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Abstract: Papaya seed oil (PSO) is a promising sustainable edible oil, owing to its high oleic acid
content. PSO extraction can be carried out by first determining the appropriate solvent, method,
and operating conditions. Solvent selection significantly influences extraction efficiency, energy
demand, and operating cost. However, selecting a solvent via quantitative experiments across
various solvents is expensive and time-consuming. Therefore, this study proposes a systematic
framework to screen 50 solvents using key criteria: Hansen solubility parameters (HSPs), physical
properties, and safety, health, and environment (SHE) aspects. Five selected solvents, including
cthyl acetate, acetone, n-hexane, ethanol, and water, were combined in binary and ternary
mixtures for experimental testing. The main findings showed that PSO extraction using the Soxhlet
method for 6 hours with a binary mixture of ethyl acetate—n-hexane (77.20 and 22.80 vol%)
produced the highest yield of 19.28 + 0.21 wt%, followed by a ternary mixture of n-hexane—
acetone—ethanol (64.58, 8.13, and 27.28 vol%) with a yield of 19.15 £ 0.22 wt%. Despite its
slightly lower yield, the ternary mixture of n-hexane—acetone—ethanol has physical properties that
may improve mass transfer and reduce energy demand during extraction and separation. A
preliminary assessment based on current market price indicates that the ternary solvent mixture is
cheaper (997.5 USD/MT) than the binary solvent of ethyl acetate—n-hexane (1247.3 USD/MT).
Therefore, while identifying the ideal solvent for PSO extraction depends on specific factors, this
study offers a systematic approach to solvent selection that streamlines screening and reduces the

number of solvents requiring experimental testing.
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1. Introduction

Papaya (Carica papaya L.) is a fruit that is widely cultivated in equatorial regions [1], with Indonesia
among its main producers. Processing papaya for consumption generates significant waste,
especially seeds, which account for 15-20% of the fruit mass [2], [3]. Given that papaya seed oil
(PSO) constitutes 27-34% of seed weight [4] and is rich in oleic acid and nutraceuticals, it offers
promising opportunities for high-quality food and industrial applications [5]. However, the
potential of these seeds remains largely untapped, and the development of PSO as a viable product
is hampered by the lack of a robust and environmentally friendly extraction method. Current
processing often relies on empirical extraction methods that use a single solvent or a mixture of
empirically selected solvents, or consider only one aspect. Therefore, it is crucial to establish a PSO
extraction framework that balances yield performance with safety and environmental impact.
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Extraction performance is governed by key parameters, such as solvent type, extraction method,
and the implemented operating conditions [6]. PSO can be extracted using conventional methods,
such as Soxhlet extraction, or non-conventional methods, such as ultrasound or microwave [7].
Among conventional methods, Soxhlet extraction is often used as the standard for extracting
analytes from solid samples. This preference is due to its simplicity, cost-effectiveness, case of use,
and its ability to maintain high temperatures and perform simultancous extraction without
additional filtration [6], [8]. Nevertheless, despite these advantages, the Soxhlet method has several
disadvantages, including long extraction times, large solvent consumption, high energy
requirements, and thermal degradation of heat-sensitive compounds [9], [10].

On the other hand, to achieve an efficient PSO extraction process, the solvent must be selected
appropriately based on solubility parameters, boiling points, and SHE (safety, health, and
environment) considerations. Based on the principle of “like dissolves like”, Hansen Solubility
Parameters (HSPs) are used to match the polarity of the solvent to the solute to improve extraction
performance [6], [11]. Technically, the selection of solvents based on HSPs refers to the
composition data and thermophysical properties of PSO, such as molecular weight and normal
boiling point, supported by comprehensive literature on the characteristics of the constituent fatty
acids [4], [12], [13], [14], [15], [16]. In addition to HSPs' suitability, the solvent's boiling point must
be set low enough to facilitate extraction (especially Soxhlet) and separation, thereby potentially
reducing overall energy consumption. However, solvents with very low boiling points should also
be avoided, as their volatility can cause significant solvent loss during extraction [17]. Furthermore,
in potential solvent extraction for food, pharmaceutical, or cosmetic applications, reducing the use
of petroleum-derived solvents and selecting safer alternatives can help reduce health and

environmental impacts.

In solvent selection, the CHEM21 guide classifies solvents based on SHE criteria into four
categories: recommended, problematic, hazardous, and highly hazardous [18]. While these
categories serve as important guidelines for solvent selection, the classification of hazardous and
highly hazardous solvents often varies across regulatory agencies and industries [19], [20]. To date,
research on solvent selection for PSO extraction remains limited, particularly regarding HSPs,
boiling points, and SHE. Most studies still use a single solvent, such as n-hexane, petroleum ether,
or ethanol [21], [22], [23], [24]. Previous studies reported that n-hexane yielded slightly superior
extraction efficiencies to petroleum ether [22], and both were superior to more polar solvents such
as ethanol [25]. Although its use is permitted, especially in food applications under the European
Union Directive 2009/32/EC [26], n-hexane is recognized as a toxic solvent and has long been
associated with occupational diseases. Consequently, it is classified as STOT RE 2 under the
REACH regulation, indicating that it is suspected of causing organ damage following prolonged or
repeated exposure [27]. In addition, n-hexane is relatively expensive compared to other solvents
such as petroleum ether and ethanol [28], [29]. Therefore, the quantity of this solvent should be
reduced by using binary or ternary mixtures with other solvents, which can also improve its
extraction performance for PSO [30], [31].

Overall, the main objective of this study was to establish a systematic solvent-screening protocol
for PSO extraction based on three criteria: HSPs, boiling-point, and SHE. The selected solvents
were also prepared in binary and ternary mixtures to obtain several solvent systems (single, binary,
and ternary) for experimental assessment via PSO extraction using the Soxhlet method. This study
serves as a critical preliminary screening phase, utilizing a fundamental approach to identify
appropriate solvent systems as a foundation for subsequent detailed physicochemical
characterization and statistical optimization. Although individual criteria of this screening
framework, such as HSPs analysis, boiling point screening, and solvent ranking based on SHE, have
been widely described, their systematic integration for PSO extraction has not been previously
reported. To our knowledge, this study represents the first comprehensive approach to
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systematically screen a wide range of single, binary, and ternary solvents for PSO. By shifting from
traditional empirical selection to a structured framework, this study provides a methodology
expected to be applicable to other vegetable oil extraction processes.

2. Material and methods
2.1 Material

Papaya seeds were obtained from California papaya fruits collected in Semarang, Indonesia. Fresh
black seeds were hand-collected from fully ripe fruits and stored in a cool place until use. For
grinding, dried papaya seeds were processed using a grain grinder and passed through a 40-mesh
sieve. Analytical-grade ethanol, n-hexane, acetone, and ethyl acetate were obtained from PT. Smart
Lab Indonesia for solvent extraction.

2.2 Methods
2.2.1 Preparation and drying of papaya seeds

Fifteen fresh and ripe California papaya (Carica papaya L.) fruits were halved, and the seeds were
collected and carefully cleaned from the pulp. The seeds (100 g) were dried at 55 °C in a natural
convection oven until constant weight was achieved [32]. After drying, the papaya seeds were
ground using a grain grinder and sieved through a 40-mesh sieve. The resulting dried papaya seed
powder was then used to extract PSO with various solvents using the Soxhlet method (Figure 1).

r
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Figure 1. Flowchart of the entire process in this research
2.2.2 Solvent selection based on HSPs criteria

Solvent selection was based on several assessment criteria, including solubility parameters, solvent
physical properties (boiling point), and SHE criteria (Figure 1). A total of 50 solvents, derived from
the hydrocarbon, alcohol, ketone, ether, ester, amine, polar aprotic, and haloalkane groups, and
used in the mixing and dissolution of coconut oil [33] and a solvent review [18], were prepared in
a data set equipped with HSPs values of each solvent, based on literature data sources [34]. Then,
the HSP values of the solvent were used to evaluate its solubility towards PSO by calculating the
relative distance (D) and relative energy difference (RED) using Eqs. (1) and (2) [34].
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D = J4(5550 _ Sasolvent)z + (6550 . 65"“’67“)2 n (5530 _ 6i§glvent 2 (1)

where D represents the relative distance of the solubility difference between PSO and the solvent.
The parameters (55 50, (55 S0 and 5,1;5 0 represent the contributions of dispersion, polar, and

hydrogen-bonding HSPs to PSO, respectively, while 5(‘;0[”6”, égolvent' and 6}.Sl‘glvent represent
the contributions of dispersion, polar, and hydrogen-bonding HSPs to the solvent, respectively.

RED = D
- R (2)

0

where RED represents the relative energy differences between PSO and solvent. Ry is the radius of

the solubility sphere of oils [33].

The ranking of solvents and solvent mixtures can be determined using the RED value. A low RED
value indicates close solubility properties between PSO and the solvent [33]. If RED = 0, the
solvent and PSO have the same solubility. If RED < 1, the solvent is within the PSO range (a good
solvent). Conversely, if RED > 1, the solvent is outside the PSO range (a poor solvent). Of the 50
solvents that have been evaluated, the solvent with a RED value < 1 was selected. From this
criterion, 18 solvents were eliminated due to the predetermined rejection limit. A total of 32
selected solvents were used for further screening based on physical properties, including boiling
points.

2.2.3 Solvent selection based on boiling point criteria

The remaining 32 solvents were assessed according to the solvent boiling-point selection criteria.
The boiling point limits considered were based on a combination of the CHEM21 and
GlaxoSmithKline (GSK) guidelines, with some adjustments [18], [35]. The selected range was
restricted to solvents with low-to-medium boiling points (50100 °C). Beyond considering energy
consumption during extraction and solvent recovery, using solvents with high boiling points can
degrade or even damage the bioactive compounds (vitamin C, phenols, flavonoids) present in PSO
and other agricultural products [36], [37], [38]. Based on these criteria, 20 solvents were
eliminated, leaving 12 solvents to be re-selected according to safety, health, and environmental
(SHE) criteria.

2.2.4 Solvent selection based on SHE criteria

Generally, SHE criteria are considered in solvent selection due to their impact on food,
pharmaceutical, and cosmetic applications. In this study, to simplify the selection process, these
three criteria were integrated into a unified scoring system. Each criterion was assigned a score
from 1 to 10, with 10 indicating the highest level of hazard. Furthermore, a color-coding system
was implemented: green for scores 1-3, yellow for 4-6, and red for 7-10. The final composite
scores derived from these three SHE criteria facilitate an initial classification into three main
categories: recommended, problematic, and hazardous (Table 1) [18]. No distinction was made
between hazardous and extremely hazardous solvents. However, any solvent with a score of 10 is
considered extremely hazardous. Although the basic scoring guidelines presented in Table 2 range
from 1 to 9, a maximum score of 10 can be achieved through specific hazard adjustments.
Specifically, additional points are added to the safety score for low autoignition temperature (AIT
<200 °C), high resistivity (>10° {.m), or peroxide formation (EUH019), and to the health score
for high volatility (BP <85 °C) carcinogens. In addition, a direct score of 10 is assigned to ozone-
depleting substances (H420) [18].
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Table 1. Ranking by default of solvent [18]

SHE scores Categories
One score = 8
Two “red” scores
One score =7 Problematic
Two “yellow” scores Problematic

Notil o the crteia shove L Reconmondd

Based on the previously established criteria, the 12 remaining solvents were reselected based on the
SHE scoring system, as presented in Table 2 [18]. Solvents categorized as “recommended” were
prioritized as suitable candidates. Furthermore, to examine the extraction phenomenon across
diverse solvent properties, representatives from different functional groups were selected. For
example, if there are acetic acid and citric acid in the "recommended" category, then only one
(based on the lowest boiling point) of the two solvents will be selected because both solvents have
the same functional group (carboxyl group). This step was taken with the understanding that
solvents with relatively similar functional groups will have identical solubility properties.

Table 2.  SHE assessment criteria for solvent selection [18]
Parameters Scoring
1 2 3 4 5 6 7 8 9
Safety criteria
Flash Point (°C) >60 24-60 23—  -1t0-20 <-20
0
Globally H226 H225,
Harmonized H224

System (GHS)

Health criteria

Carcinogen H341 H340
H351 H350
H361 H360
Single target H304 H334 H370
organ toxicity H371 H372
H373
Acute toxicity H302 H301 H300
H312 H311 H310
H332 H331 H330
H336
EUHO070
Irritation H315 H318 H314
H317
H319
H335
EUHO66
Environment criteria
Boiling Point 70 —-139 50-69, <50,
°C) 140-200 >200
GHS H412 H400
H413 H410
H411
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Based on these criteria, ethyl acetate and acetone were identified as the most promising candidates.
Additionally, n-hexane, ethanol, and water were included in the experimental design as control
solvents, allowing observation of the interactions among polar, semipolar, and nonpolar solvent
mixtures and providing information on the effect of polarity interactions on PSO yield. The
inclusion of n-hexane is based on its use as a dominant solvent in oil extraction due to its efficiency,
low cost, and ability to maintain oil quality [39], making it a suitable benchmark. Similarly, ethanol
and water were included to span a broad range of polarities, enabling a systematic evaluation of the
effect of solvent polarity on PSO yield. Furthermore, industrial feasibility factors, such as cost-
effectiveness and solvent availability, were considered to ensure that the experimental findings were
practical and economically relevant.

2.2.5 Design of binary and ternary mixture interactions of five selected solvents
against HSPs

Experimental design is a statistical approach used to analyze relationships between independent and
response variables using linear, nonlinear, quadratic, and other empirical models. By employing
methodologies such as factorial design [40], response surface methodology [41], [42], and mixture
design [43], [44], the effects of one or more factors and process parameters on system responses
can be efficiently and systematically investigated. Since the binary and ternary mixture compositions
of the five selected solvents cannot be applied in their entirety due to time and cost reasons,
determining the appropriate mixture composition in this study must be done. All non-negative
compositions of the solvents involved must have a total fraction of one, as expressed in Eq. (3) [45].

X, +x, +x3+ -+ x, = 100% 3)
with
0<x; <100%

where X; represents the volume composition of solvents 1 and 2 for binary mixtures, and solvents
1, 2, and 3 for ternary mixtures.

The simplex-lattice and I-optimal designs were applied in this study because the response variable
(RED) is a continuous function of the component proportions, so a mixture design that is able to
systematically arrange sample points (simplex lattice) or minimize the variance of predictions in the
formulation space (I-optimal) becomes logical to use. The simplex lattice and I-optimal design
approaches have also been widely applied in extraction studies involving solvent mixing [46], [47].
The simplex lattice and I-optimal mixture designs were programmed in Design-Expert software
(version 13.0). Two to three independent variables, solvent 1, solvent 2, and solvent 3, and one
response, RED, were included in the mixture design.

The experimental setup consisted of 8 runs for binary mixtures: 3 minimum model points, 3
replicates, and 2 lack-of-fit measurements. Meanwhile, the ternary mixture consisted of 18 runs:
10 minimum model points, 3 replicates, and 5 lack-of-fit measurements. Optimization was
performed to find the optimum point with the highest desired level. The desired optimum point is
the solvent mixture with the lowest RED.

2.2.6 Soxhlet-based PSO extraction
Conventional Soxhlet-based extraction [48] was performed with minor modifications. A total of 10

g of ground, sifted dried papaya seeds was placed in a cellulose thimble, and 300 mL of solvent was
used for extraction. A total of 11 selected solvents, both single, binary, and ternary, were used for
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PSO extraction, as presented in Figure 1. The condenser unit received a constant supply of cooling
water. The extraction was conducted under total reflux at the solvent—oil mixture's boiling point
for 6 hours. Samples were collected hourly for concentration analysis using a calibration curve
derived from mixtures of the respective solvents and commercial PSO. The calibration curve
demonstrated high linearity (R* > 0.980). Finally, the PSO yield can be calculated by Eq. (4):

C xVx
Yield(%) = -252 PPso 1 100% “)

Mseeds

Where Cpgg is the concentration of PSO in the extract (mL/L), V is the extracting volume (L),
Ppso is the density of PSO (g/mL), and Mgeeqs is the mass of seeds used for extraction (g). All
measurements were performed in triplicate. Results are expressed as mean T standard deviation
(error bar). One-way analysis of variance (ANOVA) was performed in MS Excel 2016 and Minitab
18 to assess significant differences among samples at the 95% confidence level (p < 0.05). Where
significant differences were found, a Tukey’s post-hoc test was applied to perform pairwise
comparisons between solvent systems. The measurement uncertainty was accounted for by
considering the precision of the analytical balance (£0.001 g), volumetric glassware (£0.05 mL),
and the regression statistics of the calibration curve.

3. Results and discussion
3.1 Selected solvent for PSO extraction based on HSPs

The initial criterion for selecting an appropriate solvent for PSO extraction is the evaluation of
HSPs. The HSPs values for PSO at 298.15 K were estimated using a group contribution model

(GCM) [4]. Based on this model, the HSPs values of PSO consist of the parameters 04, 5p and

Oyp, which are 16.48, 3.18, and 5.97 MPa'”’, respectively [4]. These three parameters serve as a
basic reference for evaluating the solubility affinity of various solvents to PSO. To determine the
solvents with the highest affinity, physical interaction was evaluated using the Relative Energy
Difference (RED) metric, as defined in Eq. (2) [34]. The RED values of 50 candidate solvents are
presented in Table 3. This table also provides complete information on the three solvent HSPs

obtained from various literature [33], [34], as well as the interaction distance (D) values obtained

by applying Eq. (1).

Furthermore, the solubility interactions between PSO and solvents can be represented in the three-
dimensional HSPs space, with PSO as the coordinate center marked with a star symbol. This
representation shows the relative position of PSO to various solvents in the form of a Hansen
solubility sphere, as shown in Figure 2. The figure shows the Hansen solubility sphere for PSO,
plotted with three-dimensional axes, for 50 organic and inorganic solvents. The three-dimensional
(3D) space coverage of PSO is limited by the surface of the Hansen solubility sphere, which is
indicated by the blue area and represents solvents with the criterion RED < 1. Visually, solvents
with RED values < 1 are within the Hansen solubility sphere region, indicating a high affinity for
PSO. The RED value = 1 (Ry = 9.8) corresponds to the boundary condition for the transition
region, while RED values > 1 indicate low affinity and decrease with increasing RED [34], [49].
Thus, solvents with RED values < 1 have the potential to interact effectively with PSO and are
considered suitable for PSO extraction.

Based on the RED criteria, n-butyl acetate, chloroform, ethyl acetate, and anisole showed the
closest HSP distances to PSO with RED values of 0.152, 0.271, 0.286, and 0.295, respectively. In
addition to these four solvents, there are 28 other solvents that meet the RED < 1 requirement,
and all of them are within the Hansen solubility sphere. Thus, 32 solvents are predicted to exhibit
favorable solubility for PSO and are worthy of consideration for the next solvent selection stage.
The distribution of chemical groups of these solvents shows that solvents with RED values < 1
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consist of hydrocarbons (31.25%), alcohols and ethers (15.63%), haloalkanes (12.50%), esters and
ketones (9.38%), and amines (6.25%). These findings indicate that the diversity of solvent chemical
structures can still result in HSPs being compatible with PSO, as long as the 84, 6, and Syp

components are in a similar solubility range [4], [33].

Table 3. Solvent-PSO interactions based on HSPs expressed as “D”and “RED” [33], [34]

Unit of MPa!’2 Solvent-PSO interactions

No Solvents based on HSPs
8, 8, g b RED
1 n-heptane 15.30 0.00 0.00 7.16 0.731
2 Cyclohexane 16.80 0.00 0.20 6.62 0.675
3 Benzene 18.40 0.00 2.00 6.37 0.650
4 o-xylene 17.60 1.00 3.10 4.24 0.433
5 Toluene 18.00 1.40 2.00 5.31 0.542
6 Ethylbenzene 17.80 0.60 1.40 5.87 0.599
7 n-hexane 14.90 0.00 0.00 7.47 0.762
8 n-pentane 7.10 0.00 0.00 19.94 2.035
9 Methanol 15.10 12.30 22.30 18.91 1.929
10 Ethanol 15.80 8.80 19.40 14.62 1.492
11 Isopropyl alcohol 15.80 6.10 16.40 10.92 1.114
12 n-octanol 17.00 3.30 11.90 6.02 0.614
13 n-hexanol 15.90 5.80 12.50 7.13 0.728
14 [so-butanol 15.10 5.70 15.90 10.61 1.083
15 n-butanol 16.00 5.70 15.80 10.19 1.040
16 Ethylene glycol 17.00 11.00 26.00 21.53 2.197
17 Acetone 15.50 10.40 7.00 7.55 0.771
18 Cyclohexanone 17.80 6.30 5.10 4.18 0.426
19 Methyl isobutyl ketone 7.50 3.00 2.00 18.39 1.877
20 Ethyl acetate 15.80 5.30 7.20 2.80 0.286
21 n—Butyl acetate 15.80 3.70 6.30 1.49 0.152
22 Diethyl malonate 16.10 7.70 8.30 5.14 0.525
23 m-Cresol 18.00 5.10 12.90 7.81 0.797
24 Pyridine 19.00 8.80 5.90 7.55 0.770
25 Dimethylformamide 17.40 13.70 11.30 11.94 1.218
26 Acetonitrile 15.30 18.00 6.10 15.01 1.531
27 Aniline 19.40 5.10 10.20 7.46 0.761
28 Ethanolamine 17.00 15.50 21.20 19.62 2.002
29 Nitrobenzene 15.80 8.60 5.10 5.66 0.577
30 Diethyl ether 14.50 2.90 5.10 4.06 0.415
31 1,4-Dioxane 19.00 1.80 7.40 5.42 0.553
32 Dimethyl sulfoxide 18.40 16.40 10.20 14.40 1.470
33 1,2-Dichloroethane 16.50 7.80 3.00 5.49 0.560
34 Diethylene glycol 16.60 12.00 20.70 17.17 1.752
35 Tri-ethylene glycol 16.00 12.50 18.60 15.73 1.605
36 Anisole 17.80 4.10 6.70 2.89 0.295
37 Glycerol 17.40 12.10 29.30 25.04 2.556
38 Tetrahydrofuran 16.80 5.70 8.00 3.30 0.337
39 Chlorobenzene 9.29 2.10 0.98 15.26 1.557
40 Benzyl alcohol 18.40 6.30 13.70 9.18 0.937
41 Formic acid 14.60 10.00 14.00 11.19 1.141
42 tert-Butyl methyl ether 14.80 4.30 5.00 3.67 0.375
43 Acetic acid 14.50 8.00 13.50 9.78 0.998
44 n-amyl alcohol 15.90 5.90 13.90 8.46 0.864
45 Carbon tetrachloride 17.80 0.00 0.60 6.78 0.691
46 Dichloromethane 18.20 6.30 6.10 4.65 0.474
47 Benzonitrile 17.40 9.00 3.30 6.66 0.680
48 4-Methyl pentanone 15.30 6.10 4.10 4.19 0.428
49 Petroleum ether 15.00 0.00 0.00 7.38 0.753
50 Chloroform 17.80 3.10 5.70 2.65 0.271
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Figure 2. 3D plots of §4, 6, and 8y p of the PSO-solvent Hansen solubility sphere

Previous studies typically extracted oil or lipid components from vegetable and animal matrices
using hydrocarbon solvents, especially n-hexane [39], [50]. N-hexane is a volatile, inexpensive
(USD 1090/MT), and readily available compound derived from petrochemical fractions. Despite
these advantages, it is recognized as toxic and non-renewable, and has significant environmental
impacts. Therefore, it is not considered "generally recognized as safe" (GRAS) [51]. Based on HSPs,
n-hexane is well suited for extracting vegetable oils, as indicated by RED values < 1 for several oils,
including used frying oil (0.824), coconut oil (0.855), and palm 0il (0.996) [33]. For PSO, n-hexane
is also suitable, as indicated by a RED value of 0.762, showing close physical properties to PSO.

However, solvents in the hydrocarbon group generally have lower HSP compatibility towards PSO
compared to solvents from the ester group (e.g., n-butyl acetate and ethyl acetate), ethers (anisole
and THF), and ketones (cyclohexanone and 4-methylpentanone). PSO, composed of long-chain

fatty acids such as oleic, palmitic, and stearic acids, mainly interacts through &, forces. However,
PSO also exhibits 8yp interactions through the -OH and C=O functional groups, making it
partially non-polar [52]. Consequently, solvents with more balanced contributions of 8, and 8y p
forces tend to have higher physical affinity towards PSO than non-polar hydrocarbon solvents. In
line with it, p-cymene, D-limonene, isopropanol, butanol, and a-pinene, which include terpenes
and alcohols, provide higher rapeseed oil extraction yields than n-hexane due to their more balanced
polarity and contribution of 5p and g [53]. However, solvents from the terpene group, some
alcohols, and hydrocarbons also need to be further evaluated because their boiling points are
generally high, which can increase energy requirements during the recovery process [54].

In this study, the R value of 9.8 MPa'’? used in the RED calculation was derived from coconut oil
data [33]. This selection was based on the close proximity of HSPs between PSO and coconut oil

[4]. In addition, the relatively high R broadens the potential solvent candidates for PSO extraction.
Although this value is a reasonable theoretical assumption and an approximation, further analysis
shows that it does not significantly alter the final solvent categorization. Nevertheless, experimental

determination of Ry for PSO via systematic solubility testing is recommended in future studies to
refine predictions from solvent screening.

3.2 Selected solvent for PSO extraction based on boiling point

In addition to HSPs' suitability, boiling point is also an important criterion in solvent selection.
Specifically, a sufficiently low boiling point is needed to facilitate extraction (especially Soxhlet)
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and separation, thereby potentially reducing overall energy consumption. While a low boiling point
is advantageous, solvents with very low boiling points should be avoided, as their volatility can lead
to significant solvent loss during extraction. Thus, proper consideration of boiling points will
facilitate the recovery of PSO and solvents, making them potentially applicable on a larger scale
[17]. Based on the CHEM21 guidelines, suitable solvents have a boiling point range of 50 — 200 °C
and a recommendation score of 3 or 5 (Table 2). The guidelines give poor ratings to solvents with
boiling points < 50 °C (because they are highly volatile and have the potential to produce high
VOCs), and to solvents with boiling points > 200 °C (because of the high evaporation and recovery
energy requirements) [18]. Meanwhile, GlaxoSmithKline (GSK) sets a stricter limit: solvents with
boiling points < 40 °C or > 120 °C are not recommended for selection [35].

In this study, the solvent selection was determined by considering a combination of CHEM21 and
GSK guidelines and was further narrowed to a boiling point range of 50-100 °C (marked with blue
circles in Figure 3). Thus, solvents with boiling points < 50 °C or > 100 °C (red square symbols)
were not considered for the PSO extraction process. This limitation successfully filtered out 12 of
the 32 solvents that met the RED < 1 criteria (from the previous stage) for use in the next selection
stage. The selected solvents included hydrocarbons (petroleum ether, n-hexane, benzene,
cyclohexane, and n-heptane), haloalkanes (chloroform, carbon tetrachloride, and 1,2-
dichloroethane), ethers (tertiary-butyl methyl ether and THF), esters (ethyl acetate), and ketones
(acetone).

Nitrobenzene
Benzyl alcohol
m-Cresol -

Diethyl malonate 4
n-octanol
Benzonitrile -
Aniline

n-hexanol 4
Cyclohexanone -
Anisaole

o-xylene o

n-amyl alcohol
Ethylbenzene -
n-Butyl acetate
4-Methyl pentanone
Pyridine 4

Toluene
1,4-Dioxane -
n-heptane -
1,2-Dichloroethane 4
Cyclohexane 4
Benzene -

Ethyl acetate
Carbon tetrachloride
n-hexane -
Tetrahydrofuran -
loroform
Petroleum ether
Acetone -

tert-Butyl methyl ether
Dichloromethane -
Diethyl ether

Solvent Types

T T T
0 50 100 150 200 250
Boiling Point (°C)

Figure 3. 2D visualization of selected solvents based on low - moderate boiling points

Furthermore, restrictions on the use of high-boiling solvents are not only related to energy
requirements for extraction and recovery but also directly affect life cycle analysis (LCA). High-
boiling solvents generally require greater evaporation energy during both extraction and recovery
processes, thereby increasing the energy demand (ED) throughout their life cycle [55]. In addition,
the use of high-temperature solvents can damage heat-sensitive components in extracts, such as
total phenolics and antioxidant capacity [56].

On the other hand, solvents with relatively high boiling points offer advantages in repeated heating-
based extraction methods such as Soxhlet extraction. A higher boiling point allows the process to
proceed at a stable, elevated temperature, thereby increasing solubility, accelerating solvent
diffusion, and expanding the pores in the solid matrix. Increasing solvent boiling points (and thus
extraction temperatures) correlated with significantly improved oil extraction efficiency [57].
Furthermore, low-volatility solvents are beneficial because they maintain a consistent condensation
rate and minimize solvent loss during repeated evaporation-condensation cycles.
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Therefore, solvent selection based on boiling point requires a balance between process efficiency
and sustainability. A too-low boiling point leads to high volatility and solvent loss, ultimately
impacting the environment. Meanwhile, a too-high boiling point increases energy requirements and
the risk of thermal degradation during extraction and separation. Following CHEM21 and GSK
limits, and setting a solvent boiling point range of 50-100 °C is a logical, safe, efficient, and suitable
choice for PSO extraction, while further selecting solvents that meet the HSP criteria.

3.3 Selected solvent for PSO extraction based on SHE

The third criterion for solvent selection, based on the CHEM21 guidelines, is the consideration of
SHE criteria [18]. As shown in Table 2, these three criteria are scored from 1 to 9, with higher
scores indicating a higher level of hazard. To account for additional risks, the safety score is
increased by one point if a solvent exhibits a low auto-ignition temperature (AIT < 200 °C), a
tendency to accumulate electrostatic charge (resistivity > 10° f2.1m1), or a propensity to form
explosive peroxides (EUHO19 in Classification, Labelling, and Packaging). The combined SHE
scores are subsequently used to establish an initial solvent ranking into three categories,
recommended, problematic, and hazardous, as explained in Table 1.

From a safety perspective, the assessment parameters refer to flammability hazard based on flash
point (FP) and are classified using the H2xx code [58]. Of the twelve solvents selected based on
boiling-point criteria (Table 4), carbon tetrachloride and chloroform are the safest solvents because
they are included in the non-flammable category (score 1, recommended) [59], [60]. The highest
score (7, hazardous) is given to n-hexane, tert-butyl methyl ether, and petroleum ether because
they have FP < -20 °C with the code H225 (highly flammable liquid and vapor, GHS category 2)
[61], [62] or H224 (Extremely flammable liquid and vapor, GHS category 1) [63]. Meanwhile, the
other seven solvents are given a score of 5 (problematic) with the GHS code H225 [64], [65], [66],
[67], [68], [69], [70], as summarized in Table 4.

Table 4. List of Solvent Selection Based on SHE Aspects

Worst Rank by
Solvent ]3(]:’ (]:(I:’ 1 : 3 Safety Health Env. CHEM21
(°C) (°C) H2xx H3xx H4xx score score score criteria
n-heptane 98.42 -4.0 H225 H336 H410 5 3 Problematic
Cyclohexane 80.70 -17.0 H225 H336 H410 Problematic
Benzene 80.10 -11.0 H225 H350 H412
n-hexane 68.70 -22.0 H225 H361f H411
Acetone 56.00 -18.0 H225 H336 None 5 3 1 Recommended
Ethyl acetate 77.10 -4.0 H225 H319 None 5 3 1 Recommended
1,2-
Dichloroethane 84.00 13.0 H225 H350 None 5 1 -
Tetrahydrofuran ~ 66.00  -14.0 H225 H351 None 5 1 Problematic
tert-Butyl
ey 5520 -28.0 H225 H315  None Problematic
methyl ether
Carbon
. 76.72 na None H351 H420
tetrachloride
Petroleum ether 60.00 -40.0 H224 H336 H411
Chloroform 61.20 na None H351 None Problematic

'Safety aspect, *Health aspect, *Env. aspect

In terms of health, the assessment is based on the hazard statement in the GHS/ CLP system, which
is coded H3xx and relates to effects of exposure via inhalation or direct contact (Table 4). Benzene

and 1,2-dichloroethane are assigned the highest score (10, hazardous) because both are carcinogenic
(H350) and have boiling points < 85 °C [66], [69]. In addition, n-hexane (H361) [61], THF, carbon
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tetrachloride, and chloroform (H351) [59], [60], [70] each received a score of 7 (hazardous). The
code H361f indicates potential fertility impairment [61], while H351 indicates suspected
carcinogenic properties [70]. Meanwhile, other solvents are given a score of 3 (recommended)
because they are only associated with low to moderate hazards, such as H336 (may cause drowsiness
and dizziness) [64], H319 (causes serious eye irritation) [68], or H315 (causes skin irritation) [62].

The environmental aspect assessment focused on criteria related to environmental issues, such as
ozone layer depletion and impacts on aquatic life, and was categorized using the H4xx code, as
shown in Table 4. The assessment results showed that carbon tetrachloride has the most hazardous
impact (score 10) because it damages the ozone layer (H420) [59]. n-heptane, cyclohexane, n-
hexane, and petroleum ether received a score of 7 (hazardous) because they are classified as toxic
(H411) or very toxic to aquatic organisms with long-term effects (H410) [61], [63], [64], [65].
Benzene had a lower impact (score 5, problematic) because it is dangerous to aquatic life and has
long-term effects (H412) [66]. Meanwhile, other solvents do not have a GHS/CLP code indicating

environmental hazards (score 1, recommended).

CHEM21 has provided ranking guidelines that cover all three aspects of SHE, as presented in Table
1. Based on the assessment of these three aspects, the overall conclusion is that two solvents are
recommended: ethyl acetate (ester group) and acetone (ketone group). Meanwhile, the
“problematic” and “hazardous” categories each include five solvents (Table 4). The two selected

solvents will then be mixed in various volume ratios to obtain the most suitable HSPs characteristics
for PSO.

3.4 Single, binary, and ternary solvents based on mixing rules for PSO extraction

In the previous section, two recommended solvents were selected based on HSPs, boiling points,
and SHE criteria: ethyl acetate and acetone. The RED values of ethyl acetate and acetone against
PSO were 0.297 and 0.776, respectively. When visualized in the Hansen solubility sphere, both
solvents are within the solubility range of PSO. However, the solvent used for PSO extraction is
expected to recover more than just fatty acids. It is also expected to extract nutraceutical
components from papaya seeds, including phenolic compounds (e.g., gallic acid), carotenoids (Q-

and [3-carotene), and vitamin C (ascorbic acid).

Yara-varon et al. [54] reported that -carotene and [3-carotene have HSPs that are closer to n-
hexane (RED = 1.31 and 1.34) than ethyl acetate (RED = 2.10 and 1.95). Pagano et al. [71] also
found that phenolic compounds such as caffeic acid (64, 8, and Sy = 20.70, 8.30, and 19.0) have
better solubility affinity with a mixture of ethyl lactate - water (75:25) (D = 10.90) than pure ethyl
lactate (D = 13.40). Another phenolic compound, often represented as gallic acid, also shows a
higher affinity for HSPs in an ethanol-water (50:50) mixture (D = 7.7) than in pure ethanol (D =
9.9) or pure water (D = 8.0) at the solvent's boiling temperature [72]. The highest solubility of
gallic acid was achieved in an acetic acid-water mixture (40:60), not in pure acetic acid or water
[73]. Furthermore, vitamin C in the form of ascorbic acid (8, 6p and 6yp = 18.10, 12.00, and
27.80) shows a greater affinity of HSPs to alcohol groups, such as glycerol (D = 2.10), ethylene
glycol (D = 3.00), methanol (D = 8.10) and ethanol (D = 10.10) compared to acetone (D =
21.50), ethyl acetate (D = 22.10) and n-hexane (D = 30.90) [74]. Ascorbic acid is also quite close
to water HSPs (D = 15.90), which indicates that ascorbic acid tends to interact strongly with semi-
polar to polar solvents compared to non-polar solvents.

Recently, the effect of various solvents on the quality of seed oils was evaluated by considering
several parameters, and then compared with n-hexane using a scoring system [75]. Ethanol and
methanol received the highest scores (5) because they showed the least negative effects on all oil
quality parameters. Isopropanol received a lower score (4) due to an increase in peroxide value and
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no effect on sterol content. Acetone and dichloromethane were also classified with a score of 4.
Acetone was reported to reduce polyunsaturated fatty acid content, whereas dichloromethane
increased oil acidity. On the other hand, 2-methyloxolane and ethyl acetate received the lowest
scores (2). 2-Methyloxolane negatively affects the oil's oxidative stability and can promote the
formation of hydroperoxides, although this solvent offers advantages for extracting phenolic
compounds and tocopherols. Meanwhile, ethyl acetate improves the extraction of phenolic
compounds but does not significantly improve other oil quality parameters.

These findings indicate that extracting oils from seeds, including PSO, and their nutraceutical
compounds requires solvents with a wide range of polarities. From an economic perspective, ethyl
acetate and acetone are relatively more expensive than n-hexane, ethanol, and water. Table 5 shows
that the prices of ethyl acetate and acetone reached 1281 and 1250 USD/MT, respectively, while
n-hexane, ethanol, and water (DI) had lower prices, namely 1090, 741, and 60 USD/MT [28],
[76]. Based on these considerations, water, ethanol, and n-hexane can be used as either sole or
complementary solvents in the PSO extraction process.

Table 5.  List of five selected solvents based on CHEM21 criteria, representing polar, semi-
polar, and non-polar solvents, along with their respective market prices

HSPs (MPa'’?) Price
Code Family Solvent RED (USD/MT)

8(1 811 6HB 6T [28]

A Esters Ethyl acetate 15.80  5.30  7.20 18.15 0.297 1281
B Hydrocarbons n-hexane 14.90 0.00 0.00 14.90 0.743 1090

C Ketones Acetone 15.50 10.40 7.00 19.94 0.776 1250
D Alcohols Ethanol 15.80 8.80 19.40 26.52 1.512 741

E Water Water 15.50 16.00 42.30 47.81 3.957 60 [76]

Based on the previous discussion, five solvents were selected as potential candidates, considering
solubility (polarity), boiling point, SHE criteria, selectivity towards nutraceutical compounds, and
market price (Table 5). Each solvent has its advantages and limitations, as explained in the previous

section. The five solvents were then combined into binary and ternary mixtures by Calculating the

parameters 84, 6p, and Oy using solubility mixing rules based on volume fractions [16], [30]. To
obtain the optimal formulation, the RED value of the solvent mixture against PSO was used as the

evaluation parameter.

Figure 4 (a-j) presents the results of the optimization of RED values from various binary solvent

mixtures. In Figure 4 (a), the ethyl acetate-n-hexane mixture shows the best condition at a

composition of 78.33:21.67 vol%. The parameters 84, 6y and Oyp of the mixture are 15.61,
4.15, and 5.64 MPa'”?, respectively, with a RED value of 0.208. The addition of n-hexane at 21.67
vol% provides a positive contribution by decreasing the polarity of the mixture. This is reflected in

the reduced 5p and Opyp values, resulting in a better affinity of HSPs with PSO compared to ethyl
acetate or n-hexane alone, as indicated by a smaller RED value. However, the presence of n-hexane

slightly decreases the 84 value, which increases the deviation from the 64 value of PSO.

Figure 4 (b-d) shows the interaction of a mixture of ethyl acetate with acetone, ethanol, and water
on PSO at various compositions (vol%). The three solvents did not have a positive impact on the

change in the HSPs values of ethyl acetate because ethyl acetate itself is quite polar, with 5p and

Oyp values of 5.30 and 7.20 MPa'’?, respectively, due to the presence of a carbonyl group (C=0),
which is part of the ester functional group (-COO-) [34]. Therefore, mixing it with a more polar

solvent actually increases the 8, and 8y values of the mixture, thereby distancing it from the &y,

and 8 values of PSO, and does not confer any advantage in terms of HSPs' suitability.
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Figure 4. Binary mixture interaction of five selected solvents, (a) ethyl acetate — n-hexane, (b)
ethyl acetate — acetone, (c) ethyl acetate — ethanol, (d) ethyl acetate — water, (e) n-
hexane —acetone, (f) n-hexane — ethanol, (g) n-hexane — water, (h) acetone — ethanol,
(i) acetone — water, and (j) ethanol — water

Furthermore, Figure 4 (e-g) shows the interactions of HSPs in a mixture of n-hexane, acetone,
ethanol, and water towards PSO at various compositions (vol%). The three solvents contributed
positively to the increase in the HSP values of n-hexane. The best conditions were obtained at a
composition of acetone 48.76 vol%, ethanol 28.52 vol%, and water 13.21 vol%, which
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respectively produced HSPs values of n-hexane - acetone mixture (84, 6, 6yp) = 15.19, 5.07,
3.41 MPa'’?, n-hexane - ethanol = 15.15, 2.48, 5.46 MPa'’?, and n-hexane - water = 14.98, 2.11,
5.59 MPa'”?. The three mixtures showed greater HSPs affinity to PSO, with RED values of 0.416,
0.300, and 0.342, respectively. This phenomenon occurs because n-hexane, which naturally only
contributes to the §; parameter and has a low polarity, requires the presence of a more polar
solvent to increase the 5p and Oyp parameters. In addition, the higher the polarity of the
complementary solvent, the smaller the volume fraction required to produce changes in HSPs that
approach the characteristics of PSO (polarity order: acetone < ethanol < water). Ethanol is overall
more polar than acetone because it can act as a hydrogen-bond donor and acceptor through its -OH
group, resulting in stronger intermolecular interactions [77]. In addition, ethanol also has a higher
8yp and dielectric constant than acetone [78], so its total polarity is greater even though the &),
value is lower (Table 5).

Furthermore, Figure 4 (h-i) shows the interaction of HSPs from acetone-ethanol and acetone-water
mixtures with PSO based on the RED value. The addition of ethanol or water at various
concentrations (vol%) did not improve the suitability of HSPs, and in some cases, increased the

RED value. This is due to the higher 8, and §yp values of acetone than those of PSO, or to its
greater polarity. Thus, its mixture with ethanol or water actually increases polarity by increasing
Oyp. Meanwhile, the contribution of §; from ethanol is not enough to balance the increase in
polarity. As a result, acetone alone still provides the best HSPs suitability for PSO compared to its
mixture with ethanol or water. A similar phenomenon is observed in the ethanol-water mixture
(Figure 4 (j)), where adding water at various concentrations (vol%) does not improve the suitability
of HSPs for PSO, as indicated by an increase in the RED value. Thus, the ethanol-water mixture
does not provide better interaction than ethanol alone and is not recommended for PSO extraction.
Opverall, several binary mixtures showed good compatibility of HSPs to PSO, namely ethyl acetate—
n-hexane (78.33:21.67 vol%, RED = 0.208), n—hexane—acetone (51.24:48.76 vol%, RED =
0.416), n-hexane — ethanol (71.48:28.52 vol%, RED = 0.300), and n-hexane — water
(86.78:13.21 vol%, RED = 0.342). These four mixtures can be considered as potential solvent
candidates that complement the five single solvents in Table 5.

In the ternary solvent mixtures, the ten formulations analyzed showed different interaction patterns
towards PSO (Figure 5 (a-j)). For the mixture of ethyl acetate-n-hexane with acetone, ethanol, and
water, the lowest RED values produced were in the range 0.196 - 0.206. These values were found
at n-hexane compositions of 22.39 - 25.31 vol%, as shown in Figure 5 (a-c). This indicates that
adding a third solvent does not improve the suitability of HSPs for PSO. Conversely, the addition
of acetone, ethanol, or water with higher polarity actually increases the 6, and §yp values of the
mixture. As a result, the HSPs of the mixture move farther from the PSO HSPs, and the RED value
increases, as evidenced by the shift in the color contour from green to red. Since these three
mixtures, as well as the binary mixture of ethyl acetate - n-hexane in Figure 4 (a), produced almost

identical optimal compositions, one representative formulation was chosen: ethyl acetate - n-
hexane 77.20:22.80 vol% (RED = 0.206).

Furthermore, the ethyl acetate—acetone—ethanol, ethyl acetate—acetone—water, and ethyl acetate—
ethanol-water mixtures also showed no interactions, thereby increasing the suitability of HSPs for
PSO. These three mixtures actually produced higher RED values than single ethyl acetate (RED =
0.297). This pattern is evident in the change in contours, moving from blue to green, yellow, and
red as the composition moves away from single ethyl acetate (Figure 5 (d-f)). This finding is
consistent with the results of the binary mixtures in Figure 4 (b-d), which indicate that ethyl acetate
is already quite polar due to the presence of the carbonyl group (C=0) [34]. Therefore, mixing
ethyl acetate with a more polar solvent, in both binary and ternary systems, increases the 5p and

Oy p of the mixture, moving it away from PSO HSPs and providing no advantage in terms of HSP
suitability.
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Figure 5. Ternary mixture of five selected solvents, (a) ethyl acetate — n-hexane — acetone, (b)
ethyl acetate — n-hexane — ethanol, (c) ethyl acetate — n-hexane — water, (d) ethyl
acetate — acetone — ethanol, (e) ethyl acetate — acetone — water, (f) ethyl acetate —
ethanol — water, (g) n-hexane — acetone — ethanol, (h) n-hexane — acetone — water,
(i) n-hexane — ethanol — water, and (j) acetone — ethanol — water
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The n-hexane—acetone—ethanol mixture showed positive results, increasing the values of 84, 5p
and 8yp. The addition of acetone and ethanol to n-hexane increased these three parameters,
yielding an optimal composition of 64.58:8.13:27.28 vol% with 84, 5p and 0 yp values of 15.19,
3.25, and 5.86 MPa'’?, respectively, and a RED value of 0.258 (Figure 5 (g)). The increase can be
attributed to the complementary effects of acetone and ethanol. Acetone predominantly increased
Oyp toward the corresponding value of PSO, whereas ethanol primarily enhanced 84 and 6,
bringing the solvent mixture closer to the HSP profile of PSO. In mixtures with a more polar
solvent, namely water, the volume fraction of water required to achieve the minimum RED value
was less than that of ethanol. It is reflected in the higher proportions of n-hexane and acetone in the
mixture with water than with ethanol. Figure 5 (h) shows that the mixture of n-hexane—acetone—
water produces the lowest RED value of 0.301 at the composition of 73.07:16.18:10.75 vol%.

Figure 5 (i) shows the interaction of the n-hexane—ethanol-water mixture with PSO. This mixture
produces the lowest RED value (0.258) at a composition of 68.28:31.72:0.00 vol%, similar to the
results for the binary n-hexane—ethanol mixture (Figure 4(f)), but with a slightly lower RED value.
The presence of water as a third solvent does not contribute positively due to its highly polar nature,
which increases the deviation of the mixture's HSPs from the PSO HSPs. A similar phenomenon is
also observed in the acetone—ethanol—water mixture, where the addition of polar solvents (ethanol
and water) does not improve the acetone HSPs. Thus, single acetone still provides the best match
(lower RED) compared to its mixtures with ethanol or water, as shown in Figure 4(h).

Of all the ternary solvent mixtures, there are two mixtures that show the lowest RED values,
namely n-hexane—acetone—ethanol (64.58:8.13:27.28 vol%) and n-hexane—acetone—water
(73.07:16.18:10.75 vol%), each with RED values of 0.258 and 0.301 (Figure 5 (g—h)). In addition,
some ternary mixtures also produce lower RED values than predicted in their binary mixtures. For
example, the mixtures of ethyl acetate—n-hexane (77.20:22.80 vol%) and n-hexane—ethanol
(68.28:31.72 vol%) gave RED values of 0.206 and 0.258, better than the results for the respective
binary mixtures (RED = 0.208 and 0.300), as shown in Figures 4(a) and 4(f). These findings
indicate that in some cases, the presence of a third solvent can produce small changes in the HSPs
of the mixture, thus increasing its affinity for PSO. Furthermore, its presence as an independent
variable in the experiment also influences the optimization results, leading to shifts in RED values
that are not always predictable from the behavior of the binary mixture. Finally, all the binary and
ternary solvent mixtures resulted in six mixed solvents, 4 binaries and 2 ternaries, completing the
list of single solvents. Complete data regarding the best solvent mixtures are summarized in Table
6. All selected solvents were used for the PSO extraction process using the Soxhlet method.

Table 6. The list of all solvent mixtures with the lowest RED for Soxhlet-based PSO extraction

Solvent quantities (vol%) Price
No Mixture Solvent Code RED (USD/MT)
1 2 3 (28]
1 A 100.00 - - 0.297 1281
2 B 100.00 - - 0.743 1090
3 Single C 100.00 - - 0.776 1250
4 D 100.00 - - 1.512 741
5 E 100.00 - - 3.957 60 [76]
6 AB 77.20 22.80 - 0.206 1247.3
7 Binary BC 51.24 48.76 - 0.416 1175.2
8 BD 68.28 31.72 - 0.258 964.8
9 BE 86.79 13.21 - 0.342 896.2
10 Ternary BCD 64.58 8.13 27.28 0.258 997.5
11 BCE 73.07 16.18 10.75 0.301 963.5

Note: for mixed solvent prices were estimated based on mass fraction (A = ethyl acetate, B = n-
hexane, C = acetone, D = ethanol, and E = water)
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3.5 Performance evaluation of PSO extraction

The solvents selected for extracting oil from papaya seeds were selected based on their ability to
dissolve the target components (PSO and its nutraceutical compounds) through their proximity to
the HSPs values of PSO, ease of extraction process, and solvent separation from the final product
through boiling points that affect energy requirements, SHE aspects, market prices, and solvent
mixture interactions. The results of PSO extraction using the Soxhlet method with various solvent
variations, both single, binary, and ternary, for 360 minutes, are presented in a graph of the
relationship between time (t) and yield as shown in Figure 6. The results showed that increasing the
extraction time increased PSO yield until it approached its equilibrium value. This condition occurs
because prolonged contact between the solvent and the seeds allows the solvent to penetrate the
seed matrix, thereby increasing its ability to dissolve and carry PSO out of the seeds [79]. This
finding is in line with the report by Senrayan and Venkatachalam [80], which showed that PSO yield

increased with increasing extraction time at initial extraction time (< 6 hours).

Figure 6 also shows that almost all extraction curves exhibit a rapid initial phase (0 — 240 min),
followed by a slow or plateau phase (240 — 360 min). This pattern illustrates that mass transfer is
very intensive in the initial stage, then becomes limited by oil diffusion from within the seed
particles in subsequent stages. In the initial phase (washing stage), oil is released primarily from free
oil on the surface or from easily broken cells, resulting in a high extraction rate. Next, the process
enters the diffusion stage, in which the solvent penetrates the cell walls and carries oil out of the
seed matrix via diffusion [81]. In addition, according to Fick's law, the oil concentration gradient
between the seed matrix and the solvent remains large at the initial stage of extraction, resulting in
a high diffusion rate. However, this gradient decreases with time, so the diffusion rate and increase
in yield become slower towards the end of the process [82].

Further observations showed that at extraction times of 300 — 360 minutes, the change in PSO yield
was very small (maximum 0.008%/minute). This occurs because the diffusion rate begins to
decrease and approaches a near-constant value. Therefore, increasing the extraction time beyond
300—360 minutes is no longer efficient, and 300 minutes is the optimal condition. Furthermore,
the energy supply during the last 60 minutes is also ineffective. On the other hand, this 60-minute
time span can be used to prepare for the next batch extraction.
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Figure 6. Effect of solvent type on oil yield in papaya seed samples during the 360-minutes
Soxhlet extraction process (values within the same extraction time are considered
Signiﬁcantly different if indicated by different letters)
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Furthermore, PSO extraction with various solvents, both single and mixed, produced widely
varying yields. A mixture of solvents containing n-hexane and other organic solvents (ethyl acetate,
acetone, or ethanol) gave a higher PSO yield (14 — 19 wt%) compared to pure n-hexane
(10.29£0.13 wt%), polar solvents such as water (6.38+0.18 wt%) and ethanol (8.74%0.29 wt%).
The highest yield was obtained in PSO extraction using a mixture of ethyl acetate — n-hexane
(19.281+0.21 wt%) and n-hexane — acetone — ethanol (19.15+0.22 wt%). This indicates that using
solvent mixtures offers advantages during the extraction process, primarily because PSO is more
soluble in these mixtures. When using a single solvent, semipolar solvents such as ethyl acetate and
nonpolar solvents such as n-hexane gave higher yields than the more polar solvents, such as acetone,
ethanol, and water (Figure 6). Therefore, semi- and nonpolar solvents are often used for PSO
extraction and are known to produce high yields [22], [24], [83].

Similarly, the highest yield of sweet orange peel oil with n-hexane (6.15%) compared to ethanol
(4.89%) and distilled water (1.67%), due to its polarity, which is compatible with sweet orange
peel oil [84]. On the other hand, soybean oil extraction using ethyl acetate as a solvent produced
higher yields compared to n-hexane [85]. This is due to the semipolar nature of ethyl acetate, which
allows it to extract components soluble in both oil and water, resulting in a higher yield than with
n-hexane. A supporting report revealed that a higher soybean oil yield with ethyl acetate
(25.33%0.44%) than with n-hexane (24.2811.58%) [86]. Soybean oil is known to have HSPs
characteristics of 04, 5p and 8yp of 15.33, 3.77, and 6.87 MPa'”’, respectively, which are similar

to PSO (84, 6p and 8= 16.48, 3.18, and 5.97 MPa'"?).

Furthermore, PSO, which is generally composed of oleic, palmitic, and linoleic acids that are
nonpolar, tends to prefer nonpolar solvents. However, the use of a mixture of nonpolar and slightly
polar solvents can increase penetration into the solid matrix and mobilize more PSO, resulting in a
higher yield compared to the use of a single solvent, as shown in Figure 6. PSO is composed of
long-chain fatty acids that have one carboxylic group (-COOH) at the end of the molecule.
Although the majority of its structure is a nonpolar hydrocarbon chain, the -COOH group is polar
due to the presence of highly electronegative oxygen atoms (C=0O and O-H), resulting in a dipole
moment at the end of the molecule (6p contribution). This group can also act as a hydrogen bond
donor and acceptor (donor through H in -OH and acceptor through carbonyl oxygen C=0) (dyp
contribution) [34]. Therefore, although the overall molecule is nonpolar, its ends still contribute
8, (polar) and 8y p (hydrogen bond) to the HSPs value. In addition, for unsaturated fatty acids such
as oleic and linoleic acids, the 84, 8y, and Sy values also increase with the increase in the number
of double bonds. Similar results were found by Pena-Gil et al. [87], who estimated the HSPs of
vegetable oils and showed that the presence of 8}, and §p contributions increases the interaction
of the oil with slightly polar solvents, such as ethyl acetate, acetone, and ethanol, in their mixtures

with n-hexane.

Theoretically, the use of these mixed solvents is expected to provide operational benefits by
modifying the viscosity, surface tension, and boiling point of the solvent system. For instance,
adding n-hexane (0.33 cP, 18 mN/m) to ethyl acetate (0.43 cP, 24 mN/m) may reduce viscosity
and surface tension. This may enhance PSO mass transfer into the solvent and increase yield
compared with using ethyl acetate alone [88]. Adding ethyl acetate as a cosolvent with ethanol not
only increases soybean oil yield but also reduces energy consumption by lowering the mixture's
boiling point [89]. Similarly, the use of acetone as a cosolvent in a ternary system is thought to
facilitate interactions between n-hexane and ethanol [90], [91], while ethanol helps modulate the
mixture's boiling point. While these physical properties suggest potential advantages for mass
transfer and solvent volatility, they are preliminary predictions based on the physical properties of
the solvent.
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Opverall, although the binary mixture of ethyl acetate-n-hexane and the ternary mixture of n-
hexane-acetone-ethanol yielded the highest PSO yields, the ternary mixture was proposed as a more
advantageous solvent. This is based on its favorable physical properties, particularly its lower surface
tension and boiling point (21.01 mN/m, 56 °C) compared to the binary mixture (22.99 mN/m,
71 °C), calculated under mixed conditions, which may improve mass transfer and decrease energy
consumption during extraction and separation. Regarding economic considerations, a preliminary
assessment based on current market prices indicates that the ternary solvent mixture is cheaper
(997.5 USD/MT) than the binary solvent ethyl acetate—n-hexane (1247.3 USD/MT). However,
these technical and economic advantages are still theoretical. Comprehensive techno-economic
analysis, energy balance, and life cycle assessment (LCA) are recommended in future studies to
accurately quantify their impacts on the PSO extraction and separation process.

Although n-hexane remains present in the selected ternary mixture, its concentration decreases
significantly (from 100% to 64.58%) with the addition of acetone and ethanol. This blending
approach serves as a risk mitigation strategy by reducing the partial pressure of n-hexane vapor,
thereby reducing the risk of exposure during extraction. Specifically, the higher electrical
conductivity of ethanol and acetone may reduce the risk of ignition from static discharge compared
to pure n-hexane [92]. Furthermore, partial replacement of n-hexane with a more polar solvent
results in a mixture with a potentially better toxicological profile and lower VOC emissions [92].
While this ternary mixture offers a safer profile, it is important to emphasize that this is a partial
improvement, not a complete elimination of the potential hazard.

Regarding the quality of the extracted PSO, the selection of solvent systems is expected to influence
the fatty acid profile and the concentration of bioactive components [93]. Based on the HSPs, the
use of ternary mixtures (n-hexane-acetone-ethanol) provides a more balanced polarity, facilitating
the co-extraction of polar components, such as phospholipids and phenolic compounds, which
generally act as natural antioxidants for increasing the oxidative stability of the oil [94], [95].
Although the study successfully determined the optimal solvent combinations, a complete
characterization of the oil (i.e., fatty acid profile and physicochemical properties) is needed to
validate the quality of the final product. This research represents an initial screening phase to

identify the solvent that produces the best yield before more intensive characterization studies.

On the other hand, although the Soxhlet method serves as a standard for determining the maximum
extractable oil yield and as part of the framework for solvent screening, it is recognized that
extraction efficiency can be further improved by employing more intensive extraction methods.
Comparative studies have shown that modern methods, such as Ultrasonic Assisted Extraction
(UAE) or Supercritical Fluid Extraction (SFE), often achieve higher extraction rates in shorter times
compared to Soxhlet extraction [96], [97]. Although the uses of modern methods and detailed
comparative experimental data on PSO extraction are beyond the scope of this solvent screening
study, ongoing investigations into UAE for PSO are being conducted to examine the relationship
between solvent-solute thermodynamic compatibility (as determined by HSP and RED values) and
the resulting yield. Future comparisons are expected to provide a comprehensive evaluation of the
best operating methods and conditions, extraction kinetics, and energy efficiency, which are crucial
for the development of PSO extraction processes.

Furthermore, while the present work demonstrates the great potential of mixed solvent systems,
it should be noted that the extraction process was evaluated using a conventional one-factor-at-a-
time (OFAT) approach. While this allows a basic assessment of solvent affinity based on HSPs and
physical properties, it does not account for interactions among extraction parameters, such as
temperature, extraction time, and solids-to-solvent ratio. Therefore, further optimization using a
DoE approach such as Response Surface Methodology (RSM) is recommended for future studies.
The application of DoE will result in more stringent statistical evaluations, improved identification
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of synergistic interactions between independent and dependent variables, and the evolution of
robust mathematical models to predict and maximize PSO extraction yields.

4. Conclusion

This study investigated a systematic solvent screening for PSO extraction, narrowing 50 potential
solvents to 5 based on HSPs, physical properties (boiling point), and SHE criteria. Furthermore,
binary and ternary interactions among these five solvents yielded six potential solvent mixtures,
which were evaluated for PSO solubility, physical properties, and cost. Experimental results
showed that the solvent mixtures performed better than the pure solvents, with the highest yields
obtained in the mixtures of ethyl acetate-n-hexane (77.20:22.80 vol%) and n-hexane-acetone-
ethanol (64.58:8.13:27.28 vol%), yielding 19.28 £ 0.21 wt% and 19.15 £ 0.22 wt%,
respectively. Among the tested solvent mixtures, the n-hexane-acetone-ethanol mixture was
proposed as the most promising candidate for further implementation. This selection was supported
by its high solubility and favorable theoretical properties regarding surface tension, boiling point,
and cost. Overall, this systematic approach efficiently identified the best solvent mixture for PSO
extraction. The multi-criteria solvent screening approach significantly reduces the number of
experimental trials while providing valuable methodological guidance for future research on
vegetable oil extraction. Despite these findings, further research should focus on the comprehensive
characterization of PSO extracts, such as fatty acid and nutraceutical profiles, to validate PSO
quality. Furthermore, a transition from an OFAT-based research approach to a DoE is
recommended to investigate interactions among extraction variables. Finally, process
intensification, such as the use of UAE and SFE, will be crucial for future comparisons of yield,
extraction kinetics, and energy efficiency.
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