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Abstract: The valorization of industrial waste in the production of new products is a growing trend,
with food waste showing significant promise as a raw material for various industries. Thus, this
research aimed to investigate the production of Geotrichum candidum lipase using industrial waste,
such as mozzarella cheese whey (MCW) and corn steep liquor (CSL), and to analyze how effectively it
catalyzes the esterification of oleic acid with methanol. Lipase production was carried out in medium
containing MCW and CSL, with fermentation conditions optimized using a fractional factorial
experimental design and central composite experimental design. The highest activities (16.71 U/mL
in 24 h and 17.80 U/mL in 48 h) were found in conditions of 13.6% (%w/v) CSL and 37.1% (%w/v)
MCW, with corn oil fixed at 1% (%w/v) and pH fixed at 6,00. Esterification conditions were evaluated
at atmospheric pressure, both in a solvent-free environment and using hexane, as well as under
high pressures with supercritical carbon dioxide (SC-CO2). The produced lipase demonstrated high
catalytic activity for the esterification reaction of oleic acid with methanol under SC-CO2 with an
increase of 39.41% in the yield. The yields found confirm the feasibility of producing lipase from
industrial waste, thus presenting it as a sustainable and efficient alternative for industrial processes,
and show that there is no need to use toxic organic solvents in esterification reactions.

Keywords: lipase; Geotrichum candidum; esterification; MCW; CSL; SC-CO2

1. Introduction

The search for the utilization of industrial waste to manufacture other economically
valuable products is one of today’s major trends. Food industry residues have consider-
able promise for being employed as raw materials in other various industrial areas [1–3].
Among the waste generated by the food industry is whey from cheese production or whey
(lactoserum). Typically, its composition consists of around 93% water, 5% lactose, 0.5%
lipids, 0.7% soluble proteins, 0.2% lactic acid, and small amounts of other minerals. Whey
contains about 55% of the total solids of milk and is commonly used as a raw resource for
manufacturing yogurt, ricotta, and other dairy products [4,5].

It is estimated that for the fabrication of 1 kg of cheese, 9 kg of whey is produced, and
the reuse of whey is important because, among the food industry sectors, the dairy product
sector is considered to be the most polluting, with about 50% of the whey produced not
being reused [4,6,7]. Industrially produced whey, if not treated, can contribute a very high
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pollutant load requiring about 120,000 mg·L−1 of biochemical oxygen demand (BOD5) to
be degraded. Considering that whey cannot be stored for very long periods, there is a need
to find alternative ways to reuse this waste [4,7].

It is well known that whey is rich in nutrients, especially proteins, lactose, vitamins,
and minerals, and has various industrial applications. For human consumption, whey
protein is widely used in protein supplements for athletes, diets, and enriched food prod-
ucts [4,8]. Additionally, whey can be processed into powder and used in the manufacture
of yogurts, dairy beverages, confectionery, and baked goods. Regarding animal feed, whey
is frequently used in the diets of pigs, cattle, and poultry, serving as a valuable source of
proteins and nutrients [4]. In the biotechnological and chemical industries, whey serves
as a raw material for the production of organic acids, such as lactic acid, and also for
the manufacture of enzymes [4,7]. Furthermore, whey is utilized in fermentation for the
production of ethanol, biogas, and other chemical compounds [4,6,9,10].

Another important waste in the food industry is corn steep liquor (CSL), a secondary
product obtained through the wet milling of corn used to produce corn flour. This byprod-
uct is considered to be low-cost and available on a large scale. Additionally, it provides a
significant amount of proteins, amino acids, minerals, vitamins, reducing sugars, organic
acids, enzymes, and other nutrients, such as nitrogen. The percentage of nitrogen in CSL
can vary, but it typically ranges from 0.05% to 0.1%. CSL is also a waste that can pose
environmental problems if disposed of improperly, as the BOD for its complete degradation
is around 11,000 mg·L−1 [8,11,12].

CSL is also reused in the industry in various ways. For animal feed, it is often
incorporated as a nutritious ingredient in feed for pigs, cattle, and poultry due to its content
of nutrients and proteins. In the biofuel industry, CSL is employed as a fermentation
medium for ethanol production [11,12]. Additionally, this liquor is used to manufacture
enzymes, such as amylase, which is essential for converting starch into sugars during
fermentation processes. Another important application of CSL is in the production of
organic acids, such as lactic acid [8].

CSL, MCW, and corn oil (used in this study) can be employed as growth inducers
for microorganisms, providing essential sources of carbon, nitrogen, hydrogen, and lipids.
However, it is important that these nutrients are at adequate levels for microorganisms
to thrive. Insufficient concentrations can lead to slow growth and reduced production
efficiency. On the other hand, excess nutrients can cause growth inhibition, resulting in tox-
icity or competition among different substrates, which can negatively impact fermentation
yield [13]. Additionally, the amount of oil in the fermentation medium plays an important
role. An adequate amount of oil can stimulate cell growth and metabolite production.
However, high concentrations can be toxic, affecting cell membrane permeability and
compromising the viability of microorganisms [5].

Another determining factor is the pH of the culture medium. Each microorganism
has an optimal pH range for its growth and metabolic activity. When the pH deviates
from this range, growth inhibition can occur, adversely affecting enzymatic activity and
reducing the production of desired products. Therefore, ensuring the proper supply of
nutrients, combined with maintaining the pH close to the optimal growth range, is essential
for optimizing the development and activity of microorganisms [5,13].

The reuse of industrial waste as raw materials for other production chains represents
a sustainable approach, allowing for a balance between production and environmental
quality. Thus, both MCW and CSL are rich in nutrients that can be valuable not only for
the previously mentioned applications but also for lipase production [5,14].

Lipase is an enzyme of the hydrolase class that catalyzes the hydrolysis of long-chain
esters and alcohols and free fatty acids, and it can be used as a catalyst in esterification
reactions. It can be obtained from plant or animal sources or produced by various microor-
ganisms such as Aspergillus, Mucor, Culvaria, Fusarium, and Geotrichum candidum [5,15,16].

Geotrichum candidum is a fungus that can reproduce under various conditions of pH,
temperature, pressure, and different sources of carbon, nitrogen, and lipids. The lipase
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produced by this microorganism is known as a fatty acid-specific lipase because it acts on the
cis-9 double bond of long-chain fatty acid molecules, which prevents secondary reactions in
the reaction medium during the hydrolysis of vegetable or soybean oils [17–20]. Geotrichum
candidum produces enzymes that are useful in the food industry for the fermentation of
cheeses and other dairy products, contributing to the texture, flavor, and aroma of cheeses
and other foods. Its ability to ferment carbohydrates is also valuable in the production of
probiotics. Being a microorganism naturally present in various foods, Geotrichum candidum
is generally considered safe for human consumption and has a history of use in food
production [5].

Esterification reactions are extensively utilized in the food and cosmetics industries
to obtain bioflavors. Among the bioflavors produced in the industry are rose, pineapple,
banana, and others. Most reactions use chemical catalysts such as acids or bases, usually
H2SO4 or NaOH, to initiate the esterification reaction and organic solvents as the reaction
medium. However, the use of biological catalysts, such as enzymes, and a less toxic reaction
medium is becoming increasingly common. Additionally, non-polluting or environmentally
friendly methods are always a more desirable choice [19,21–24].

Lipase as a catalyst enables the use of a reaction medium at lower temperatures and a
pH closer to neutrality. Additionally, complex separation steps after the esterification stage
are not necessary, as lipase replaces conventional chemical catalysts [20,25,26]. However,
most enzymatic processes require significant amounts of water in the reaction medium,
which can lead to environmental problems if disposed of improperly, as the waste may
contain a high organic load that needs to be degraded.

There is also the possibility of using organic co-solvents for the esterification reaction,
such as hexane. A medium with hexane may yield better results compared to those
in solvent-free conditions. However, hexane, in addition to being detrimental to the
environment and toxic to humans, can reduce the reaction yield when used in large
quantities due to its toxicity to microorganisms themselves [25,27].

Supercritical fluids offer an alternative to organic solvents in esterification reactions.
Since lipase exhibits good stability in pressurized fluids, it can be used as a catalyst in
esterification reactions in reaction medium under pressures higher than atmospheric pres-
sure, thus reducing the amount of water used in the process and the waste generated
after the reaction. Supercritical carbon dioxide (SC-CO2) is an example of such a medium.
Processes that utilize SC-CO2 are sustainable, environmentally friendly, cost-efficient, and
provide the potential to produce a product with tailored properties. Additionally, SC-CO2
is considered a green solvent because all the CO2 can be recovered after the esterification
process [5,28–34].

In addition, it is important to note that most of the literature describing Geotrichum
candidum lipase in esterification reactions uses commercial lipases, that is, those produced
industrially [14,19,26,35,36]. Thus, studies relating to Geotrichum candidum lipase produced
in the laboratory with MCW, CSL, and SC-CO2 are scarce. Figure 1 illustrates the processes
involved in this work.

This study aimed to assess the efficiency of the esterification reaction of oleic acid
with methanol in supercritical carbon dioxide (SC-CO2) using Geotrichum candidum lipase,
produced from mozzarella cheese whey (MCW) and corn steep liquor (CSL), both of which
are byproducts of the food industry with low economic value. Their feasibility for lipase
production justified the choice of these substrates. The results support the biotechnological
use of this enzyme and demonstrate the potential of these byproducts of the food industry as
raw materials for lipase production while also advancing the understanding of pressurized
fluids and esterification reactions.
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2. Materials and Methods
2.1. The Production of the Microorganism Geotrichum Candidum

The microorganism employed was Geotrichum candidum (Y-552), sourced from NRRL
(USA). It was cultured on Yeast Malt (YM) Agar, which contained (% w/v) 1.0% dextrose
(Inlab, São Paulo, SP, Brazil), 0.5% peptone (Kasvi, Pinhais, PR, Brazil), 0.3% malt extract
(Himedia Laboratories PVT LTD, Mumbai, Maharashtra, India), 0.3% yeast extract (Acume-
dia, Lansing, MI, USA), and 3.0% bacteriological agar (Acumedia, Lansing, MI, USA), and
was stored at 4 ◦C.

The reagents used in the pre-fermentation and fermentation were Ammonium Sulfate
((NH4)2SO4) (Sigma-Aldrich, Jurubatuba, SP, Brazil), Sodium Hydroxide (NaOH) (Sigma-
Aldrich, Jurubatuba, SP, Brazil), Arabic Gum (Sigma-Aldrich, Jurubatuba, SP, Brazil) and
Ethanol 99.5% (Sigma-Aldrich, Jurubatuba, SP, Brazil). All reagents are of analytical grade.
Commercial corn oil (Liza, Mairinque, SP, Brazil) was also employed.

Pre-fermentation, fermentation in larger volumes, and the analysis of enzymatic
activity and productivity were based on work by Maldonado et al. [13] and Maldonado
et al. [15], adapted in this work.

For pre-fermentation, a 1 cm2 circular section of inoculum was excised and placed
into a 250 mL Erlenmeyer flask. This flask contained a mixture of 5% peptone, 1% corn oil,
0.25% ammonium sulfate ((NH4)2SO4), and water, resulting in a total solution volume of
100 mL. The fermentation was performed in a shaker (Tecnal, TE-424, Piracicaba, SP, Brazil)
at 30 ◦C for 48 h.

Following pre-fermentation, 10% (v/v) aliquots were transferred to a fermentation
medium that included MCW and CSL. MCW production was supplied by the dairy school
of the Faculty of Animal Science and Food Engineering campus of the University of São
Paulo (FZEA-USP). To preserve its initial properties and ensure consistency, MCW was
stored in bottles and frozen, maintaining the same batch throughout this study.

CSL (53% (w/w) dry weight, 43% (w/w) total protein, and 15.5% (w/w) total minerals)
was generously supplied by Ingredion, located in Mogi Guaçu, Brazil-SP, and was stored in
plastic containers and frozen. Additionally, corn oil, which was bought from a local market,
was used and stored in its original packaging.

Both MCW and CSL were removed from the freezer one day before use for acclimatiza-
tion and were previously homogenized to obtain a representative sample of the compounds.
pH adjustment, when required, was performed using 0.5 M NaOH.

The phase of evaluating enzymatic activity was divided into two stages. The initial
stage employed a 24−1 fractional factorial design to evaluate how CSL concentration, MCW,
corn oil, and pH affect the lipase’s enzymatic activity. The choice of the fractional model was
motivated by its ability to identify trends in the results with fewer experiments compared
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to other response surface design models. This leads to a reduction in the consumption of
reagents and raw materials, thereby minimizing waste. Table 1 presents the levels used in
the design and the results of enzymatic activity and productivity.

Table 1. Fractional Factorial Design for four variables, activity and productivity of Geotrichum
candidum lipase obtained with mozzarella cheese whey (MCW) and corn steep liquor (CSL).

CSL
(% w/v)

MCW
(%w/v)

Corn oil
(%w/v)

pH
Lipase (U/mL) Productivity

(U/mL·h)

24 h 48 h 72 h 96 h 24 h 48 h 72 h 96 h

1 4.0 (−1) 25 (−1) 0.5 (−1) 6.0 (−1) 18.54 15.05 20.67 1.27 0.77 0.31 0.29 0.01
2 10.0 (+1) 25 (−1) 0.5 (−1) 7.0 (+1) 18.71 21.69 23.82 4.16 0.78 0.45 0.33 0.04
3 4.0 (−1) 75 (+1) 0.5 (−1) 7.0 (+1) 10.8 12.84 18.2 2.63 0.45 0.27 0.25 0.03
4 10.0 (+1) 75 (+1) 0.5 (−1) 6.0 (−1) 9.86 13.01 19.31 3.31 0.41 0.27 0.27 0.03
5 4.0 (−1) 25 (−1) 1.5 (+1) 7.0 (+1) 17.44 13.1 16.59 2.46 0.73 0.27 0.23 0.03
6 10.0 (+1) 25 (−1) 1.5 (+1) 6.0 (−1) 21.52 25.43 31.65 5.18 0.90 0.53 0.44 0.05
7 4.0 (−1) 75 (+1) 1.5 (+1) 6.0 (−1) 10.12 8.76 12.84 2.63 0.42 0.18 0.18 0.03
8 10.0 (+1) 75 (+1) 1.5 (+1) 7.0 (+1) 13.27 12.76 12.33 3.99 0.55 0.27 0.17 0.04
9 7.0 (0) 50 (0) 1.0 (0) 6.5 (0) 16.59 17.52 28.5 4.67 0.69 0.37 0.40 0.05

10 7.0 (0) 50 (0) 1.0 (0) 6.5 (0) 14.88 14.54 24.84 4.67 0.62 0.30 0.35 0.05
11 7.0 (0) 50 (0) 1.0 (0) 6.5 (0) 14.63 12.33 28.16 4.33 0.61 0.26 0.39 0.05
12 7.0 (0) 50 (0) 1.0 (0) 6.5 (0) 15.22 14.63 25.01 5.52 0.63 0.30 0.35 0.06

Highlight indicates the optimal point of enzyme activity and productivity.

After identifying the main effects using statistical methods (Table 2), a new 22 factorial
design and Rotational central composite design (RCCD) with CSL and MCW variables was
performed to identify the optimized production conditions for lipase (Table 3) [17].

Table 2. Main effects of Geotrichum candidum lipase obtained with mozzarella cheese whey (MCW)
and corn steep liquor (CSL).

Effect
(U/mL)

Standard
Error

(U/mL)
t (7) p-Value Effect

(U/mL)

Standard
Error

(U/mL)
t (7) p-Value Effect

(U/mL)

Standard
Error

(U/mL)
t (7) p-Value

24 h * 48 h ** 72 h
Mean 15.13 * 0.36 41.48 <0.01 15.14 * 0.83 18.24 < 0.01 21.83 * 1.67 13.07 <0.01
CSL 1.62 0.89 1.81 0.11 5.78 * 2.03 2.84 0.02 * 4.70 4.09 1.14 0.28

MCW −8.04 * 0.89 −9.00 < 0.01 −6.98 * 2.03 −3.43 0.01 * −7.51 4.09 −1.84 0.11
Oil 1.11 0.89 1.24 0.25 −0.64 2.03 −0.31 0.76 −2.15 4.09 −0.52 0.61
pH 0.04 0.89 0.05 0.96 0.47 2.03 −0.22 0.83 −3.38 4.09 −0.82 0.44

* indicates values that are statistically significant at 89% confidence. ** indicates values that are statistically
significant at 98% confidence.

The fermentation was conducted in a shaker (Tecnal TE—424, Piracicaba, SP, Brazil) at
30 ◦C for 96 h for all tests. The temperature and fermentation time were analyzed. During
the fermentation process, 1 mL aliquots were taken every 24 h for enzymatic activity
analysis (U). The aliquots were transferred to a 125 mL Erlenmeyer flask with 5 mL of 1 M
phosphate buffer and 2 mL of gum Arabic solution constituted of 75% gum solution (7%
w/v in water) and 25% corn oil) and maintained in a 30 ◦C shaking water bath for 30 min.

Subsequently, 1 mL aliquots of this solution were transferred to a 125 mL Erlenmeyer
flask containing 10 mL of a 1:1 (v/v) water:alcohol solution to halt enzymatic activity. The
solution was then titrated with 0.05 M NaOH and phenolphthalein. The volume of base
used was correlated with the enzymatic activity over each period (24 h). After identifying
the optimal lipase production conditions, fermentation was conducted on a larger scale for
the experiments of this study.

The raw broth obtained from these fermentations (total of 6 L) was centrifuged using a
centrifuge (Eppendorf Merck, KGaA, Darmstadt, Germany) to isolate Geotrichum candidum
(precipitate) from the lipase which remained in the supernatant.
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Table 3. Rotational central composite design (RCCD) for two variables, activity, and productivity of
Geotrichum candidum lipase employing mozzarella cheese whey (MCW) and corn steep liquor (CSL).

Lipase (U/mL) Productivity (U/mL·h)

Tests CSL (%w/v) MCW (%w/v) 24 h 48 h 72 h 96 h 24 h 48 h 72 h 96 h

1 6.4 (−1) 22.9 (−1) 10.10 9.31 8.32 7.83 0.42 0.19 0.12 0.08
2 13.6 (+1) 22.9 (−1) 11.28 10.49 9.80 9.80 0.47 0.22 0.14 0.10
3 6.4 (−1) 37.1 (+1) 11.19 10.20 10.00 9.41 0.47 0.21 0.14 0.10
4 13.6 (+1) 37.1 (+1) 16.71 17.80 15.83 15.33 0.70 0.37 0.22 0.16
5 10 (0) 30 (0) 11.38 10.79 9.80 8.52 0.47 0.22 0.14 0.09
6 10 (0) 30 (0) 9.51 9.31 8.42 7.83 0.40 0.19 0.12 0.08
7 10 (0) 30 (0) 10.79 9.80 9.41 8.82 0.45 0.20 0.13 0.09
8 10 (0) 30 (0) 11.78 10.79 9.80 9.41 0.49 0.22 0.14 0.10
9 5 (−1.41) 30 (0) 11.78 10.20 9.80 9.21 0.49 0.21 0.14 0.10

10 15 (+1.41) 30 (0) 10.49 9.80 9.41 7.83 0.44 0.20 0.13 0.08
11 10 (0) 20 (−1.41) 12.07 10.30 10.00 8.82 0.50 0.21 0.14 0.09
12 10 (0) 40 (+1.41) 8.82 8.82 7.83 6.55 0.37 0.18 0.11 0.07

Highlight indicates the optimal point of enzyme activity and productivity.

Enzyme precipitation was carried out with ethanol (99% v/v) added to the raw broth
at a constant rate of 15 mL/min in a system with magnetic stirring and temperature control
at 0 ◦C. Ethanol was added in a 2:1 (ethanol/raw broth) ratio using a burette until the final
ethanol concentration reached 70% v/v saturation, and the temperature was maintained as
low as possible to prevent lipase denaturation.

After a 30 min decantation period, centrifugation was performed at 5000 rpm for
3 min to separate the precipitated enzyme from the residual broth. The enzyme was then
resuspended in a small volume of 0.1 mol/L phosphate buffer, pH 7.0, frozen, and then
transferred to a freeze dryer (Terroni—LC 1500, São Carlos, SP, Brazil) [36].

2.2. Esterification Reactions

The esterification reaction was conducted in two distinct ways: in a non-pressurized
environment and in a pressurized reactor with SC-CO2, both following the methodology of
Ramos et al. [5]. In the non-pressurized environment, the reaction was performed in both a
solvent-free and hexane medium as a co-solvent. The reagents used in the esterification
reaction were methanol (Dinâmica, Jaraguá do Sul, SC, Brazil), oleic acid (Dutral, Campinas,
SP, Brazil), and hexane (98.5%) (Exodus Científica, Sumaré, SP, Brazil).

A full factorial design for 3 independent variables was used for conducting reactions
in a solvent-free and hexane medium. The molar ratio of acid/alcohol varied at 1:1, 1:2, and
1:3; lipase concentration in the medium varied at 2.5, 5.0, and 7.5 U/g; and temperature
varied at 30, 40, and 50 ◦C. For the esterification reaction in a reactor with SC-CO2 as the
solvent, in addition to the already-listed parameters, pressure was also analyzed, varying
at 10, 20, and 30 MPa.

After the esterification reactions, the mass of ester formed (Equation (1)) and the
esterification reaction yield (Equation (2)) were calculated for the process under atmospheric
pressure and in SC-CO2.

mester = [M NaOH(Vblank − VNaOH)·Mester]·
Vtotal
1000

(1)

Y(%) =
mester

mtheoretical
·100 (2)

where mester—ester mass formed; mtheoretical—theoretical ester mass; Mester—molar weight
of ester; MNaOH—molar weight of NaOH; and Y—yield of ester
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2.2.1. Esterification Reaction in Solvent-Free and Hexane Medium

For the reaction in a solvent-free medium, 1 mole of oleic acid and a corresponding
amount of alcohol (1, 2, or 3 moles) were added to 125 mL Erlenmeyer flasks. Lipase
was subsequently introduced into the reaction mixture. Table 4 displays the experimental
design employed for the esterification reaction in both the solvent-free medium and hexane
as a co-solvent medium.

Table 4. Yield of esterification reactions in solvent-free and hexane medium utilizing Geotrichum
candidum lipase obtained with mozzarella cheese whey (MCW) and corn steep liquor (CSL).

Yield

Tests
Molar Ratio Lipase Temperature Solvent-Free With Hexane

(Acid/Alcohol) (U/g) (◦C) (%) (%)

1 1:1 (−1) 2.5 (−1) 30 (−1) 3.08 1.84
2 1:3 (+1) 2.5 (−1) 30 (−1) 9.75 10.10
3 1:1 (−1) 7.5 (+1) 30 (−1) 1.72 1.65
4 1:3 (+1) 7.5 (+1) 30 (−1) 10.51 9.17
5 1:1 (−1) 2.5 (−1) 50 (+1) 1.03 0.85
6 1:3 (+1) 2.5 (−1) 50 (+1) 10.33 7.72
7 1:1 (−1) 7.5 (+1) 50 (+1) 0.49 0.56
8 1:3 (+1) 7.5 (+1) 50 (+1) 8.71 6.22
9 1:2 (0) 5.0 (0) 40 (0) 7.58 6.42

10 1:2 (0) 5.0 (0) 40 (0) 5.46 5.65
11 1:2 (0) 5.0 (0) 40 (0) 5.42 6.46
12 1:2 (0) 5.0 (0) 40 (0) 5.57 6.42

The reaction was carried out with stirring at 200 rpm in a shaker (Tecnal, TE-424,
Piracicaba, SP, Brazil) for 1 h at a constant temperature. Following this, 1 mL aliquots were
taken and mixed with 10 mL of ethanol (1:1 v/v) solution in a 125 mL Erlenmeyer flask to
halt the reaction. The residual oleic acid in the reaction medium was then quantified by
titration with 0.1 M NaOH.

The effect of adding hexane to the reaction medium was investigated by incorporating
hexane at a 10% v/v ratio relative to alcohol. After 1 h of stirring, 1 mL aliquots were
withdrawn and added to Erlenmeyer flasks containing an alcohol (1:1 v/v) solution. The
response obtained in both cases was the residual amount of oleic acid in the reaction
medium, and the reaction yield was calculated stoichiometrically.

2.2.2. Esterification Reaction Using SC-CO2 as Solvent

Table 5 presents the experimental design for the esterification reaction in SC-CO2. A
total of 1 mole of oleic acid was combined with the specific molar ratio of methanol to
be tested (1, 2, or 3 moles) in a 125 mL Erlenmeyer flask. This blend, along with lipase,
was then placed in the supercritical extraction and reaction unit SFE-500 (Thar SCF Waters,
Milford, CT, USA).

The reaction was performed at a constant temperature and pressure (Table 5) with
stirring at 200 rpm for 1 h. The system was gradually de-pressurized (1 MPa/min) at the end
of the reaction, and a 1 mL aliquot was transferred to an Erlenmeyer flask containing a 1:1
(v/v) alcohol mixture to halt the reaction. The mixture was then titrated with 0.1 M NaOH
to determine the residual oleic acid, and the yield was calculated stoichiometrically.

All statistical analyses, estimates, and models obtained, as well as tables and contour
curve figures, were carried out and obtained using the software Statistica 13.5® (version
13.5, TIBCO Software Inc., Tulsa, OK, USA).
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Table 5. The yield of the esterification reaction in SC-CO2 using Geotrichum candidum lipase as the
catalyst.

Tests
Molar Ratio Lipase Pressure Temperature Yield

(Acid/Alcohol) (U/g) (MPa) (◦C) (%)

1 1:1 (−1) 2.5 (−1) 10 (−1) 30 (−1) 10.11
2 1:3 (+1) 2.5 (−1) 10 (−1) 50 (+1) 39.41
3 1:1 (−1) 7.5 (+1) 10 (−1) 50 (+1) 18.13
4 1:3 (+1) 7.5 (+1) 10 (−1) 30 (−1) 35.64
5 1:1 (−1) 2.5 (−1) 30 (+1) 50 (+1) 21.89
6 1:3 (+1) 2.5 (−1) 30 (+1) 30 (−1) 24.96
7 1:1 (−1) 7.5 (+1) 30 (+1) 30 (−1) 19.84
8 1:3 (+1) 7.5 (+1) 30 (+1) 50 (+1) 20.77
9 1:2 (0) 5.0 (0) 20 (0) 40 (0) 24.36

10 1:2 (0) 5.0 (0) 20 (0) 40 (0) 23.22
11 1:2 (0) 5.0 (0) 20 (0) 40 (0) 23.60
12 1:2 (0) 5.0 (0) 20 (0) 40 (0) 24.17

3. Results and Discussion
3.1. Geotrichum candidum Lipase Production

Table 1 presents the findings from the preliminary studies on enzyme activity, focusing
on the effects of CSL, MCW, corn oil, and pH. Enzyme activities were evaluated over 96 h
with intervals every 24 h. This interval was chosen because some authors reported that
enzymatic activity could be high after 96 h of fermentation [36,37].

It was found that, after 24 h of fermentation, enzyme activity ranged from 9.86 to
21.52 U/mL·h (test 6, Table 1), with a maximum productivity of 0.90 U/mL also at 24 h of
fermentation. Table 2 shows the main effects of the independent variables for the production
of lipase using MCW for 24, 48, and 72 h of fermentation. Neither of the variables presented
significant effects after 72 h of fermentation, so the discussions were focused on the 24 and
48 h fermentation times.

CSL exhibited a positive and significant effect after 24 h (with 89% confidence) and
48 h (with 98% confidence), indicating that increasing the CSL concentration enhanced
lipase production. Consequently, the CSL concentration was increased from 5 to 15% for
the full factorial design.

Similar results have been reported in the literature. Tommaso et al. [14] studied the
production of Candida rugosa lipase in submerged fermentation using whey, malt extract,
yeast extract, Tween 80, olive oil, and brewery waste, compared to the use of whey alone.
The authors reported a 180% increase in lipolytic activity when using supplements in the
reaction medium compared to using whey alone.

Ramos et al. [5] studied lipase production using fresh whey and CSL. The authors
reported that the lipase produced showed good activity (19.87 U/mL) when 6% CSL and
40% fresh Minas cheese whey were used.

Maldonado et al. [38] and Maldonado, Macedo, and Rodrigues [39] investigated the
influence of CSL on the enzymatic activity of Geotrichum candidum and Geotrichum sp lipase.
They found that the highest activity was achieved with 15% (w/v) CSL for Geotrichum sp.
lipase and 8% CSL (w/v) for Geotrichum candidum lipase.

MCW exhibited a negative and significant effect at both 24 and 48 h and also at
72 h (considering 89% confidence), leading to the decision to significantly reduce the
concentration of MCW (despite the initial proposal to use the maximum possible). Thus,
the full factorial design range was set between 20% and 40% (w/v). Compared with
the literature, the production of lipase by Candida rugosa was also higher with lower
concentrations of MCW [14].

Corn oil did not show significant effects and was fixed at 1.0% (central point condition),
and pH also did not show significant effects and was fixed at 6.0. This pH value was selected
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based on previous work from our research group, where Geotrichum candidum lipase was
more stable over time [5,36].

The data obtained from the full factorial design (Table 3) show that the maximum
lipolytic activity achieved (17.80 U/mL) (test 4, Table 3) was lower than that in the fractional
factorial design (31.65 U/mL) (test 6, Table 1). Such a result is not unexpected, as Geotrichum
candidum is an imperfect fungus, where the standardization of the results is challenging,
and relatively high variations (20 to 30% in lipase production), even under optimized
conditions, have been observed in previous studies [39].

Variations in the results may also occur due to the variability in the composition of the
byproducts used, which are also difficult to standardize. However, the average produc-
tivity, considering the 12 assays conducted, was 0.47 U/mL·h after 24 h of fermentation,
which is similar to a previous study using CSL that achieved 0.44 U/mL·h under optimal
conditions [39].

The analysis of variance (ANOVA) showed a better fit for the first-order model, with
R2 = 0.79. Thus, Equation (3) represents lipase production.

Lipase
(

U
mL

)
= 10.61 + 3.84 CSL + 3.69 MCW + 2.68 CSL × MCW (3)

The model represented by Equation (3) can be illustrated by the contour plot shown in
Figure 2.

 
Figure 2. Contour plot showing lipase activity (U/mL) as a function of mozzarella cheese whey
(MCW) and corn steep liquor (CSL) for the first-order model.

Within the studied range, increasing the concentrations of CSL and MCW led to
an increase in lipolytic activity. However, the axial points obtained show that a more
substantial increase in the concentrations of both substrates did not lead to higher levels
of lipolytic activity. Therefore, within the studied range, a condition of 13.6% CSL and
37.1% MCW is deemed optimal for the production of Geotrichum candidum lipase, achieving
a maximum lipolytic activity of 17.80 U/mL after 48 h of fermentation and the highest
productivity of 0.70 U/mL·h after 24 h of fermentation. Studies that used only CSL in the
production of Geotrichum candidum lipase reported a productivity that was 1.6 times lower
than that obtained in this research [39,40].



Processes 2024, 12, 2086 10 of 16

3.2. Esterification Reactions at Atmospheric Pressure

Table 4 shows the experimental design and yields of the esterification reactions con-
ducted in a solvent-free medium and with hexane medium, using lipase obtained with
MCW and CSL. The yield increased when the molar ratio of acid/alcohol was higher (1:3)
in the solvent-free medium. Notably, the highest yields were observed in assays 4 and 6,
with yields of 10.51% and 10.33%, respectively.

Hexane as a co-solvent in the reaction medium enhanced an increase in yield in assays
where the molar ratio of acid/alcohol was higher. The highest yield occurred in assay 2,
which, under the conditions of a 1:3 molar ratio of acid/alcohol, 2.5 U/g of lyophilized
lipase concentration, and 30 ◦C, achieved a yield of 10.10%. The authors highlight that the
use of hexane as a co-solvent can increase the yield of the esterification reaction. However,
the increase shown was very small, which does not justify using hexane in these reactions
due to its high toxicity [25,41,42].

Ramos et al. [5] also utilized lipase from Geotrichum candidum, which was produced
using Minas Frescal cheese whey, for esterification reactions in solvent-free medium and
with hexane as a co-solvent. The authors found that increasing the molar fraction had a
positive impact on the yield.

The results of the analysis of the estimated effects for the esterification reaction in a
solvent-free medium and with hexane medium are shown in Table 6. It was observed that
the molar ratio was the only significant effect in the analysis for both reactions and that
temperature was statistically significant for the esterification reaction with hexane as a
co-solvent.

Table 6. The estimated effects of variables in the esterification reaction in solvent-free medium and
with hexane using Geotrichum candidum Lipase as a catalyst.

Solvent-Free (R2 = 0.97) With Hexane (R2 = 0.90)

Factors Effect Standard
Error t (7) p-Value

(p < 0.05) Effect Standard
Error t (7) p-Value

(p < 0.10)

Mean * 5.80 0.28 20.43 0.00 5.26 0.32 16.22 0.00
Molar ratio *,** 8.25 0.70 11.85 0.00 7.08 0.79 8.91 0.00

Lipase −0.69 0.70 −0.99 0.37 −0.73 0.79 −0.92 0.40
Temperature ** −1.13 0.70 −1.62 0.17 −1.85 0.79 −2.33 0.07

Molar ratio and lipase 0.26 0.70 0.37 0.73 −0.49 0.79 −0.61 0.57
Molar ratio and

temperature 0.52 0.70 0.74 0.49 −0.82 0.79 −1.03 0.35

Lipase and temperature −0.39 0.70 −0.56 0.60 −0.17 0.79 −0.21 0.84

* indicates values that are statistically significant at 95% confidence. ** indicates values that are statistically
significant at 90% confidence.

It was observed that the temperature had a negative impact, suggesting that the yield
of the reaction decreased as the temperature increased. The reduction in the esterification
reaction yield was likely due to the denaturation of the lipase at higher temperatures. It is
important to consider the temperature variable in enzymatic reactions to identify the ideal
condition for each enzyme, as this variable is specific to different types of enzymes [5,43].

The model is predictive and statistically significant at 90% confidence (R2 = 0.97) for
the esterification reaction in solvent-free medium and at 95% confidence (R2 = 0.90) for
the reaction in hexane medium, according to the analysis of variance. Such values are
justified by the imperfection of the fungus used to produce lipase in the present study, as
previously mentioned. Ramos et al. [5] similarly performed esterification and obtained
R2 ~ 0.90. These values corroborate those obtained in this work. Equations (4) and (5) show
the yield in the esterification reaction at atmospheric pressure for the solvent-free medium
and with hexane, respectively.

Y(%) = 5.80 + 4.12MR − 0.56T (4)
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Y(%) = 5.26 + 3.54MR − 0.93T (5)

where Y—yield; MR—molar ratio (M/M); L—lipase (U/g freeze-dried lipase); T—temperature
(◦C).

3.3. Esterification Reaction with SC-CO2 as Solvent

The use of a pressurized environment for the esterification reaction was based on the
fact that at higher pressures, the diffusivity of the medium increases, which theoretically
promotes an increase in the yield of reactions, extractions, and mass transfer processes
without the use of toxic organic solvents, since SC-CO2 is a GRAS (Generally Recognized
As Safe) solvent [44–46]. Figure 3 highlights the advantages of using SC-CO2 as a solvent.
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The impact of the molar ratio, lipase amount, pressure, and temperature on the
esterification reaction using SC-CO2 as a solvent was also evaluated for Geotrichum candidum
lipase produced from MCW and CSL. Table 5 shows the yield of this reaction.

Under conditions where the molar ratio of acid to alcohol was 1:3, the highest yields
were observed. The maximum yield (39.41%) occurred under conditions where the molar
ratio was 1:3, the lipase concentration was 2.5 U/g of lyophilized lipase, the pressure was
10 MPa, and the temperature was 50 ◦C.

From the experiments, it is generally observed that SC-CO2 as a solvent had a sig-
nificant effect on the yield of the esterification reaction of oleic acid with methanol. For
comparison, lipase showed yields of 10.51% in a solvent-free medium, 10.10% in a medium
with hexane as a co-solvent, and 39.41% in a medium with SC-CO2. These results demon-
strate that SC-CO2 positively influences yield.

It is also noted that for the pressures of 10, 20, and 30 MPa used in the trials, there was
no significant effect. However, the change from ambient pressure (0.101 MPa) to pressurized
environments resulted in an increased yield, as shown in the previous paragraph.

The highest yield can be attributed to the reduction in the viscosity and density of SC-
CO2, which increases the diffusion coefficient of the substrate within the reaction medium.
Furthermore, elevated pressures improve the distribution of the substrate and the lipase
active sites, thereby enhancing the conversion in the esterification reaction [47,48]

Rosa et al. [22] studied the esterification reaction of vinyl acetate with geraniol in the
synthesis of geranyl acetate using the organic solvent hexane and Candida rugosa lipase
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as the catalyst. The variables analyzed included temperature, lipase mass concentration,
and the molar ratio of vinyl acetate to geraniol. The authors found an increase in the
process conversion when the temperature was raised to 45 ◦C compared to 30 ◦C. They
also demonstrated that the formation of geranyl acetate increased as the reaction time
was extended.

In another study, Escandell et al. [47] investigated butyl acetate synthesis using Candida
antarctica lipase with two different solvents: the organic solvent hexane and SC-CO2. The
authors reported an increase in butyl acetate production under SC-CO2, reaching 76.2%
at a pressure of 12 MPa, indicating that supercritical conditions are favorable for butyl
acetate production.

Dos Santos et al. [48] explored the synthesis of eugenyl acetate in SC-CO2 as the
solvent and two types of commercial enzymes: Lipozyme 435 and Novozym 435. They
studied the esterification reaction between acetic anhydride and eugenol under varying
conditions, including enzyme mass concentration (1–10% m/m), substrate molar ratios
(1:1 and 1:5), different pressures (10–30 MPa), and temperatures (40–60 ◦C). Their study
showed that higher temperatures and lower pressures increased reaction yields, with the
optimal conditions being identified as 50 ◦C and 10 MPa.

Table 7 shows the effects for the esterification reaction using lipase obtained from
MCW and CSL in a SC-CO2 medium.

Table 7. Estimated effects for esterification reaction in SC-CO2 medium using lipase obtained from
MCW and CSL.

Interval Estimate (95%)

Factors Effect Standard
Error t(7) p-Value Lower

Bound
Upper
Bound

Mean * 23.84 1.79 13.35 0.00 19.62 28.06
Molar ratio * 12.70 4.37 2.90 0.02 2.36 23.04

Lipase −0.50 4.37 −0.11 0.91 −10.84 9.85
Pressure −3.96 4.37 −0.90 0.40 −14.30 6.39

Temperature 2.41 4.37 0.55 0.60 −7.93 12.76

R2 = 0.58. * indicates statistically significant values at 95% confidence.

The molar ratio of acid to alcohol was the only statistically significant effect and
demonstrated a positive effect, as an increase in the molar ratio also resulted in an increase
in the yield. Equation (6) shows the yield of the esterification reaction using SC-CO2 as
a solvent.

Y(%) = 23.84 + 6.35 MR (6)

where Y—yield; MR—molar ratio (M/M).
In general, the molar ratio was the only variable, across all the studied esterification

reactions, that had a significant effect. This is because a higher amount of alcohol, which
serves as the limiting substrate, promotes the reaction towards ester formation, thereby
increasing yields.

This finding aligns with those of Anschau et al. [49], who achieved a 94% conversion
in the synthesis of isoamyl butyrate using an acid molar ratio of 1:3 with Lipozyme TL IM
as the catalyst. Similarly, Macedo, Pastore, and Rodrigues [50] observed effective results in
their study, where they used Rhizopus sp. lipase for the synthesis of isoamyl butyrate and
achieved a 75% conversion with an acid molar ratio of 1:1.5.

Generally, it can be observed that the use of a pressurized environment is beneficial in
the esterification reaction, increasing its yield. In a study conducted by Melgosa et al. [51],
the influence of the substrate molar ratio, pressure, and temperature on the yield of the
fish oil ethanolysis reaction catalyzed by Lipozyme RM IM in SC-CO2 was evaluated. The
authors reported that when the pressure was increased from 10 to 30 MPa, there was a
195% increase in the reaction rate.
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In another study, the effect of pressure, temperature, and enzyme and substrate
concentration on the synthesis of eugenol acetate in SC-CO2 employing Lipozyme 435 and
Novozym 435 as catalysts was assessed. It was found that as temperature and pressure
increased, there was an increase in the reaction conversion rate [51]. Similarly, our results
also confirm that the SC-CO2 reaction medium can enhance the yield of ester production
using lipase as a catalyst.

3.4. Potential and Sustainability in Lipase Production from Industrial Waste: Alignment with
Circular Economy and Green Chemistry

The production of lipase from MCW and CSL, which are industrial wastes, represents
a valuable opportunity for various industries, including food, biodiesel, cosmetics, phar-
maceuticals, and bioremediation [20,52]. In the food industry, for example, lipases enhance
the quality and flavor of dairy products. In biodiesel production, they act as catalysts in the
conversion of oils into biofuels. In the cosmetics sector, they are used in formulations that
promote skin hydration. Additionally, in environmental applications, lipases assist in the
biodegradation of lipid pollutants, contributing to waste management.

The incorporation of SC-CO2 as a medium in the process also reduces the use of toxic
solvents and reagents, favoring methods that are less harmful to the environment. Energy
efficiency is optimized, as the process utilizes residual materials, decreasing the carbon
footprint associated with enzyme production [52].

To further increase the efficiency and sustainability of lipase production on an indus-
trial scale, various strategies can be implemented. Optimizing fermentation conditions,
such as pH and temperature, can enhance the yield and activity of enzymes. Thus, integrat-
ing a process that uses SC-CO2 as a solvent with existing processing operations can further
reduce energy and resource consumption, representing an important step toward a more
sustainable and efficient future [4,6,9,10].

4. Conclusions

The use of mozzarella cheese whey and corn steep liquor was effective for the pro-
duction of Geotrichum candidum lipase, achieving an activity of 16.71 U/mL after 24 h of
fermentation (with a productivity of 0.70 U/mL·h) and 17.80 U/mL after 48 h of fermenta-
tion (with a productivity of 0.37 U/mL·h). In both solvent-free and hexane environments
under atmospheric pressure, lipase yielded poor results in the esterification reaction, show-
ing yields of 10.51% and 10.10%, respectively. However, when SC-CO2 was used as the
reaction medium, lipase showed a significantly higher yield of 39.41%. These results high-
light that supercritical carbon dioxide not only improves the esterification reaction but also
represents a promising, non-toxic, and environmentally friendly alternative for producing
Geotrichum candidum lipase.
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