BCF), is low for all three
solvents (< 200 L- kgwet-wt), hexane has a slightly higher potential for tissue accumulation. In terms of toxicity,
ethanol is a non-toxic solvent, making it a safer option from both environmental and health perspectives.
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Figure 2: Combustion properties, persistence, and bioaccumulation-related parameters of the evaluated
solvents, as estimated using EPI Suite™ software (version 4.11).

Despite hexane's higher extraction yield, its use presents significant economic, legal, safety, and environmental
disadvantages. Therefore, this study focused on using ethanol as the solvent for B-carotene extraction from
HOPO. This decision is based on the following aspects: (i) its lower polarity compared to methanol, which could
favor the contact with nonpolar compounds; (ii) its lower cost among the solvents evaluated; (iii) fewer legal
restrictions for industrial use; (iv) low toxicity; and (v) rapid environmental degradation, low soil adsorption, and
low bioaccumulation potential. Although ethanol showed lower extraction efficiency than n-hexane, its industrial
feasibility may be improved through process optimization strategies, such as increasing the solvent-to-oil ratio,
reducing contact time, implementing multistage extraction, or improving solvent recovery. Therefore, ethanol
should be considered a sustainable alternative whose performance depends on further optimization rather than
a direct replacement based solely on single-stage extraction yield.

3.2 B-carotene extraction with ethanol

The ANOVA, summarized in Table 1, identified the significant factors in 3-carotene extraction with ethanol. It
was observed that the oil-to-solvent ratio and stirring time have a significant effect on the response. In contrast,
the ultrasound bath exposure time did not show individual statistical significance (p-value> 0.05). However, the
interactions between ultrasound time and the oil-to-solvent ratio, as well as the triple interaction among the three
variables, were significant. This suggests that ultrasound may not independently drive extraction under the
evaluated conditions, but it can enhance mass transfer through cavitation and interfacial disruption when
combined with adequate solvent availability and mixing conditions. In Figure 3a, the standardized effects plot
shows that the oil-to-solvent ratio (A) has the most significant impact on extraction, while stirring time (B) and
interactions involving ultrasound exposure time (C) have a more negligible effect. Additionally, Figure 3b
confirms that increasing the oil-to-solvent ratio improves the extraction process, whereas longer stirring times
have an adverse effect. Increasing the oil-to-solvent ratio (i.e., increasing the amount of ethanol) had a positive
effect on B-carotene extraction, as shown in Figure 3b. This behavior can be explained by the solvent's drag
effect, as a higher amount of ethanol allows for the extraction of more bioactive compounds. Similar results have
been reported in previous studies. For instance, Hosseini et al. (2019) demonstrated that increasing the solvent-
to-substrate ratio enhances the extraction of B-aliphatic compounds by altering the thermodynamic equilibrium
and improving analyte solubility. Stirring time also had a significant effect (p-value < 0.05), but in the opposite
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direction to expectations: as shown in Figure 3b, longer stirring times decreased extraction efficiency. In a drag-
based process, the polar nature of ethanol and prolonged mixing may weaken solvent—solute interactions,
thereby reducing B-carotene recovery. Similar results have been reported by Milic et al. (Mili¢ et al., 2023), who
observed that prolonged extraction times can be unbeneficial in some instances, but depend on the nature of
the compound and the solvent used.

Table 1: Factorial analysis of variance for 3-carotene extraction yield using ethanol.

Term Effect Coef. T P

Constant 6.8111  90.99 0.000
Oil-to-solvent ratio 10.0199 5.0099 57.07 0.000
Stirring time -0.7407 -0.3704 -4.22 0.000
Ultrasound bath exposure time 0.1447 0.0724 0.82 0.000
Oil-to-solvent ratio* Stirring time -0.2458 -0.1229 -1.40 0.174
Qil-to-solvent ratio* Ultrasound bath exposure time -0.4677 -0.2338 -2.66 0.010
Stirring time * Ultrasound bath exposure time -0.0475 -0.0237 0.27 0.789

Oil-to-solvent ratio* Stirring time* Ultrasound bath exposure time  0.5621 0.2810 3.20 0.004
S: 0.430023, R?: 99.25, R? (pred): 98.60, R? (adj): 99.04
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Figure 3: a) Standard plot of the standardized effect and b) Main effect for -carotene extraction yield. Note that
in the figure, the oil-to-solvent ratio represents only the proportion of ethanol, as the oil proportion remains
constant at 1 in all cases.

In this study, an average of 11.8 + 1.3% of the B-carotenes present in HOPO was recovered using an oil-to-
solvent ratio of 1:9 and a stirring time of 5 minutes (Figure 3b). It demonstrates that the oil-to-solvent ratio and
stirring time are key factors in the extraction of 3-carotene. In contrast, ultrasound bath exposure time did not
show an individual effect, suggesting that cavitation alone was insufficient to increase extraction. However, its
significant interactions indicate that ultrasound may enhance mass transfer only under suitable solvent-to-oil
ratios and stirring conditions.

4. Conclusions

In the solvent evaluation, with an oil-to-solvent ratio of 1:1, hexane showed the highest (3-carotene extraction
yield (41.5%), followed by methanol (8,3%) and ethanol (2,2%). However, the economic, legal, and
environmental limitations of hexane and methanol favored the selection of ethanol as the primary solvent. Its
lower toxicity, reduced cost, and sustainability make it a viable option for industrial applications. Ethanol
extraction, evaluated through a factorial design, identified the oil-to-ethanol ratio (1:9) and agitation time (5
minutes) as the most influential variables, achieving a yield of 11,8%. Although ultrasound did not have a
significant individual effect, it enhanced the interactions between variables. This study highlights the potential of
ethanol as a sustainable solvent for 3-carotene extraction, proposing adjustments in temperature and ultrasonic
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power for future research and industrial applications. For future studies, it is recommended to explore the effect
of additional variables, such as temperature, ultrasonic power, and frequency, which could not be modified in
this study due to equipment limitations. Additionally, it would be interesting to evaluate the use of less polar
solvents or solvent mixtures to improve the solubility of B-carotenes. Finally, a cost-benefit analysis is suggested
to determine the economic feasibility of implementing these modifications in an industrial-scale process.

Nomenclature

AOCS — American Oil Chemists’ Society

ANOVA — Analysis of Variance EPI Suite™ — Estimation Programs Interface Suite
BCF — Bioconcentration Factor FLD — Fluorescence Detector
CAS — Chemical Abstracts Service HOPO - High-Oleic Palm Oil
DAD - Diode-Array Detector Koc — Coefficient of organic carbon partition in soil
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