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Abstract

This study investigates the supercritical transesterification of waste beef tallow using
methanol, with carbon dioxide employed as a cosolvent to reduce the operating pressure.
The experimental design, guided by response surface methodology, evaluated the effects
of reaction temperature (250–360 ◦C), carbon dioxide/methanol molar ratio (0.000–0.421),
and methanol/beef tallow molar ratio (40–50) on conversion and quality during 60 min in
a batch reactor. Bulk properties and spectroscopic analyses confirmed that the fatty acid
methyl esters (FAMEs) met reference standard values. The results showed that temperature
was the most significant factor affecting conversion, while carbon dioxide addition proved
beneficial at high methanol-to-fat ratios. The process proved to be a feasible method
for producing high-quality biodiesel while lowering required pressure compared with
non-cosolvent supercritical systems.

Keywords: supercritical transesterification; methanol; waste beef tallow; carbon dioxide;
biodiesel; response surface methodology

1. Introduction
As a non-renewable resource, petroleum still serves as a critical global feedstock for

chemical production and a primary fuel source (mainly gasoline and diesel) for trans-
portation [1]. While certain nations maximize daily production barrels, others rely heavily
on oil revenue to sustain their economies [2]. However, various countries have already
reached peak oil production [3], triggering global efforts to mitigate the environmental and
social impacts of fossil fuels [4]. Nowadays, oil production is mainly defined by the shift
toward a sustainable energy transition. While traditional fossil fuels meet present needs,
e.g., ultralow sulfur diesel with <10–15 ppm sulfur, there is a clear move toward prioritiz-
ing renewable energy and cleaner technologies to reduce emissions. The growing use of
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biodiesel as a lower-carbon alternative for the transportation sector has been recognized to
be an important part of this strategy.

Regarding the ecological impact of fossil fuels, carbon dioxide emissions are a primary
concern due to their well-known effects on global climate and public health [5,6]. Con-
sequently, the energy transition is a major focus of research and development, driven by
both declining oil production and its broader socio-economic consequences [3]. To achieve
carbon neutrality, various alternatives have been proposed, leveraging renewable sources
such as solar, wind, hydro, and geothermal power, as well as energy derived from organic
matter [7]. Biomass serves as a versatile feedstock for energy generation; however, it is
crucial to distinguish between its various forms, as not all organic matter achieves the
goal of carbon neutrality [8]. Biofuels are derived from diverse sources, including wood,
agricultural crops, animal and sanitary waste, algae, and fats [9]. Biodiesel stands out as a
primary biofuel, produced from a wide range of feedstocks—from edible and non-edible
oils to agricultural residues and waste [10,11]. A significant advantage of biodiesel is its
compatibility with conventional engines; it can be utilized in blends of up to 20% by volume
without requiring mechanical modifications [12].

Biodiesel is synthesized through the transesterification of fats with alcohols using
various catalytic systems, including homogeneous or heterogeneous phases in acidic or
basic media, as well as biocatalysts and nano-catalysts [13]. An alternative approach is
supercritical transesterification, which eliminates the need for catalysts. This method
offers distinct advantages over catalytic processes, as the reaction remains unaffected by
water content or impurities in the feedstock, thereby simplifying downstream purification.
The most common reagents are vegetable oils and methanol [14], with waste animal
fats serving as a sustainable alternative to edible oils and agricultural crops [15]; these
feedstocks are economically feasible for producing biodiesel with the required quality
specifications [16], with the process being technically suitable in terms of scaling up [17]
and having recommendations for safe operation [18].

Various studies have investigated the supercritical transesterification of animal fats
with methanol [19–22]. An alternative strategy to achieve supercritical conditions at re-
duced temperatures and pressures is the addition of a cosolvent [14]. Various substances,
such as propane, n-hexane, heptane, cyclohexane, toluene, dimethyl ether, and diethyl
ether, have been investigated for the transesterification of coconut oil with supercritical
methanol, with carbon dioxide (CO2) emerging as the most frequently utilized [23], with
the possibility of being sequestered from the product of combustion to cosolvent for su-
percritical transesterification to attain carbon neutrality [24]. Similarly, other research on
soybean oil transesterification explored the use of CO2 and hexane as cosolvents [25–28].
These studies are summarized in Table 1, where P, T, t, nCO2:nOH and nOH:nfat stand for
pressure, temperature, time, molar ratio of carbon dioxide and methanol and molar ratio of
methanol and fat, respectively.

Table 1. Selected research of supercritical transesterification of fats with methanol and carbon dioxide
as cosolvent.

Ref. Feedstock P/MPa T/◦C t/min nCO2:nOH nOH:nfat Findings

[19] Chicken fat 5.9–41.1 300–400 2–6 0.00 3–6

Temperature, molar ratio of
methanol and fat, and reaction
time had a significant effect in
yield; no thermal degradation

occurs up to 350 ◦C; the
transesterification reaction is

not reversible
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Table 1. Cont.

Ref. Feedstock P/MPa T/◦C t/min nCO2:nOH nOH:nfat Findings

[20] Refined lard 15–25 320–350 5–20 0.00 30–60

Agitation speed was assessed;
optimal conditions were

determined; unrefined lard can
be used for transesterification

[21] Pig fat Not reported 220–290 Not
reported 0.00 40.5–67.5

Temperature had a positive
effect on conversion; variation
in molar ratio of methanol and

fat did not affect conversion

[22] Pig fat 11.4–18.7 250–290 0–60 0.00 40.5–67.5
Molar ratio of methanol can be
the minimal to achieve above

99% conversion

[25] Soybean oil 14.3 MPa 200–310 5–30 0.10 6–42

Addition of carbon dioxide
reduced temperature and

pressure to obtain
98% conversion

[26] Soybean oil <20 260–350 0–60 0.00–0.75 24–55

Molar ratios of carbon
dioxide/methanol and

methanol/oil of 0.20 and 42,
respectively, helped to decrease
temperature for maximum yield

[27] Rice bran oil 30 300 5 Not
reported 27

Oil must be dewaxed and
degummed; 94.84% yield

was achieved

[28] Sunflower oil 14–28 280–350 0–45 0.05–0.20 20–30
Yield increased no more than

6% when carbon dioxide
was added

As demonstrated, various parameters significantly influence the yield of supercritical
transesterification. Response surface methodology (RSM) is a robust tool for analyzing
how these factors and their interactions affect the process; particularly in non-catalytic
biodiesel production, most studies utilizing RSM focus on optimizing reaction tempera-
ture, alcohol-to-fat molar ratio, and reaction time to maximize yield [29]. Furthermore,
research has shown that water content in the feedstock can unexpectedly exert a positive
effect on yield [30], alongside the influence of reaction pressure [31,32]. The addition of a
cosolvent has also been evaluated as a key factor [33,34]. For instance, Tobar and Núñez
investigated the production of methyl and ethyl esters from Spirulina oil, determining that
the impact of carbon dioxide was more significant than that of temperature, with higher
values of both variables leading to increased yields [35]. Based on these considerations,
this study employs RSM to evaluate biodiesel production from waste beef tallow via super-
critical transesterification. Using methanol and carbon dioxide as a cosolvent, the research
investigates the influence of reaction temperature, the methanol-to-fat molar ratio, and
the CO2-to-methanol molar ratio on the final conversion. Additionally, a comprehensive
characterization of the resulting methyl esters was performed, supported by a detailed
statistical analysis of the experimental data.

2. Materials and Methods
2.1. Materials and Equipment

Waste beef tallow was sourced from butcher shops in Mexico City. Pretreatment
involved melting, decantation, and filtration to remove impurities; the purified tallow
was then stored in a freezer at −5 ◦C, to be used for characterization and supercritical

https://doi.org/10.3390/en19153458

https://doi.org/10.3390/en19153458


Energies 2026, 19, 3458 4 of 19

transesterification. Technical-grade methanol (99.5%) was supplied by Fermont (Monterrey,
Mexico), while high-purity carbon dioxide (99.99%, Coleman-grade) was obtained from
Infra (Naucalpan, Mexico).

The transesterification reactions were performed in a 170 cm3 batch reactor (diameter
and height of approximately 3.8 cm and 16.5 cm, respectively) constructed from Inconel
625, an alloy capable of withstanding temperatures up to 600 ◦C, pressures up to 45 MPa,
and highly corrosive environments. The experimental setup is illustrated in Figure 1,
featuring: stirring device (1), valve for gas feeding or degassing (2), reactor vessel body (3),
thermocouple well (4), ceramic band heater (5), mixer rod (6), reactor vessel lid (7), rupture
disk (8), thermocouple (9), manometer (10), temperature controller (11) and circulating
bath (12).

Figure 1. Schematic diagram of the batch reactor used for supercritical transesterification. Blue for
cold fluid, red for hot fluid.

2.2. Experimental Procedure

The experimental process was conducted as follows: waste beef tallow and methanol
were loaded into the reactor (quantities according to the design of the experiment described
in a later section), which was then hermetically sealed. Residual air was removed using
a vacuum pump, followed by the introduction of carbon dioxide in sequential loads
using a pycnometer. Once all reagents were charged, the reactor was heated to the target
temperature and strictly monitored to ensure isothermal conditions throughout the reaction.
The reaction time was set to 60 min from the moment the desired temperature was reached
to ensure maximum conversion of triacylglycerides into methyl esters; even though shorter
reaction times have been reported [19,20,27], it may depend on feedstock origin, for which
the process takes up to 90 min [36].
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Upon completion, the heating system was stopped, and the reactor was allowed to cool
to room temperature. Gaseous residues, including carbon dioxide, were vented through
the degassing valve. The reactor was then opened, and its contents were transferred to a
flask for the removal of volatiles using a rotary evaporator (HAHNVAPOR HS-2001NS,
Hahn Shin Scientific, Bucheon, South Korea) at a vacuum pressure of 0.095 MPa. The
resulting mixture—comprising methyl esters, glycerol, and unreacted fat—was transferred
to a separatory funnel to allow phase separation. The lower layer, identified as glycerol, was
removed, while the upper layer containing the methyl esters was collected for subsequent
analytical characterization.

2.3. Characterization of Products

Molar mass was determined using a cryoscope (Cryette WR 5009, Precision Systems
Inc., Natick, MA, USA) with water-saturated benzene as the solvent. The procedure as
suggested by the operation manual began by measuring the freezing point of the pure
solvent to calibrate the instrument to zero. A sample–solvent mixture was then prepared at
a 25:1 mass ratio. The solution was undercooled to 7 ◦C below the pure solvent freezing
point, after which it reached thermal equilibrium at the mixture freezing point. The
resulting freezing point depression was used to calculate the molar mass.

The acid number was determined via potentiometric titration [37], while the iodine
value was measured by volumetric titration according to the EN 14111 standard [38]. For
quality compliance, the acid number has a maximum reference value of 0.50 mg KOH/g per
ASTM D6751 [39], and the iodine value must not exceed 120 g I2/100 g [38]. Additionally,
water content was measured using a Karl Fischer titrator (Mettler Toledo, Greifensee,
Switzerland); per ASTM D6751 standards, the maximum allowable moisture content in
biodiesel is 0.05% [39]. The cetane index (CI) was estimated using the correlation proposed
by Krisnangkura [40], which is based on the saponification index (SI) and iodine value (IV)
as follows:

CN = 46.3 + 5458 ⁄ SI − (0.225 IV), (1)

The cetane index was also calculated with a linear mixing rule, which is based on
the mass fraction (wi) of each methyl ester—determined via gas chromatography–mass
spectrometry (GC-MS)—and their respective individual cetane numbers (CNi) [41]:

CI = ∑wi CNi, (2)

According to ASTM D6751, the cetane number must be greater than or equal to 47 [39].
The calorific value was determined using an isoperibol bomb calorimeter (Parr 6200, Parr
Instrument Company, Moline, IL, USA) equipped with an oxygen combustion vessel
(Parr 1108) and a water handling system (Parr 6510). The instrument was calibrated with
benzoic acid, establishing an energy equivalent of 10,073.1 J·K−1. Calorific values were
obtained directly from the apparatus interface; for biodiesel, the value must be at least
35 MJ·kg−1 to comply with the EN 14214 standard [42]. Table 2 contains the values of
different biodiesel properties according to ASTM International as well as the European
Committee for Standardization.

Fourier-transform infrared (FTIR) spectra were obtained using a Perkin Elmer Spec-
trum GX spectrometer (PerkinElmer, Shelton, CT, USA) to identify functional groups
within the biodiesel samples. Specifically, the carbonyl group was monitored to confirm
the presence of methyl esters and to compare the spectra of the feedstock with those of
the reaction products. Nuclear Magnetic Resonance (NMR) analysis was performed on a
Bruker 750 MHz spectrometer (Bruker Corporation, Billerica, MA, USA) using deuterated
chloroform as the solvent. 1H NMR spectra were recorded using a zg30 pulse sequence,
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a relaxation time of 1 s, a pulse width of 7.19 microseconds, and 16 scans, while the pa-
rameters for 13C NMR spectra were optimized for each individual sample. This analysis is
essential for calculating conversion according to the formula proposed by Knothe [43]:

Y = (5 Im) ⁄ ((5 Im + 9 It)) × 100, (3)

where Im and It stand for the integration values of the signals between 3.50 and 3.80 ppm
and between 4.00 and 4.40 ppm, respectively. The former represents the integration value
of the methyl ester peak, while the latter is the integration value of the glyceridic peaks in
the triacylglycerides of the fat.

Table 2. Properties of biodiesel as indicated by international standards.

Property ASTM International European Committee
for Standardization

Cetane number 47 min. 51 min.
Acid number 0.50 mg KOH·g−1 max. 0.50 mg KOH/g max.
Iodine value - 120 g I2·100 g−1

Water content 0.05% 500 ppm
Calorific value - 35 MJ·kg−1 min.

For all physicochemical properties determined in this study, the reported values
represent the mean of three independent replicates.

2.4. Response Surface Methodology

This statistical framework was employed to examine the variables influencing the
transesterification process and to identify the optimal conditions for achieving maximum
conversion. The independent variables investigated were reaction temperature (T), the
carbon dioxide-to-methanol molar ratio (nCO2:nOH), and the methanol-to-fat molar ratio
(nOH:nfat). A three-factor Central Composite Design (CCD) was applied, consisting of
factorial points (levels −1 and +1), center points (level 0), and axial points (levels −α and
+α). Specifically, a rotatable design was adopted with α = 1.682. The coded and actual
values for each variable, along with the corresponding experimental runs, are summarized
in Table 3.

Table 3. Central composite design for the supercritical transesterification of waste beef tallow with
methanol and carbon dioxide.

Experiment X1 X2 X3 T/◦C nCO2:nOH nOH:nfat

1 −1 −1 −1 272.30 0.129 42.03
2 +1 +1 −1 337.70 0.367 42.03
3 +1 −1 +1 337.70 0.129 47.97
4 −1 +1 +1 272.30 0.367 47.97
5 0 0 0 305.00 0.267 45.00
6 0 0 0 305.00 0.267 45.00
7 +1 −1 −1 337.70 0.129 42.03
8 −1 +1 −1 272.30 0.367 42.03
9 −1 −1 +1 272.30 0.129 47.97

10 +1 +1 +1 337.70 0.367 47.97
11 0 0 0 305.00 0.267 45.00
12 0 0 0 305.00 0.267 45.00
13 −1.682 0 0 250.00 0.267 45.00
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Table 3. Cont.

Experiment X1 X2 X3 T/◦C nCO2:nOH nOH:nfat

14 +1.682 0 0 360.00 0.267 45.00
15 0 −1.682 0 305.00 0.000 45.00
16 0 +1.682 0 305.00 0.421 45.00
17 0 0 −1.682 305.00 0.267 40.00
18 0 0 +1.682 305.00 0.267 50.00
19 0 0 0 305.00 0.267 45.00
20 0 0 0 305.00 0.267 45.00

The response variable Y, representing the percentage conversion, was modeled using
the following polynomial equation:

Y = b0 + b1X1 + b2X2 + b3X3 + b11X1
2 + b22X2

2 + b33X3
2 + b12X1X2 + b13X1X3 + b23X2X3, (4)

where b are the coefficients of the polynomial and X are any of the variables. Statistical
analyses were performed manually using spreadsheet software.

3. Results and Discussion
3.1. Bulk Characterization of Feedstock and Biodiesel

The main properties of the waste beef tallow are summarized in Table 4. Table 5
presents the experimental yields and characterization results of products obtained for each
design run outlined in Table 3.

Table 4. Properties of the waste beef tallow.

Property Value

Molar mass/g·mol−1 846.2 ± 2.0
Acid number/mg KOH·g −1 0.74 ± 0.01
Iodine value/g I2·100 g fat−1 52.13 ± 2.25

Water content/% 0.04 ± 0.001

After determining molar mass by cryoscopy, samples were filtered and other mate-
rials were removed from the biodiesel to prepare it for characterization. Experiment 13
produced the lowest yield as well as the highest molar mass, water content and iodine
value, indicating the presence of unreacted material due to the reaction occurring at 250 ◦C.

The yields reported in this study are consistent with the existing literature regarding
the transesterification of various feedstocks using supercritical methanol and carbon diox-
ide. Specifically, Yin et al. achieved a maximum yield of 90.6% using soybean oil at 300 ◦C,
with a carbon dioxide-to-methanol mass ratio of 0.2:1 and a methanol-to-oil molar ratio of
42 [26], while Han et al. reported yields up to 98% at 280 ◦C and 14.3 MPa, employing a
methanol-to-oil molar ratio of 24 and a carbon dioxide-to-methanol mass ratio of 0.1:1 [25].
In the present work, the average yield across 20 experiments was 86.21%, which is in
concordance with several of those in Table 1. Conversely, lower yields of approximately
75% observed in other vegetable oil studies (at 320 ◦C, 28 MPa, 0.1 g of carbon dioxide
per gram of methanol and 25 mol of methanol per mol of oil) have been attributed to the
reactor vessel design limitations [28].

For the quality parameters, all the properties were within suitable limits for biodiesel.
Regarding the correlations for cetane number, there were no significant differences be-
tween the two sets of data (by unpaired t-test, p = 0.79), indicating that both correlations
are suitable for estimating cetane number, depending on the availability of the neces-
sary properties.
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Table 5. Conversion and properties of products from the supercritical transesterification of waste
beef tallow with methanol and carbon dioxide.

Experiment Conversion 1/% Molar
Mass/g·mol−1

Acid
Number/mg
KOH·g −1

Iodine Value/g
I2·100 g fat−1

Water
Content/%

Cetane
Index 2

Cetane
Index 3

Calorific
Value/MJ·kg−1

1 82.36 271.82 0.20 56.11 0.03 60.13 56.22 41.51
2 83.10 252.21 0.27 47.64 0.03 58.40 52.68 40.10
3 87.25 258.28 0.21 51.90 0.03 57.20 58.42 40.78
4 88.53 270.21 0.22 51.69 0.03 57.36 60.89 41.09
5 88.02 268.12 0.21 49.71 0.02 57.81 57.89 40.69
6 90.47 267.18 0.23 53.96 0.03 56.28 58.65 40.48
7 88.53 254.83 0.21 49.48 0.02 57.12 57.14 40.95
8 82.43 270.46 0.24 59.62 0.03 54.95 58.63 40.94
9 83.60 265.26 0.26 57.99 0.03 55.54 57.42 39.50
10 85.96 250.29 0.43 47.09 0.04 58.44 54.84 40.86
11 89.45 268.54 0.22 54.16 0.02 57.41 57.96 40.61
12 89.72 269.34 0.30 49.95 0.04 59.80 58.81 40.76
13 74.82 322.00 0.45 66.90 0.03 56.82 58.53 40.32
14 82.88 258.11 0.31 56.89 0.03 57.66 56.91 40.83
15 87.12 250.45 0.35 58.63 0.03 57.61 58.07 40.35
16 89.79 247.63 0.40 46.32 0.03 57.86 58.47 41.44
17 85.28 259.17 0.45 47.39 0.03 60.98 55.61 41.44
18 88.70 267.19 0.15 53.03 0.03 57.93 57.91 40.33
19 88.13 263.70 0.19 50.68 0.03 59.03 58.74 39.58
20 87.99 264.16 0.29 55.14 0.03 56.57 58.35 40.46

1 Standard deviation no greater than 1.60. 2 Calculated with Equation (1). 3 Calculated with Equation (2).

3.2. Spectroscopic Analyses for Waste Beef Tallow and Biodiesel

Infrared spectra of the waste beef tallow and biodiesel products are shown in Figure 2.
It contains the superposed spectra of all 20 experiments. Both samples exhibit a peak at
1742 cm−1 corresponding to the carbonyl group of esters. Additionally, a shared peak near
722 cm−1 is attributed to the rocking vibration of methylene groups in long-chain hydro-
carbons, as well as peaks at 2850 and 2920 cm−1, corresponding to stretching vibrations of
methylene groups. Distinct differences emerge at 1197 cm−1, where the methoxy group
signal characteristic of methyl esters is prominent in biodiesel but negligible in beef tallow.
Following transesterification, the appearance of peaks at 1364 and 1435 cm−1—representing
the symmetric and asymmetric bending of the O–CH3 group—confirms the conversion of
triacylglycerides into methyl esters (biodiesel) [44].

3.3. NMR Analyses for Waste Beef Tallow and Biodiesel

Figure 3 displays the 1H NMR spectra for beef tallow and all biodiesel samples.
Structural formulas for triacylglyceride and methyl oleate are included as representative
structures for beef tallow and biodiesel, respectively. The appearance of a singlet between
3.50 and 3.80 ppm (Region F, Figure 3), corresponding to the methyl group hydrogens,
indicates successful methyl ester production from beef tallow. Furthermore, the disap-
pearance of signals in regions G (4.00–4.40 ppm, distal glycerol backbone protons) and H
(multiplet ~5.22 ppm, central glycerol proton) confirms the cleavage of the triacylglyceride
backbone [43].

Figure 4 displays the 13C NMR spectra of the waste beef tallow and the resulting
biodiesel samples to verify the conversion of triacylglycerols to methyl esters; the structural
formula of a triacylglycerol is included for reference. The signals in regions J (approx.
62.1 ppm) and K (approx. 68.9 ppm), corresponding to the distal and central carbons of the
glycerol backbone, are absent in the biodiesel spectra, confirming the expected conversion.
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Figure 2. Infrared spectra of waste beef tallow (blue line) and fatty acid methyl esters (gray lines).

Figure 3. 1H NMR spectra of waste beef tallow (blue line) and fatty acid methyl esters (gray lines):
(a) methyl oleate; (b) triacylglyceride. F (green) represents the signal for methyl esters. G and H are
signals for triacylglycerides.
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Figure 4. 13C NMR spectra of waste beef tallow (blue line) and fatty acid methyl esters (gray lines).

3.4. Response Surface Methodology

The experimental conversion was fitted to a second-order polynomial as a function of
temperature, the carbon dioxide-to-methanol molar ratio, and the methanol-to-fat molar
ratio; the polynomial contain coded values (X1, X2 and X3) as shown in Table 3, instead of
the actual values of the factors. The resulting model is presented in Equation (5), with its
corresponding ANOVA results summarized in Table 6.

Y = 88.9398 + 1.5726X1 + 0.2025X2 + 1.0752X3 − 3.4240X1
2 − 0.0306X2

2 −
0.5481X3

2 − 1.4646X1X2 − 0.7195X1X3 + 1.1255X2X3,
(5)

Table 6. Analysis of variance of the RSM for supercritical transesterification of waste beef tallow with
methanol and carbon dioxide.

Source Sum of Squares Degrees of Freedom Mean Square F-Value p-Value

Regression 252.7960 9 28.0884 16.2963 0.01%
X1 33.7791 1 33.7791 30.1373 0.27%
X2 0.5601 1 0.5601 0.4997 51.12%
X3 15.7892 1 15.7892 14.0869 1.32%
X1

2 169.0183 1 169.0183 150.7957 0.01%
X2

2 0.0135 1 0.0135 0.0120 91.70%
X3

2 4.3316 1 4.3316 3.8646 10.65%
X1 X2 17.1605 1 17.1605 15.3103 1.13%
X1 X3 4.1418 1 4.1418 3.6953 11.26%
X2 X3 10.1332 1 10.1332 9.0407 2.99%
Error 17.2361 10 1.7236

Pure error 5.6042 5 1.1208
Lack of fit 11.6319 5 2.3264 2.07 22.10%

Total 270.0321 19

Beyond the data in Table 4, the ANOVA results showed a standard deviation of
1.31 and a coefficient of determination of 0.9362, while the adjusted R2 was 0.8787, indicating
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that there may be variables that do not contribute to fitting the response. Additionally, the
model’s low F-value for lack of fit confirmed its high predictive accuracy for yield.

Figure 5 shows the cumulative probability plot for the residuals. Their random
distribution indicates that the residuals follow a normal distribution; the Shapiro–Wilk test
confirmed this (p-value of 0.65), while the Breusch–Pagan test found that there is constant
variance for the residuals (p-value of 0.94).

Figure 5. Normal plot of residuals for calculated yield of the supercritical transesterification of waste
beef tallow with methanol and carbon dioxide.

Figure 6 displays the Pareto chart of the model parameters, where the blue bars
indicate the factors that are statistically significant, while the red bars denote insignificant
factors. Combined with the p-values in Table 4, this analysis shows that the linear and
quadratic terms for temperature significantly influence yield. Also, the effect of the molar
ratio of carbon dioxide/methanol is not significant; however, interactions between it and
both temperature and the alcohol/fat molar ratio make significant contributions, which
suggests that the addition of carbon dioxide plays a role only when combined with the other
factors. In the other hand, quadratic terms for molar ratios of carbon dioxide/methanol or
methanol/fat do not influence yield.

As shown in Figure 6, the linear term of molar ratio of carbon dioxide/methanol, the
interaction between the temperature and the molar ratio of methanol/fat, and the quadratic
terms of these ratios are statistically insignificant. Hence, a model without these coefficients
was adopted; the linear term of molar ratio of methanol/fat was retained, as this factor is
part of one of the significant interaction terms.

Y = 88.5088 + 1.5726X1 + 0.2025X2 + 1.0752X3 − 3.3717X1
2 − 1.4646X1X2 + 1.1255X2X3, (6)

This model yields a standard deviation of 1.41, with R2 and adjusted R2 at 0.9047 and
0.8608, respectively. This difference may be attributed to the inclusion of the linear term of
molar ratio of carbon dioxide and methanol, which cannot be removed to keep hierarchy;
however, its interactions especially at lower temperatures (negative interaction term) and
high molar ratios of methanol and fat (positive interaction term) become important, pro-
voking a decrement in pressure and temperature. Equation (6) was used for subsequent
analysis and plotting as all the other parameters are statistically significant. ANOVA results
for this reduced model are shown in Table 7, while the confidence intervals (95%) are in
Table 8.
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Figure 6. Pareto chart of the standardized effects of the model for calculating yield of the supercritical
transesterification of waste beef tallow with methanol and carbon dioxide.

Table 7. Analysis of variance of the RSM for supercritical transesterification of waste beef tallow with
methanol and carbon dioxide (reduced model).

Source Sum of Squares Degrees of Freedom Mean Square F-Value p-Value

Regression 244.3141 6 40.7190 20.5828 0.00%
X1 33.7791 1 33.7791 17.0748 0.12%
X2 0.5601 1 0.5601 0.2831 60.36%
X3 15.7892 1 15.7892 7.9812 1.43%
X1

2 166.8921 1 166.8921 84.3613 0.00%
X1 X2 17.1605 1 17.1605 8.6743 1.14%
X2 X3 10.1332 1 10.1332 5.1222 4.14%
Error 25.7179 13 1.9783

Pure error 5.6042 5 1.1208
Lack of fit 20.1137 8 2.5142 2.2432 22.10%

Total 270.0321 19

Table 8. Confidence intervals of the coefficients of the RSM for supercritical transesterification of
waste beef tallow with methanol and carbon dioxide (reduced model).

Factor Parameter Lower Limit Upper Limit

Regression 88.5088 87.6400 89.3777
X1 1.5726 0.7504 2.3948
X2 0.2025 −0.6197 1.0247
X3 1.0752 0.2530 1.8974
X1

2 −3.3717 −2.5389 −0.3903
X1 X2 −1.4646 0.0511 2.1998
X2 X3 1.1255 −4.1647 −2.5786

Figure 7 illustrates the individual effect of each factor on yield while maintaining the
remaining variables at their central values (305 ◦C, a carbon dioxide/methanol molar ratio
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of 0.5, and a methanol/fat molar ratio of 45). Temperature (Figure 7a) emerged as the most
significant factor, exhibiting a non-linear relationship with yield; its influence on supercrit-
ical transesterification is well-documented, with higher temperatures generally yielding
better results [25,26], possibly for due to a decrement in viscosity, an increase in diffusivity
and a polarity change in methanol at high temperatures, allowing a better solvation of fat
in methanol [45]. Apart from this, thermal degradation or by-side reactions may reduce
conversion [19]. While the effects of the other two variables were less pronounced, the
addition of large quantities of methanol per fat was observed to slightly enhance yield at
the central point conditions.

Figure 7. Effect of factors in supercritical transesterification of waste beef tallow with methanol and
carbon dioxide: (a) temperature, (b) molar ratio of carbon dioxide and methanol, and (c) molar ratio
of methanol and fat.

Figure 8 illustrates the interaction effects between factor pairs, with one factor held
constant at its central value. Figure 8a,b indicate that adding carbon dioxide enhances yield
only when a high amount of methanol is present, suggesting a synergistic relationship.
Regarding the interaction between temperature and the molar ratio of carbon dioxide to
methanol, the use of a cosolvent improves yield, reaching a maximum at low temperatures
before declining. As shown in Figure 8e, yield isotherms as a function of molar ratio
demonstrate the existence of temperature for maximum yield. Finally, Figure 8f reveals that
variations in the molar ratio of methanol to fat provoke high yield when large quantities of
methanol at a carbon dioxide/methanol molar ratio of 0.267, as evidenced by the trend of
the molar ratio isopleths of methanol and fat.

Figure 9 displays the interaction between temperature and the carbon dioxide-to-
methanol molar ratio at a fixed methanol-to-fat molar ratio of 45. Two distinct regions of
maximum yield are observed: the first occurs near 300 ◦C with a 0.421 molar ratio of carbon
dioxide to methanol, while the second appears at approximately 325 ◦C in the absence of
carbon dioxide.

In Figure 10, the effects of temperature and the methanol-to-fat molar ratio are assessed
at a constant carbon dioxide-to-methanol molar ratio of 0.267. The data indicate that yield
is maximized at approximately 310 ◦C regardless of the molar ratio of methanol and
fat. Figure 11 demonstrates that at a lower temperature of 305 ◦C, the yield consistently
increases with higher quantities of both methanol and carbon dioxide.
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Figure 8. Interaction plots of factors for supercritical transesterification of waste beef tallow with
methanol and carbon dioxide: (a) molar ratio of methanol and fat and molar ratio of carbon dioxide
and methanol, (b) molar ratio of carbon dioxide and methanol and molar ratio of methanol and fat,
(c) molar ratio of carbon dioxide and methanol and temperature, (d) molar ratio of carbon dioxide
and methanol and temperature, (e) temperature and molar ratio of methanol and fat, and (f) molar
ratio of methanol and fat and temperature.

Figure 9. Contour plot and yield as a function of temperature and of the molar ratio of carbon dioxide
and alcohol for the supercritical transesterification of waste beef tallow with methanol and carbon
dioxide at a molar ratio of methanol and fat of 45.
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Figure 10. Contour plot and yield as a function of temperature and of the molar ratio of alcohol and
fat for the supercritical transesterification of waste beef tallow with methanol and carbon dioxide at a
molar ratio of carbon dioxide and methanol of 0.267.

Figure 11. Contour plot and yield as a function of the molar ratio of carbon dioxide and alcohol and
of the molar ratio of alcohol and fat for the supercritical transesterification of waste beef tallow with
methanol and carbon dioxide at 305 ◦C.

Collectively, these results suggest that process efficiency is enhanced by using a
0.421 molar ratio of carbon dioxide to methanol and high methanol-to-fat ratios. Further-
more, these conditions allow for high yields while maintaining temperatures at or below
305 ◦C.

As noted in Section 1, the impact of carbon dioxide as a cosolvent on transesterification
is varied in the literature; however, in this study, it enhanced the yield, particularly at high
methanol-to-fat molar ratios. This improvement is likely due to carbon dioxide facilitating
better fat solubilization in methanol [25]. The positive effect of high methanol quantities on
yield, observed in previous studies, is attributed to the excess methanol acting as a favorable
reaction medium [46]. Furthermore, the positive influence of temperature is linked to
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the reduction in methanol’s polarity at high temperatures, allowing for improved fat
dissolution, which is consistent with other supercritical transesterification studies [20,22,45].
Supercritical transesterification of soybean oil with a carbon dioxide/methanol molar ratio
of 0.10 [25] and up to 0.75 [26] also obtained a positive effect on the production of methyl
esters, as well as decreasing temperature and pressure, with methanol/fat molar ratios
of 42. However, when sunflower oil was the feedstock [28], an insignificant effect was
attained when the molar ratio of carbon dioxide and methanol was from 0.05 to 0.20 and
that of methanol and fat from 20 to 30. The discrepancy with this study likely stems
from differences in fat source and composition, as well as lower ratios of methanol/fat
and carbon dioxide/methanol, while the phenomenon is a possible dilution of reactants
that inhibit the reaction [31]. According to Figure 11, yield tends to increase when larger
amounts of carbon dioxide and methanol are used at temperature of 305 ◦C; when higher
temperatures are set, the effect of carbon dioxide is detrimental to the process, as Han and
others reported [25]. For a supercritical transesterification process of waste beef tallow, with
a carbon dioxide/methanol molar ratio of 0.421 and a methanol/fat molar ratio of 50, the
optimum temperature for maximizing yield was 300.7 ◦C; with a 95% confidence interval
from 90.18 to 97.62%. While this condition may disagree with other studies that suggest
lower quantities of carbon dioxide and methanol for achieving larger conversions or yields,
the composition of the feedstock (mainly saturated fats) may be a factor for explaining
those differences. Experimental validation of the optimal conditions was performed in
triplicate, reaching a conversion of 91.70% ± 2.10, which is lower than the predicted
value (93.90%), but higher than any of the experimental results, attaining the goal of
maximizing conversion.

As this work used a batch reactor and it was not possible to modify its setup, pressure
was dependent on feeding and temperature and could not be adjusted during the reaction,
but it was monitored at regular intervals. Table 9 presents the average pressures obtained
from these measurements.

Table 9. Reaction pressure for the supercritical transesterification of waste beef tallow with methanol
and carbon dioxide.

Experiment T/◦C nCO2:nOH nOH:nfat P/MPa

1 272.30 0.129 42.03 15.0
2 337.70 0.367 42.03 16.0
3 337.70 0.129 47.97 16.5
4 272.30 0.367 47.97 11.0
5 305.00 0.267 45.00 14.0
6 305.00 0.267 45.00 17.0
7 337.70 0.129 42.03 17.0
8 272.30 0.367 42.03 11.0
9 272.30 0.129 47.97 15.0

10 337.70 0.367 47.97 15.0
11 305.00 0.267 45.00 16.0
12 305.00 0.267 45.00 14.0
13 250.00 0.267 45.00 10.0
14 360.00 0.267 45.00 20.0
15 305.00 0.000 45.00 15.0
16 305.00 0.421 45.00 15.0
17 305.00 0.267 40.00 15.0
18 305.00 0.267 50.00 16.0
19 305.00 0.267 45.00 17.0
20 305.00 0.267 45.00 15.0
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Pressure correlated directly with temperature, rather than the addition of carbon
dioxide or methanol. This confirms that the high concentrations of reactants did not
adversely affect reaction pressure. Furthermore, lower pressures were achieved compared
with previous studies of supercritical transesterification without carbon dioxide, where
pressures up to 38.08 MPa were attained [19,41], while agreeing with results that also used
carbon dioxide as cosolvent [25,26].

4. Conclusions
Based on the results of supercritical transesterification of waste beef tallow with

methanol and carbon dioxide as cosolvent and using response surface methodology, it
was found that the resulting products exhibited molar masses ranging from 247.63 to
322.00 g·mol−1, with higher values indicating the presence of unreacted material.

The characterization of products confirmed that all produced biodiesel met estab-
lished quality standards, showing no statistical deviation from reference values. Qualita-
tive conversion of triacylglycerides to methyl esters and final yields were determined via
spectroscopic techniques. The response surface methodology identified reaction tempera-
ture as the most significant factor influencing yield, consistent with previous supercritical
transesterification studies. Furthermore, synergistic interactions between the carbon diox-
ide/methanol and methanol/tallow ratios were found to enhance yield. The calculated
optimum conditions were a temperature of 300.7 ◦C, a carbon dioxide/methanol molar
ratio of 0.421, and a methanol/fat molar ratio of 50. While the impact of temperature
aligns with the existing literature, the observed effects of the carbon dioxide cosolvent
differed from prior studies, a variation likely attributable to the specific characteristics of
the feedstock.

This study demonstrates that producing biodiesel from waste beef tallow using carbon
dioxide as a cosolvent is feasible, achieving high yields without the complications of
high pressure.
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