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Abstract: New environmentally friendly methods for extracting vegetable oils are in development,
with a focus on pressurized liquid extraction (PLE) in an intermittent process. Ethanol, a renewable
and generally recognized as safe (GRAS) solvent, is gaining prominence in this process. It is crucial
for these methods to maintain the physicochemical characteristics of the extracted oils and be
economically viable on a large scale. Using SuperPro Design software v 8.5, a simulation of PLE
scaled up to industrial levels was conducted. Measurements of oils extracted with pressurized hexane
and ethanol showed minimal density variations, with slightly higher viscosity for ethanol-extracted
oil. Accelerated oxidative degradation revealed a longer induction period for hexane-extracted oil,
indicating that ethanol-extracted oil degrades more easily. The antioxidant activity of the oil extracted
with hexane was lower than that with ethanol. In the differential scanning calorimetry analysis,
the oils extracted with hexane and ethanol presented onset melting point temperatures of −43.2
and −36.1 ◦C, respectively. The economic assessment considered 16 scenarios, showing a return on
investment ranging from 9.0 to 133.5% in the first year and payback times from 0.7 to 11.1 years.
Scenario 8, involving two 5000 L extractors, ethanol recycling, and an annual production of 3,325,300 L
of soybean oil at USD 1.25/L, demonstrated the best return on investment (133.5%) in less than one
year. Overall, this study suggests that industrial-scale soybean oil extraction via PLE in an intermittent
process can be more cost-effective than conventional methods, making implementation feasible.

Keywords: PLE; scale-up; green solvents; physicochemical analysis of soybean oil

1. Introduction

In the search for less toxic and environmentally safe extraction technologies, new
extraction methods have been devised for obtaining vegetable oils. Among these techniques
is pressurized liquid extraction (PLE) in an intermittent process [1–6].

PLE has been consolidated as an alternative for the extraction of vegetable oils using
less solvent than conventional methods or substituting solvents that are less harmful to the
environment and less toxic to humans. This process allows for decreased solvent viscosity
and increased diffusivity into the matrix (seeds, leaves, grains, etc.), thus enhancing the
efficiency of mass transfer [7]. This results in shorter extraction times and smaller amounts
of solvents compared with conventional extraction methods [8–11].
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The pursuit of new processes for extracting vegetable oils, as a substitute for the
conventional method that uses hexane, an unsustainable solvent that leaves toxic residues
in the product, has been accompanied by the search for other solvents that are less toxic
and less harmful to the environment, such as ethanol. Considered a generally recognized
as safe (GRAS) solvent, ethanol can be a substitute for hexane in PLE, since it has shown a
similar extraction efficiency to that of conventional oil extraction using hexane [1,12–15].

However, regardless of such efficiency, it is expected that oils extracted using alter-
native methods will exhibit the same physicochemical characteristics as oils extracted by
conventional methods. In addition, the economic feasibility of using new processes and
different solvents in extraction should also be assessed to ensure that the obtained oil can
be competitive in terms of the production cost, return on investment, and future profits.

In addition to the products’ properties, the study of implementing new processes is
fundamental for new technologies to replace conventional ones. There is a need to demon-
strate that the obtained product, in addition to being free from toxic residues of organic
solvents, can be economically feasible and industrially produced. Process optimization
at the laboratory scale, scale-up studies, and implementation analyses are interconnected.
Successful scale-up requires identically replicating a smaller-scale process [16,17].

Several parameters must be taken into account for a scale-up study of PLE equipment
in an intermittent process, such as the extraction kinetics, economic factors (construction
and operation costs), and the energy consumption involved. When scaling up a high-
pressure process, maintaining the ratio between the solvent mass (S) used and the mass
of the matrix (F) (S/F ratio), as well as the solvent’s residence time, are considered to be
efficient criteria for process scaling [18–20].

Experimental data at the laboratory or pilot scale can be used to calculate the con-
struction cost of the equipment at the beginning of the process; however, the cost of
manufacturing is what determines whether the process is profitable or not. Demonstrating
that a process is lucrative is the only way to attract investments for the implementation
of new processes with few or no references on an industrial scale. Therefore, a scientific
nature must be combined with economic awareness, as the cost aspects are fundamental to
the process’s design [16,17].

Thus, the present study aimed to characterize crude soybean oil, without any refining
process, extracted by PLE in an intermittent process using two different solvents (hexane
and ethanol). Additionally, economic feasibility was assessed to demonstrate different
configurations of possible industrial processes.

2. Material and Methods
2.1. Materials

The reagents used in the extraction processes were hexano 98.5% (Dinâmica Química
Contemporânea Ltda, Indaiatuba, Brazil), ethanol 99.5% (Dinâmica Química Contem-
porânea Ltda., Indaiatuba, Brazil), ABTS+ (Sigma Aldrich, São Paulo, SP, Brazil), sodium
persulfate (Synth, Diadema, SP, Brazil), and Trolox (Sigma Aldrich, São Paulo, SP, Brazil.
Commercial oil (Soya Bunge, Jaguaré, SP, Brazil) and soybean (Soya Bunge, Jaguaré, SP,
Brazil) were also used.

2.2. Extraction of Soybean Oil by Pressurized Liquid Extraction

The optimized soybean oil extraction conditions in PLE for hexane, in an intermittent
process, occurred at a temperature of 85 ◦C, with a contact time between the solvent and
the matrix (static time) of 13 min, and a rinse solvent volume of 60% of the extraction
cell’s volume, corresponding to a total of 60 mL and 20 mL in each cycle (C), fixed at
3 cycles. When ethanol was used as solvent, the optimal extraction point was observed at a
temperature of 80 ◦C, a static time of 12 min, with a rinse solvent volume (SV) of 60% of the
extraction cell’s volume, implying 60 mL or 20 mL in each cycle (C), fixed at 3 cycles. The
pressure of the system was maintained at 10.34 MPa. In a previous study by our research
group, soybean oil extracted using hexane and ethanol was characterized by its refractive
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index; determination of the non-lipid fraction, β-sitosterol, the free fatty acid content, and
the fatty acid profile; and estimation of the triacylglycerols [7].

2.3. Characterization of the Soybean Oil
2.3.1. Density and Viscosity

A benchtop digital density meter (DMA 4500, Anton Paar, Graz, Austria) was used
for the density analysis. The equipment provided density values with an uncertainty of
5 × 10−5 g/cm3. Readings of the oils extracted with hexane and ethanol and of the com-
mercial oil were taken to compare the obtained results. Approximately 3.0 g of soybean oil
was injected directly into the equipment using a syringe, and the analyses were conducted
in triplicate at temperatures of 25 and 40 ◦C.

Viscosity was determined using an automated falling ball micro-viscometer (AMVn,
Anton Paar, Graz, Austria). The readings were performed in triplicate at temperatures of
25 and 40 ◦C and inclination angles of 50, 60, and 70◦.

2.3.2. Differential Scanning Calorimetry (DSC)

The obtained soybean oils were analyzed using a differential scanning calorimeter
(DSC TA2010, TA Instruments, New Castle, DE, USA) in the range of −150 to 150 ◦C, with
a heating rate of 10 ◦C/min. For each analysis, a small amount of each sample (approx-
imately 7.0 mg) of the oils extracted using different methods and solvents was placed
in sealed crucibles and inserted into the equipment under a nitrogen-inert atmosphere
(45 mL N2/min). These curves enabled the identification of heat flow peaks (W/g), the
onset and end melting temperatures, and the enthalpies of fusion for each oil.

2.3.3. Oxidative Stability by the Enhanced Electrical Conductivity Method

The analysis of accelerated oxidative degradation using the enhanced electrical con-
ductivity method was carried out using Rancimat equipment (Metrohm, Switzerland) at
temperatures of 120 ◦C and an airflow rate of 15 L/h. Approximately 5.0 mL of soybean oil
was inserted in a Rancimat glass tube with a constant flow of atmospheric air (15 L/h at
25 ◦C) bubbled into the oil. Gases from the oil/air mixture were collected in a vial with
deionized water and an electrode to monitor electrical conductivity. As free radicals formed
in the mixture, they dissolved in the water, causing a gradual increase in conductivity. A
sudden change in this conductivity indicated the induction period (IP), marking the point
of complete oil oxidation [21].

Using the Arrhenius equation (Equation (1)) and the obtained values of the oxidative
induction period (IP), it is possible to calculate the activation energy (Ea) [22]

lnK = lnA0 −
Ea
RT

(1)

where K is the oxidation reaction rate constant for a specific temperature, A0 represents the
initial conductivity, Ea is the activation energy, R is the ideal gas constant, and T (K) is the
temperature used in the process.

2.3.4. Antioxidant Activity by the ABTS Method

In total, 5.0 mL of ABTS+(2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonate)) solution
(7 mM) was mixed with 88 µL of a sodium persulfate solution (140 mM) in a volumetric
flask and stored in the dark for 16 h (Solution A). After the reaction period, 500 µL of
Solution A was diluted in ethanol to achieve an absorbance reading on a spectrophotometer
(Thermo Fisher Scientific, G10S UV-Vis, Waltham, Massachusetts, USA) of 0.70 ± 0.05 nm
at a wavelength of 734 nm, thus originating Solution B. A total of 30 µL of the oil sample
was diluted in 3.0 mL of Solution B and read with the spectrophotometer.

For preparation of the standard curve to be used in the antioxidant activity analysis,
25 mg of Trolox was diluted in 50 mL of ethanol. Subsequently, in a Falcon tube, the
solution was further diluted in ethanol in proportions of 0.5:9.5, 2.5:7.5, 5.0:5.0, 7.5:2.5, and
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10.0:0.0 in a total volume of 30 µL (Trolox:ethanol v/v). A total of 3.0 mL of Solution B was
mixed in a vortex for 6 min and read on the spectrophotometer at λ = 734 nm, a wavelength
that exhibits minimal influence on turbidity and lower sample interference [23]. With the
obtained wavelength values, the equation for determining antioxidant activity was derived
(R2 = 0.9991) (Equation (2)). This equation enabled us to determine the values in terms of
Trolox equivalent antioxidant capacity (TEAC) [9,11,24–26].

ABS = −0.0003[Trolox] + 0.743 (2)

2.4. Scale-Up and Economic Viability of Implementation
2.4.1. Pressurized Liquid Extraction in Pilot-Scale Equipment Using Ethanol as Solvent

The pilot-scale PLE equipment, built in Brazil, consists of a 2.0 L jacketed stainless-steel
extractor, heated by circulating silicone oil maintained in a bath with electrical resistance.
A Shimadzu pump supplies the solvent to the extractor, while a back-pressure pump
maintains a pressure of 10 MPa. The system includes block, safety, and pressure relief
valves, and is manually operated with an intermittent process, including a final nitrogen
purge. The solvent reservoir holds 10 L, the collector holds 5.0 L, and the system is equipped
with manometers and thermocouples for pressure and temperature monitoring.

The pilot-scale equipment was used after optimizing the extraction process at the
laboratory scale for both solvents (hexane and ethanol) [7]. During the scale-up, the ratio
between the solvent mass (ethanol) and laminated soybean mass (S/F) was maintained (2.5).

The experiment used only ethanol to develop an industrial-scale method for vegetable
oil extraction with a green, sustainable solvent that leaves no toxic residues. This contrasts
with hexane, which is neither environmentally sustainable nor free from toxic residues.

A total of 900 g of soybeans was placed in the extractor and filled with approximately
1050 mL of ethanol. The first extraction cycle began when the temperature reached 80 ◦C
and the pressure was at 10 MPa. The solvent stayed in contact with the soybeans for
12 min, followed by a 400 mL solvent rinse and partial extract collection. During the
process, pressure and temperature were kept stable, though minor temperature fluctuations
occurred during the solvent’s entry and purging of the extract, which needed correction.
Subsequent cycles repeated the 12 min contact time and 400 mL rinse while collecting
the extract.

The adopted number of cycles (C) was 3. After the end of the third cycle, the system
was completely emptied by purging the remaining micelle in the extractor with nitrogen,
thus ensuring that the entire oil/solvent mixture was collected. The micelle was placed in a
rotary evaporator and the solvent was recovered, leaving only the crude oil.

2.4.2. Economic Analysis and Cost of Industrial-Scale Implementation/Production

The pilot-scale experiments, replicating the laboratory-scale process, were essential
for estimating the fixed capital investment (FCI) of a PLE system in an intermittent process.
The FCI calculation included installation financing and working capital. The cost of
manufacturing (COM) was based on the raw material costs, including soybeans, ethanol,
hexane, and nitrogen. The operating cost (OC) was estimated using recent labor cost data
from the chemical and food industries, including wages and associated hiring expenses.

The cost of manufacturing (COM) is influenced by several factors and can be divided
into direct costs, fixed costs, and overall expenses. Direct costs are related to the costs with
raw materials, services, labor, and energy consumption. Fixed costs, on the other hand,
involve taxes and the equipment’s insurance and depreciation, costs that are independent
of the production rate. Finally, the overall expenses are related to maintenance, research
and development, and administrative costs, among others [17,27–29]

Using SuperPro Design® (8.5) software, the implementation cost, operation cost, and
return-on-investment time for scales beyond the pilot were estimated. These calculations
considered the investment costs for constructing the pilot PLE and the operating costs
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(Table 1), raw material prices, and 2023 product selling prices. Table 2 outlines the costs for
constructing, maintaining, and operating the PLE in an intermittent process.

Table 1. Price of the pilot-scale components of PLE in an intermittent process.

Component Amount Price
(USD)

Total
(USD)

Model LC-20AP high-pressure pump,
flow range 0.01 to 150.0 mL/min 1 17,780.78 17,780.78

Pressure control valve 1 1967.46 1967.46
Glass bottle 5 398.98 1994.90

Pipes and fittings 1 764.52 764.52
Retention valve 2 123.28 246.56

Needle valve 4 71.36 285.43
Coated and insulated stainless steel

extractor (2 L) 1 3780.12 3780.12

Heating bath (20 L) 1 1732.72 1732.72
Aluminum support 1 1634.65 1634.65

Safety valve 1 28.94 28.94
Manometer 1 81.73 81.73

Technical drawing and installation 1 1083.97 1083.97
Block valve 4 316.71 1266.84

Return valve 2 192.07 384.14

Total PLE value 32,732.79

Table 2. Sales prices and construction, maintenance, and processing costs of PLE on a pilot scale.

Economic Parameters

PLE on a Pilot Scale—Total Cost of Construction USD 32,732.79

Cost depending on installation
Rate of depreciation 10%
Rate of maintenance 6%
Miscellaneous costs (taxes, insurance, etc.) 8%

Cost of operational labor
Labor (base rate—BR) USD 2.95/h
Benefits factor 0.8*BR
Supplier operational factor 0.1*BR
Supervision factor 0.2*BR
Administration factor 0.6*BR

Cost of raw material
Soybean USD 0.43/kg
Nitrogen USD 0.40/kg
Ethanol (for laboratory/lower scales) USD 3.92/L
Ethanol (for larger scales) USD 0.78/L

Public utility services (cost of services)
Electricity USD 0.1087/kWh

Sales prices
Soybean oil USD 1.00/L
Soybean bran USD 0.50/kg

In the experiment, we used laminated soybeans provided by Bunge® (Jaguaré, Brazil),
and the price of a soybean bushel was considered to be the value of this raw material, with
a cost of USD 0.43/kg of soybeans. The ethanol used was purchased for USD 3.92/L for
small scales and USD 0.78/L for larger scales (Table 2).

The total cost of construction and implementation of the pilot-scale PLE was USD
32,732.79 for equipment consisting of a 2.0-L extractor. The values of the equipment’s
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components (Table 1) were adjusted (in August 2023) for inflation during the period, which
was 5.31%.

The cost of waste treatment was disregarded, since the ethanol used in the extraction
process could be recovered. Moreover, soybean meal without oil can be utilized as a raw
material for new products, such as a protein source in animal feed and human foods.

To simulate the implementation and operation costs of the industrial-scale PLE, two
processing models were considered; the first was without ethanol recycling and the second
was with ethanol recycling, both involving the preheating of ethanol before entering the
extractor. The two processes’ flowchart models are shown in Figures 1 and 2, obtained with
the assistance of the SuperPro Design® program. Figure 1 illustrates the flowchart without
ethanol recycling, while Figure 2 shows the flowchart with ethanol recycling.

Two extractors were considered in industrial production, since the system operates in
batches. Having two extractors ensured that there was no idle time between operations.
While one extractor operated, the other was unloaded, cleaned, and loaded again with
laminated soybeans. The processing parameters were kept constant under the optimized
condition identified in previous experiments at the laboratory scale [7] (SV equal to 60% of
the extractor volume, 60 mL or 20 mL of rinse volume per cycle, C equal to 3, T of extraction
of 80 ◦C, and St of 12 min).

The simulated scenarios were proposed, based on the process flowcharts presented
in the form of a Gantt diagram (Figure 3) and also simulated using experimental data at
the pilot scale in SuperPro Design® software. From the evaluation of the pilot-scale PLE
scenario, the capacity was gradually increased to achieve a potential positive return. In this
simulation, the key components affecting economic parameters were taken into account
(Table 3).

The equipment costs for some capacities were commonly obtained from suppliers,
while for other equipment sizes or capacities, estimates were necessary due to the absence
of consistent trading on the desired scale or the unavailability of values from suppliers. As
a result, the estimated costs of the equipment used in the study for the required capacities
were calculated using the power law (Equation (3)) [28,30–32]. Here, C1 represents the cost
of equipment with a capacity of Q1, C2 represents the cost of equipment with a capacity
of Q2, and M is a constant that depends on the types of equipment. It was assumed that
the yield would remain consistent at larger scales when compared with the experimental
results at the laboratory scale.

C2 = C1

(
Q2

Q1

)M
(3)

The COM and the percentage contribution of the itemized costs (fixed capital invest-
ment, FCI; cost of raw materials, CRM; cost of operational labor, COL; cost of utilities,
CUT) were evaluated using the typical default models provided by the SuperPro Design®

simulator. The economic return scenarios considered the gross margin (GM), return on
investment (ROI), payback time (PT), net present value at 7% interest (NPV), and gross
profit (GP).
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Figure 1. Flowchart model of the extraction process with pressurized ethanol without solvent recycling. Figure 1. Flowchart model of the extraction process with pressurized ethanol without solvent recycling.
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Figure 2. Flowchart model of the extraction process with pressurized ethanol with solvent recycling. Figure 2. Flowchart model of the extraction process with pressurized ethanol with solvent recycling.
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Figure 3. Gantt diagram of the pressurized ethanol extraction process. 

  

Figure 3. Gantt diagram of the pressurized ethanol extraction process.
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Table 3. Variables used in each scenario to simulate the scale-up of the extraction process with
pressurized ethanol in an intermittent process.

Scenario Extractor Equip. Cost
(USD) Op. per Shift Shift */day Recycling Input Price Sales

1 2 × 2 L 32,732.79 2 1 No Ethanol: USD3.92/L;
soybean: USD0.43/kg

Oil: USD1.00/L;
bran: USD0.50/kg

2 2 × 10 L 85,973.58 2 1 No Ethanol: USD3.92/L;
soybean: USD0.43/kg

Oil: USD1.00/L;
bran: USD0.50/kg

3 2 × 50 L 225,812.01 4 1.5 Yes Ethanol: USD3.92/L;
soybean: USD0.43/kg

Oil: USD1.00/L;
bran: USD0.50/kg

4 2 × 500 L 898,973.79 4 1.5 Yes Ethanol: USD0.78/L;
soybean: USD0.43/kg

Oil: USD1.00/L;
bran: USD0.50/kg

5 2 × 1000 L 1,362,589.47 4 1.5 Yes Ethanol: USD0.78/L;
soybean: USD0.43/kg

Oil: USD1.00/L;
bran: USD0.50/kg

6 2 × 5000 L 3,578,879.12 4 1.5 Yes Ethanol: USD0.78/L;
soybean: USD0.43/kg

Oil: USD1.00/L;
bran: USD0.50/kg

7 2 × 5000 L 3,578,879.12 4 1.5 Yes Ethanol: USD0.78/L;
soybean: USD0.43/kg

Oil: USD1.10/L;
bran: USD0.55/kg

8 2 × 5000 L 3,578,879.12 4 1.5 Yes Ethanol: USD0.78/L;
soybean: USD0.43/kg

Oil: USD1.25/L;
bran: USD0.62/kg

9 2 × 5000 L 3,578,879.12 4 1.5 Yes Ethanol: USD1.96/L;
soybean: USD0.39/kg

Oil: USD1.25/L;
bran: USD0.62/kg

10 2 × 5000 L 3,578,879.12 4 1.5 Yes Ethanol: USD1.96/L;
soybean: USD0.32/kg

Oil: USD1.25/L;
bran: USD0.62/kg

11 2 × 5000 L 3,578,879.12 4 1.5 Yes Ethanol: USD1.96/L;
soybean: USD0.32/kg

Oil: USD1.10/L;
bran: USD0.55/kg

12 2 × 5000 L 3,578,879.12 4 1.5 Yes Ethanol: USD1.96/L;
soybean: USD0.32/kg

Oil: USD1.00/L;
bran: USD0.50/kg

13 2 × 5000 L 3,578,879.12 4 1.5 Yes Ethanol: USD1.96/L;
soybean: USD0.39/kg

Oil: USD1.10/L;
bran: USD0.55/kg

14 2 × 5000 L 3,578,879.12 4 1.5 Yes Ethanol: USD0.78/L;
soybean: USD0.43/kg

Oil: USD0.90/L;
bran: USD0.45/kg

15 2 × 5000 L 3,578,879.12 4 1.5 Yes Ethanol: USD0.78/L;
soybean: USD0.39/kg

Oil: USD0.90/L;
bran: USD0.45/kg

16 2 × 5000 L 3,578,879.12 4 3 Yes Ethanol: USD0.78/L;
soybean: USD0.43/kg

Oil: USD1.00/L;
bran: USD0.50/kg

* One shift means 8 working hours. Favorable scenarios are highlighted in blue, and unfavorable scenarios in red.

3. Results and Discussion
3.1. Characterization of the Soybean Oil

In the development of the process, the characterization of the products generated using
different solvents was necessary for process optimization and in simulating the estimation
of oil production costs and economic competitiveness

3.1.1. Density and Viscosity

Table 4 shows the density and viscosity values for the soybean oils extracted with
hexane and ethanol, and the values of these properties for a commercial oil for comparison.
For both temperatures, 25 and 40 ◦C, the density did not show a significant variation among
the oils extracted with the different solvents and remained very close to the value observed
in the commercial oil, even though it was refined. The highest density value at 25 ◦C was
identified in the oil extracted with hexane (0.9174 ± 0.0002 g/cm3). The oil extracted with
ethanol exhibited a density of 0.9025 ± 0.0001 g/cm3, and the commercial oil had a density
value of 0.9155 ± 0.0001 g/cm3. For this property, there was a significant difference due to
the solvents or the extraction method. The oil extracted with ethanol had a lower density,
differing from the oil extracted with hexane and the refined oil.
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Table 4. Density and viscosity of soybean oil extracted with different solvents at 25 and 40 ◦C and
physicochemical parameters obtained by DSC analysis.

Density (25 ◦C) Viscosity (25 ◦C) Density (40 ◦C) Viscosity (40 ◦C)
Soybean Oil (g/cm3) mPa·s (g/cm3) mPa·s

Hexane 0.9174 ± 0.0003 b 47.8 ± 0.0 a 0.9072 ± 0.0002 b 27.3 ± 0.0 a

Ethanol 0.9193 ± 0.0015 c 53.7 ± 1.5 c 0.9092 ± 0.0015 c 30.4 ± 0.8 c

Commercial 0.9155 ± 0.0001 a 49.5 ± 0.0 b 0.9059 ± 0.0005 a 28.4 ± 0.1 b

To (◦C) Tm (◦C) Tf (◦C) ∆T (◦C) ∆Hfus (J/g)
Soybean oil

Hexane −43.2 −21.95 6.1 49.3 54.4
Ethanol −36.1 −26.50 2.5 38.6 53.7

Commercial −34.2 −26.54 6.8 40.9 66.7

Values followed by the same lowercase letters in the same column do not differ significantly (p < 0.05).

The increase in temperature resulted in decreased density, as observed in the measure-
ments taken at 40 ◦C. The values for the oil extracted with hexane were 0.9072 ± 0.0002 g/cm3,
while the oil extracted with ethanol presented a density of 0.9092 ± 0.0015 g/cm3, and the
commercial oil, a density of 0.9059 ± 0.0005 g/cm3. Increased temperatures led to the oils’
expansion (even if slightly), causing an increase in volume and, consequently, a decrease
in density. Moreover, at this temperature, there was a significant difference between the
soybean oils obtained with ethanol and hexane and the commercial oil. This difference
may be due to the extraction methods used, as the commercial oil was extracted under
atmospheric pressure using hexane.

Shahid et al. [33] demonstrated that the density of soybean oil at 20 ◦C ranges from
0.9165 to 0.9261 g/cm3 and decreases drastically to the range of 0.000643 to 0.000668 g/cm3

with an increase in temperature to 63 ◦C. At room temperature, in this case, 20 ◦C, the
density values were of the same order of magnitude as those found in the present study, and,
as expected, the increase in temperature to 63 ◦C caused a considerable change in density.
Meanwhile, Gad et al. [34] observed a decrease in viscosity from 7.5 to 2.0 mPA·s and also
in density, from 0.916 g/cm3 to 0.870 g/cm3, in jatropha seed oil when the temperature was
increased from 15 to 105 ◦C.

The viscosity exhibited identical behavior concerning temperature, regardless of the
solvent or process used; the values decreased with the temperature increase. This behavior
was expected because vegetable oils demonstrate Newtonian behavior, and their viscosity
decreases with rising temperatures. According to Brock et al. [35], soybean oil has a
viscosity of 59 mPa·s at 20 ◦C and 29.5 at 40 ◦C. Other studies reported that the viscosity of
oil at 20 ◦C can range from 58.5 to 62.2 mPa·s [33].

In this study, the viscosity values for the soybean oil extracted with hexane were
47.8 ± 0.0 mPa·s and 27.3 ± 0.0 mPa·s at 25 and 40 ◦C, respectively. For the oil extracted
with ethanol, the viscosity values at 25 ◦C were 53.7 ± 1.6 mPa·s and 30.4 ± 0.8 mPa·s
at 40 ◦C. The analyzed commercial oil, used for comparison, exhibited a viscosity of
49.5 ±0.0 mPa·s at 25 ◦C and 28.4 ± 0.1 mPa·s at 40 ◦C (Table 4). The viscosity values of
the soybean oil at both temperatures (25 and 40 ◦C) were similar for the oil extracted with
hexane and the commercial oil. The oil extracted with ethanol showed slightly higher
viscosity than the other two oils (Table 4). The divergent viscosity value for the oil extracted
with ethanol can be explained by the fact that ethanol, being a polar solvent, may have
extracted other compounds along with lipids, and these polar soybean compounds could
be influencing the interactions and intermolecular forces in the oil, causing a slight increase
in its viscosity.

Wang et al. [36] reported that unrefined oils present high viscosity and low mobility.
According to Bhattacharya et al. [37] and Jia et al. [38], lecithin, a protein found in soybeans,
can increase the viscosity of vegetable oils when added or extracted from the matrix
during solvent extraction processes with polarities compatible with this compound, such
as ethanol.
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3.1.2. Differential Scanning Calorimetry (DSC)

The thermal analysis showed that the oil extracted with hexane had a peak at a
temperature of −43.2 ◦C, the oil extracted with ethanol had a peak at −36.1 ◦C, and the
commercial oil had a peak at −34.2 ◦C. The melting temperature (Tm) of the crude oil
varied depending on the solvent used in the extraction or the extraction method, with
values of 6.1 ◦C (hexane), 0 ◦C (ethanol), and 6.8 ◦C (commercial oil). The oil extraction
method and the solvent used influenced these physical properties.

Physical properties such as the melting temperature (Tm) and the variation in fusion
enthalpy (∆Hfus) also characterize the composition of oils and fats. The melting temperature
(Tm) of the oil extracted with hexane via PLE in an intermittent process and the commercial
oil showed values of −21.95 and −26.50 ◦C, respectively, values that were very similar to
those observed in the soybean oil extracted with ethanol (−26.54 ◦C) (Table 4). The analysis
of the thermal profile of oils obtained using different organic solvents and extraction
methods showed that in the oil extracted with ethanol, the melting temperature (Tm) was
lower than in the oils extracted with hexane and the commercial oil. Thus, it can be inferred
that the oil extracted with ethanol had its characteristics altered.

The melting temperature of soybean oils can vary according to their degree of refine-
ment, with values ranging from −23 to −6.0 [39,40], and is dependent on the triacylglycerol
composition of the oil. Therefore, different concentrations of specific acids or the degree of
oil degradation, even if small, can influence the melting point [41].

The variation in the fusion enthalpy of oils extracted with hexane and ethanol also
showed very close values. The ∆Hfus was equal to 54.39 J/g and 53.70 J/g, indicating that
the amount of heat absorbed by the oil during phase transition was not affected by the
extraction solvent.

3.1.3. Oxidative Stability Determined via the Enhanced Electrical Conductivity Method

Oxidative degradation was also assessed using the oils obtained via the different
solvents (hexane and ethanol) through pressurized liquid extraction in an intermittent
process and compared with commercial oil. Figure 4 shows the oxidation curve and the
induction period (IP) for the oils extracted with hexane (a) and ethanol (b) via PLE and
Soxhlet extraction (c), and the commercial oil (d) for comparison purposes.
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The induction point (IP) is the point at which the concentration of free radicals present in
the oil, due to oxidation, is sufficient to promote electrical conductivity in the distilled water.

Oxidative stability measures the resistance of an oil to the oxidation process [42]. This
physicochemical parameter is important in monitoring the quality of edible oils, as it is
directly related to the antioxidant compounds that the oil naturally possesses or that are
added during its processing [42–44]. This property is essential for indicating the storage
time and consumption of the product without any changes in its sensory (flavor, texture,
smell, and color) and nutritional characteristics [45,46].

Table 5 shows the values of the induction period (IP) and the conductivity of the
analyzed samples. It can be noted that the oil extracted with hexane presented a higher
IP compared with the other oils (8.38 h), followed by the commercial oil (5.66 h) and the
oil extracted with ethanol (0.21 h). Other authors found similar values. [47]. The ethanol-
extracted oil exhibited faster oxidation than the other oils, although it had similar acidity
levels to the oil extracted with hexane (2.11% ± 0.02 for ethanol and 2.12% ± 0.01 for
hexane) [48]. This may be because ethanol and its polarity extracts compounds that hexane
does not. These compounds can accelerate lipid oxidation, releasing radicals that sharply
increase conductivity, causing the oil’s oxidation time to be shorter than that of the oils
extracted with hexane and commercial oil.

Table 5. Induction period and conductivity, measured with a Rancimat, and the antioxidant activity
of soybean oil extracted with pressurized hexane and ethanol compared with conventional Soxhlet
extraction and commercial soybean oil.

Soybean Oil Induction
Period (IP) (h)

Conductivity
(µS/cm)

Activation
Energy (Ea) (J)

Activity (µM of
Trolox Equivalent/g)

Hexane 8.38 ± 0.73 48.5 6008.27 617.8 ± 3.9 c

Ethanol 0.21 ±0.01 9.0 11,862.66 618.9 ± 10.2 c

Soxhlet 3.03 * 16.0 9597.87 507.8 ± 1.9 a

Commercial 5.66 ± 0.85 33.0 8273.06 548.9 ± 5.1 b

* Single sample. Values followed by the same lowercase letters in the same column do not differ significantly
(p < 0.05).

Among the compounds that can accelerate oxidation, we highlight transition metals,
which exhibit thermal conductivity and numerous oxidation states [49], and phospholipids,
which may contain unsaturated fatty acids in their composition [47,50]. Additionally, Kehili
et al. [45], Musakhanian et al. [51], and Shahidi et al. [33] described how soybean oil has low
oxidative stability, which can be affected by inappropriate handling and storage conditions,
light exposure, and high humidity, as well as the oil’s intrinsic characteristics such as its fatty
acid composition and the presence of free fatty acids, phospholipids, natural antioxidants
(tocopherol), and pigments. Oils with a high degree of unsaturation are more susceptible to
oxidation [43,52]. According to Ramos et al. [7], the percentage of unsaturated fatty acids
in oils obtained with ethanol was 73.20% of the total, and the percentage of linolenic acid
was higher in the oil extracted with ethanol (8.25%) than in the oil extracted with hexane
(6.16%), on average.

Some authors have reported that adding natural or synthetic antioxidant compounds
increases the oxidative stability and oxidation time of vegetable oils. For example, the
study by Abdo et al. [24] used lyophilized extracts of pomegranate, orange, and beetroot
(at a concentration of 1:1:1) as a natural antioxidant in the assessment of thermal oxidation
of soybean oil during frying. The authors noted a reduction in the total oil oxidation by up
to 65%, compared with crude oil, when using 800 µg/mL of the extracts.

3.1.4. Antioxidant Activity Determined via the ABTS Method

The oil extracted with hexane presented an antioxidant activity of 617.8 ± 3.9 µmol of
Trolox equivalent antioxidant capacity (TEAC)/mg of oil. The oil extracted with ethanol
showed similar antioxidant activity, with 618.9 ± 10.2 µmol TEAC/g of oil. For the com-
mercial oil, the observed antioxidant activity was lower (548.89 ± 5.09 µmol TEAC/g
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of oil), while the oil extracted by the Soxhlet method had an antioxidant activity of
507.78 ± 1.92 µmol TEAC/g of oil (Table 5).

It can be noted that the solvents used in the extractions (hexane or ethanol) did not
have a significant influence on antioxidant activity, as the values of such activity for the oil
extracted with hexane were very close to those of the oil extracted with ethanol. Regard-
ing the extraction process, it can be stated that oils obtained through pressurized liquid
extraction showed a higher antioxidant effect than oils obtained through the conventional
process (commercial) and the Soxhlet method.

Freitas et al. [53] analyzed the antioxidant activity of pure soybean oil and obtained a
value of 255.3 ± 2.9 µmol TEAC/g of oil on the incorporation of grape seed extract into
soybean oil. This suggests that the high-pressure process may influence the solubilization
of compounds with antioxidant activity.

3.2. Scale-Up and Economic Viability of Implementation
3.2.1. Pressurized Liquid Extraction in Pilot-Scale Equipment Using Ethanol as the Solvent

The pilot-scale extraction was conducted in triplicate and yielded a mean extraction
efficiency of 19.28 ± 0.03%, with a mean oil recovery of 86.27 ± 0.12%. Soybean oil recovery
under identical processing conditions in PLE (at the optimal point) on a laboratory scale
was the same (86.16%), with an extraction yield of 19.26%.

In the scale-up process, the ratio between the mass of the solvent (ethanol) and the
mass of laminated soybeans (S/F) was kept constant; therefore, it was expected that the
yield would be the same, as this is commonly observed in scaled up processes [17,18]. In
the studies by Prado et al. [19] and Colivet et al. [18], the authors demonstrated that the
S/F ratio proved to be a suitable criterion for process scaling. Prado et al. [19] investigated
the scale-up of the supercritical fluid extraction process from grape seeds (Vitis vinifera
L.) from a 290 mL extractor to a 5.15 L pilot-scale extractor, and noted that the extraction
kinetic curves for both the laboratory-scale and the pilot-scale processes were similar.
Colivet et al. [18] showed that if the S/F ratio is maintained, the extractor size has no
influence on the yield of watermelon seed oil obtained with pressurized ethanol in an
intermittent process.

Conventional soybean oil extraction, used industrially, achieves yields of around 99%.
PLE with pressurized ethanol utilizes a different, non-toxic solvent derived from renewable
sources, and it is generally recognized as safe (GRAS) for health. This solvent is non-polar
and, along with the oil, extracts other compounds. The separation of the oil requires a
centrifugation process, which also leads to losses in the extracted oil content.

Although the processing conditions applied in this experiment originated from the
optimization of soybean oil extraction via PLE on a laboratory scale, it is important to
emphasize that there were still some controls that need improvement in the design of the
pilot-scale PLE in an intermittent process, such as, for example, the heating of the solvent
at the extractor’s inlet. If this step is not conducted, the processing temperature is not
immediately reached during each cycle until it stabilizes, resulting in a longer contact time
between the solvent and the matrix. Additionally, the temperature was not kept constant
throughout the entire extraction, as it should be.

3.2.2. Economic Analysis and Industrial-Scale Implementation/Production Costs

Through use of SuperPro Design® 8.5 software, 16 scenarios were simulated using
2 extractors, with volumes ranging from 2 to 5000 L. In addition to the extractor’s volume,
the number of operators (two and four) and the number of shifts per day (one to three
8 h shifts) also varied. In some scenarios, solvent recovery and recycling were considered
in the process. Table 3 shows the variations used in each scenario and the simulations
that allowed the scenario to yield better results, such as decreasing the raw material’s
acquisition cost or increasing the product sales price.

The optimized intermittent process adopted in the processing approach (Gantt dia-
gram) (Figure 3) consisted of three cycles in the extraction process. Initially, there was the
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manual loading of soybeans (soybean charging), followed by ethanol loading, heating, and
system pressurization (Pressurizing 1), marking the start of the first cycle (Static time 1).
After the end of the first cycle, the ethanol/oil mixture was removed (Oil purging 1) concur-
rently with the injection of a new amount of solvent (400 mL) and pressurization (Ethanol
loading 2 + Pressurizing 2), marking the end of Cycle 1 and the start of Cycle 2. At the end
of the third cycle, while the ethanol was purged along with the soybean oil, nitrogen was
injected for complete solvent removal.

The unloading of soybeans after extraction was also performed manually (residue
discharging), and the separation/recovery of the used ethanol (evaporation) and obtaining
the desired product was carried out in separate equipment, but still with the processing
time added to the presented Gantt diagram. It can be noted that heating was the process
stage with the longest continuous duration, as it was necessary to maintain a constant
temperature throughout the process to achieve the expected yield.

Through the simulations, it was possible to determine the total capital investment
(TCI), the operation cost (OC), the total revenue (TR), the productivity of the oil (PO), the
cost of manufacturing (COM), the gross margin (GM), the return on investment (ROI), the
payback time (PT), the net present value (NPV), the cost of the raw material (CRM), the cost
of operational labor (COL), the fixed capital investment (FCI), the cost of utilities (CUT),
the gross profit (GP), and the productivity of the bran (PB) for all scenarios, identifying the
best one among them for industrial implementation (Table 6). Figure 5 shows the cost of
manufacturing (COM) and the gross margin (GM) for Scenarios 6 to 16.

Among the 16 simulated scenarios, 8 proved to be ineffective for implementation
(Scenarios 1, 2, 3, 4, 11, 12, 13, and 14). It can be noted that in the referenced scenarios,
the return on investment (ROI) was either negative or very low (close to zero) (Table 6,
Figure 5), indicating that these scenarios would not be sustainable over time, regardless of
variations in the sales price or the acquisition cost of raw materials and solvents.

Among the scenarios that did not show a positive return on investment, two of them
did not promote ethanol recycling (Scenarios 1 and 2). These were smaller systems using
sets of extractors with volumes of 2.0 and 10 L. Six scenarios, on the other hand, using
sets of extractors with volumes of 50, 500, 1000, and 5000 L, involved ethanol recycling
(Scenarios 3, 4, 11, 12, 13, and 14).

Through an analysis of Scenarios 4 and 5, it can be observed that the variation in
the production volume using a set of extractors ranging from 500 L (Scenario 4) to 1000 L
(Scenario 5), while maintaining all the other variables constant, had a positive effect on the
ROI, making the latter scenario favorable for implementation. Thus, in the proposed instal-
lation with two systems, where one extractor is prepared while the other is in operation
(Figures 1 and 2), the extractors should have volumes greater than 1000 L to achieve positive
financial returns and feasibility in their implementation. However, not all production lines
with larger extractors proved favorable due to other factors, such as the purchase price of
soybeans and ethanol or the sales price of the oil and bran (Table 3).

When comparing Scenarios 10 and 11 (Table 3), for instance, a small variation in
the sales price of soybean oil and bran, while maintaining the other variables constant,
rendered Scenario 11 unfavorable for implementation, whereas Scenario 10 became fa-
vorable. This can also be seen in Figure 5, where Scenario 10 has a lower COM and a
much higher GM than Scenario 11, indicating lower production costs and a higher profit
percentage. Regarding the raw material acquisition price, Scenarios 14 and 15 showed that
a decrease in the soybean acquisition price (Scenario 15) can make the scenario favorable
for implementation.
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Table 6. Results obtained in simulated scenarios for implementation of the extraction process with pressurized ethanol on an industrial scale.

Scenario
TCI

(×103)
(USD)

OC
(×103)

(USD/year)

TR
(×103)

(USD/year)

PO
(×103)

(L/year)

PB
(×103)

(kg/year)

COM
Oil

(USD/L)

COM
Bran

(USD/L)
GM (%) ROI (%) PT

(year)

NPV
(×103)
(USD)

CRM
(%)

COL
(%)

FCI
(%) CUT (%) GP (×103)

(USD/year)

1 66 103 42 0.89 4.0 113.5 0.50 −141.9 −68.6 NA −760 40.1 48.1 5.7 6.1 −61
2 159 301 212 4.4 20.2 66.1 0.50 −41.7 −36.9 NA −735 68.6 16.4 4.6 10.4 −89
3 292 368 115 33.2 151.1 8.81 0.50 −219.8 −399.5 NA −3220 53.7 40.2 5.4 0.7 −253
4 1223 1215 1151 332.5 1510.7 1.38 0.50 −5.6 −31.1 NA −1017 79.3 12.2 6.5 2.0 −65
5 1730 2244 2301 665.1 3021.4 1.10 0.50 2.5 9.0 11.1 192 85.9 6.6 5.3 2.2 58
6 5001 10,341 11,507 3325.3 15,106.9 0.84 0.50 10.1 38.4 2.6 7729 93.2 1.5 3.0 2.3 1166
7 5001 10,341 12,663 3325.3 15,106.9 0.61 0.55 18.3 76.4 1.3 16,380 93.2 1.5 3.0 2.3 2323
8 5001 10,341 14,398 3325.3 15,106.9 0.27 0.62 28.2 133.5 0.7 29,355 93.2 1.5 3.0 2.3 4057
9 5001 13,449 14,398 3325.3 15,106.9 1.21 0.62 6.6 23.8 4.2 5793 94.8 1.2 2.3 1.7 949
10 5001 12,596 14,398 3325.3 15,106.9 0.95 0.62 12.5 48.4 2.1 12,523 94.3 1.3 2.5 1.9 1801
11 5001 12,596 12,663 3325.3 15,106.9 1.29 0.55 0.5 1.8 55.7 −1498 94.3 1.3 2.5 1.9 67
12 5001 12,596 11,507 3325.3 15,106.9 1.52 0.50 −9.5 −48.8 NA −15,915 94.3 1.3 2.5 1.9 −1090
13 5001 13,449 12,718 3325.3 15,106.9 1.55 0.55 −5.7 −30.6 NA −11,598 94.8 1.2 2.3 1.7 −731
14 5001 10,341 10,384 3325.3 15,106.9 1.07 0.45 0.4 1.4 70.2 −1363 93.2 1.5 3.0 2.3 43
15 5001 9566 10,384 3325.3 15,106.9 0.83 0.45 7.9 29.2 3.4 5199 92.7 1.6 3.3 2.4 818
16 5001 20,366 23,014 6650.7 30,213.8 0.79 0.50 11.5 87.1 1.2 18,812 94.6 1.5 1.6 2.3 2648

TCI, total capital investment; OC, operating cost; TR, total revenues; PO, productivity of the oil; COM, cost of manufacturing; GM, gross margin; ROI, return on investment; PT, payback
time; NPV, net present value; CRM, cost of raw material; COL, cost of operational labor; FCI, fixed capital investment; CUT, cost of utilities; GP, gross profit; PB, productivity of the bran.
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In contrast with the negative scenarios, Scenarios 5, 6, 7, 8, 9, 10, 15, and 16 (Table 6 and
Figure 5) evidenced a positive return on investment and proved suitable for implementation.
These production lines, containing two 5000 L extractors, were designed to be operated by
four people in 8-h shifts, with ethanol recycling, which is crucial for the process’s economy,
and with the plant’s operational time ranging from 12 to 24 h of service. The differentiation
between these scenarios is related to variations in the cost of product acquisition and the
sales price of the product and residues (oil and soybean). This can be noted in Figure 5,
where a significant contrast can be observed between favorable scenarios with a positive
GM and unfavorable scenarios with a negative GM.

The return-on-investment percentages in the first year ranged from 9.0 (Scenario 5)
to 133.5% (Scenario 8), with payback times varying from 0.7 (Scenario 8) to 11.1 years
(Scenario 5). The best implementation design (Scenario 8, Table 6) was undoubtedly the
one with the highest return on investment (133.5%) in the shortest time (0.7 years). Figure 5
graphically illustrates this, showing that Scenario 8 had the lowest cost of manufacturing
(COM) at USD 0.27/L and the highest gross margin (GM) of 28.2%. In this process line,
two 5000 L extractors with ethanol recycling were considered, reaching a significant annual
soybean oil production of 3,325,300 L, resulting in a cost of manufacturing oil of around
USD 1.25/L.
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Considering that the sales price of soybean oil is USD 1.34/L (August 2023 on the
Chicago Stock Exchange), soybean oil extracted via industrial-scale PLE is 6.71% cheaper
than soybean oil extracted by conventional methods (not taking into account the oil refin-
ing step). In addition to financial viability, oil extracted via pressurized ethanol has the
advantage of using a renewable solvent, with lower environmental impact and greater
safety for consumers.

An economic assessment that allows the establishment of a large-scale company with
a payback time of up to 5 years [29] can be considered favorable. Scenarios 14 and 20
(Table 6) showed a payback time exceeding 5 years.

With the aid of the data simulated using SuperPro Design® 8.5 (Table 5) based on the
scaled up data, it can be noted that the cost of raw material (soybeans) and the production
volume are factors that impact economic parameters, and the process of pressurized ethanol
extraction is viable. Thus, the importance of seeking for processes that use smaller amounts
of solvent and optimize the use of raw materials is evident, increasing productivity and
obtaining a product that is safe for health without toxic solvent residues.

4. Conclusions

It can be concluded that the different extraction methods used, as well as the different
solvents, did not significantly affect the physicochemical properties of the analyzed oils.
The variations in the viscosity and mean induction period (IP) found in the soybean oil
extracted with pressurized ethanol may be related to non-lipid compounds extracted along
with the oil due to the polarity of the solvent.

The antioxidant activity showed very similar values regardless of the solvent used in
the PLE extraction process. In the commercial oil, which was extracted by the conventional
extraction method (atmospheric pressure), the antioxidant activity showed a lower value,
demonstrating that the extraction pressure slightly favored the maintenance of antioxidant
compounds in the oil.

The DSC analysis also showed that the solvents used did not influence the oil’s melting
temperature or enthalpy variation, as expected, since the extraction process should not
affect the oil’s thermal profile. The melting temperature of the soybean oil extracted
with ethanol was practically identical to that of the conventionally extracted soybean
oil (commercial).

The pilot-scale extraction yield reached values that were very close to the laboratory-
scale yields when ethanol was used as a solvent, indicating that the pilot-scale PLE equip-
ment has the potential for improved yields as its performance is refined.

The economic and implementation cost analyses on an industrial scale showed that
there is viability for implementing pressurized fluid extraction equipment on an industrial
scale and that the sales price of the oil extracted with pressurized ethanol was lower
than that of commercial oil. In addition to being cheaper, ethanol-extracted oil is more
sustainable and less toxic.
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volume; TAGs, triacylglycerols; Tb, boiling temperature; TCI, total capital investment; TEAC, Trolox
equivalent antioxidant capacity; Tg, glass transition temperature; Tm, melting temperature; TR, total
revenues; ∆Hfus, fusion enthalpy.
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