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Abstract: In many countries, whey from the dairy industry is an abundant waste that generates
an important environmental impact. Alternative processes to use the whey and minimize the
environmental impact are needed. This work considered six formulations with different ammonium
sulfate and L-phenylalanine (L-Phe) concentrations to produce bioethanol in sweet whey fermentation
by Kluyveromyces marxianus. The results showed a maximum bioethanol concentration equal to
25.13 ± 0.37 g L−1 (p < 0.05) for formulation F6, with 1 g L−1 of L-Phe and 1.350 g L−1 of ammonium
sulfate (96 h). For these conditions, the chemical oxygen demand removal percentage (CODR%)
was 67%. The maximum CODR% obtained was 97.5% for formulation F3 (1 g L−1 of L-Phe) at
96 h; however, a significant decrease in bioethanol concentration (14.33 ± 2.58 g L−1) was observed.
On the other hand, for formulation, F3, at 48 h of fermentation time, a bioethanol concentration of
23.71 ± 1.26 g L−1 was observed, with 76.5% CODR%. Based on these results, we suggest that the
best conditions to obtain a significant bioethanol concentration and CODR% value are those used on
the configuration F3 at 48 h.

Keywords: biofuels; COD removal percent; dairy waste; Kluyveromyces marxianus

1. Introduction

The residue derived from cheese production contributes, to some extent, to problems
of waste generation and water and soil pollution, among others [1]. In this regard, the
United Nations has established, as one of the sustainable development goals, the global
reduction of food waste for 2030 [2]. It has been reported that the dairy industry produces
around 400,000 million liters of residues. Sweet whey adds 50% of waste [3]. Considering
its high production of about 180 million tons worldwide, sweet whey could be a renewable
source to produce biofuels [4,5]. Regarding the production of bioethanol (BioEtOH), using
sweet whey as a raw material has advantages over first- and second-generation materials
due to its high content of carbohydrates, lactose, proteins, vitamins, salts, lipids, and
minerals. In addition, it is a long-lasting and low-cost product [6]. Due to its quality,
bioethanol produced from sweet whey can be used in food, drinks, and the pharmaceutical
and cosmetic industries [3,7]. Annual industrial ethanol production of four million tons has
been reported, of which 80% is produced by fermentation [8]. Therefore, sweet whey is an
ideal raw material alternative to BioEtOH production, with a relatively easy fermentation
process. It does not involve additional costs for the inoculum and does not require excessive
energy consumption for the substrate pre-treatment [9].
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The production of two types of BioEtOH has been reported depending on the raw
material used. First-generation bioethanol (BioEtOH 1G) is obtained from sugarcane and
corn starch as raw materials via biomass fermentation. However, using these sources has
disadvantages, such as the competition for arable land, agricultural supplies for human
or livestock consumption, and their scarce availability [10]. On the other hand, second-
generation bioethanol (BioEtOH 2G) is obtained from non-food lignocellulosic biomass
in a process with several stages: the pre-treatment that eases the separation of lignin, the
hydrolysis through acids or enzymes to turn the polysaccharides into simple sugars, and a
sugar fermentation stage to obtain the alcohol [11]. All these stages for producing BioEtOH
2G and its separation and purification sequence are long and complex. The advantages of
using sweet whey as a raw source for making BioEtOH are that it does not require complex
pre-treatment and that some yeast, like Kluyveromyces marxianus, can perform hydrolysis
and fermentation processes together.

Nevertheless, the main disadvantage is biofuel’s low concentration when obtained
from raw or filtered whey [12]. Accordingly, whey powder is one alternative to increase
the BioEtOH concentration because of its high lactose concentration. However, even in
this case, the waste products have a high pollutant load expressed as the chemical oxygen
demand (COD), and the lactose concentrate within the whey increases the production
costs [13]. In this sense, an alternative for producing BioEtOH from sweet whey could be
using sweet whey pre-treated only with pasteurization before fermentation but under the
best process conditions to increase the product concentration.

Kluyveromyces marxianus is a fermentative breath yeast that generates energy through
oxidative phosphorylation, the tricarboxylic acid cycle (TCA), or fermentation into ethanol [9].
Sufficient availability of nitrogen, phosphorus, traces, vitamins, and cofactors is important
to secure the completion of the fermentation as fast as metabolically possible [7]. The
production of BioEtOH with K. marxianus using whey as a substrate when permeated,
pasteurized, and/or enriched was reported recently [14]. It has been reported that only
20% of the nitrogen source found in the sweet whey can be used for these kinds of yeast.
Therefore, supplementing the sweet whey with a nitrogen source and an amino acid such
as L-phenylalanine (L-Phe) would allow the galactose and the Adenosine triphosphate to
interact allosterically with the first enzyme, acting on the Leloir pathway, and on the other
hand, to produce the L-phenylalanine bioconversion via the Ehrlich pathway to produce
other metabolites that also favor the production of BioEtOH [15,16]. Consequently, six for-
mulations of raw sweet whey with the addition of ammonium sulfate and L-phenylalanine,
using the yeast strain Kluyveromyces marxianus, were evaluated in this work. Along with the
strain selection, these changes would permit (i) the increase in the production of BioEtOH
and (ii) the reduction of the sweet whey pollutant load without any pre-treatment, reducing
the environmental impact and the harmful effects on the population.

2. Materials and Methods
2.1. Sweet Whey Preparation and Microbiological Analysis

Samples were directly taken from the production of panela-type cheese. The sweet
whey quality was evaluated by assessing aerobic mesophiles and thermophiles, Salmonella
spp., Staphylococcus aureus, and psychrophilic microorganisms, according to the NOM-
092-SSA1-1994 [17], NOM-114-SSA1-1994 [18], and NOM-115-SSA1-1994 [19] guidelines,
respectively. The sanitary specifications were assessed according to the NOM-243-SSA1-
2010 norm [20]. Afterward, the sweet whey was prepared via slow pasteurization at 63 ◦C
for a 30 min Low-Temperature Long Time (LTLT) process. The protocol of Gómez-Aldapa
et al. [21] was used to determine the pH and the proximate analysis of whey. In this
study, we selected ammonium sulfate as an additional easily assimilable nitrogen (NFA)
source because there are reports that indicate that only 25% of the nitrogen present in
whey can be assimilated by K. marxianus [22]. At the same time, L-Phe was added as a
precursor of the product that is taken up by the Ehrlich pathway, and in the breakdown of
the cinnamate catabolic pathway of L-Phe, anaerobic pyruvate carboxylation contributes to
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ethanol production [23]. The six formulations considered are shown in Table 1, with low,
medium, and high concentration criteria [24].

Table 1. Sweet whey formulations at pH 4.8, 180 rpm/30 ◦C, and concentrations of (NH4)2SO4

and L-Phe.

Sweet Whey Formulations Ammonium Sulfate
(g L−1)

L-phenylalanine
(g L−1)

Formulation F1 0 0
Formulation F2 0 0.50
Formulation F3 0 1.00
Formulation F4 0.45 1.00
Formulation F5 0.90 1.00
Formulation F6 1.35 1.00

2.2. Strain Maintenance

The strain employed was K. marxianus ITD00262, isolated by Páez-Lerma et al. [25]
from the alcoholic fermentation process of Agave Duranguensis during mezcal production
in Durango. The culture media used and the methodology for the strain maintenance
followed guidelines from Conde-Báez et al. [24].

2.3. Inoculum Preparation

The strain of K. marxianus was seeded in a petri dish in a lactose, peptone, and yeast
extract (LPY) medium [24] and incubated at 28 ◦C/24 h (Arsa, Mexico City, Mexico). A
culture sample with a wire loop was transferred to a 250 mL Erlenmeyer flask with 100 mL
of LPY broth media at pH 4.8. The flask was incubated in stirring at 1 RCF (Relative
Centrifugal Force) at 30 ◦C (Shaker Thermo® Scientific, Waltham, MA, USA) for 12 h
at 28 ◦C. Afterward, an initial inoculum of 1 × 106 cells mL−1 was incorporated using
the direct count technique under a microscope with a hemocytometer (Marienfeld). This
inoculum was added to flasks with sweet whey at pH 4.8; the flasks were incubated with
stirring (2 RCF) at 30 ◦C for 96 h. Sample storage and the yeast count were performed
according to procedures reported by Conde-Báez et al. [24]. The reading of the samples
was carried out in triplicate.

2.4. Quantifying the Bioethanol Production

Detection and quantification of BioEtOH were carried out from the filtering of the
sweet whey samples with cellulose membranes (0.5 µm diameter), previously centrifuged
at 9677 RCF (240 mm rotor radius) [Eppendorf™] for 6 min. The filtrate was analyzed using
gas chromatography Perkin Elmer N931-6403 (Norwalk, CT, USA), equipped with a FID
sensor, with a DB WAX J&W Scientifics column (60 m × 0.25 mm × 0.25 µm). Injector and
detector temperatures were 250 ◦C and 300 ◦C, respectively. The furnace temperature was
increased from 35 ◦C to 200 ◦C with a heating rate of 20 ◦C min−1 for 10 min [14]. Nitrogen
was used as the carrying gas at a flow rate of 1 mL min−1 for all the samples. The extract
of the injected samples was 2 µL. Compounds were identified and quantified by external
calibration using reference compounds. Samples were injected in duplicate.

2.5. Evaluation of Reducing Sugar Content

The lactose content in the sweet whey samples was quantified via the 3,5-Dinitrosalicylic
acid (DNS) method, as Hortsch et al. [26] reported. The DNS reactant was prepared by
dissolving 10.6 g of 3,5-Dinitrosalicylic acid and 19.8 g of NaOH in 1416 mL of water
and subsequently dissolved 306 g of potassium sodium tartrate. To analyze the samples
in the Eppendorf™ tubes, they were centrifuged at 9677 RCF (240 mm rotor radius) for
3 min. Later, 100 µL of the sample was added in 25 mL sterile tubes with 1.5 mL of 3,5-
Dinitrosalicylic acid for the hydrolysis polysaccharide. Finally, the tubes were maintained
in water at 100 ◦C for 5 min. Lactose reduces one of the two nitro groups, leading to changes
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in color from yellow to brown that were photometrically quantified at 540 nm (calibration
with water with a shutter and lactose solution used as standard 4 g L−1).

2.6. Determination of the Chemical Oxygen Demand (COD)

Chemical oxygen demand (COD) was determined through a standardized technique
of closed reflux digestion [27]. The samples were centrifuged at 3360 RCF (240 mm rotor
radius) [Eppendorf™] for 5 min; later, they were filtered using nylon membranes of 0.45 µm
pore size. Sample reading was carried out with a spectrophotometer (Thermo Scientific
BioMate 3S) at 600 nm. The supernatant was microfiltered with cellulose membranes with a
pore diameter of 0.5 µm. Following this was the addition of 1 mL of potassium dichromate
with sulfuric acid and 1.5 mL of silver sulfate; this was placed on a digestion rack for two h
at 150 ◦C. Absorbance was determined by colorimetry at a wavelength of 620 nm. COD
was measured every 24 h for four days in the batch systems of sweet whey. The chemical
oxygen demand removal percent (CODR%) was calculated with the following equation:

CODR% =
(SO − S)
(SO)

× 100 (1)

where So is the feed load of pollutant (COD in mg O2 L−1), and S is the output pollutant
load (COD in mg O2 L−1).

2.7. Mathematical Models

The kinetic parameters (µ,Yx(biomass)/s(lactose), Yp(bioET)/s(lactose), rp, -rs) were
determined using the Monod equation [28,29]. The experiments were carried out in a batch
reactor, measuring the product (BioEtOH) and substrate concentrations with time. The
analysis used the differential method, considering a constant volume exothermic reaction.
For microbial growth, the equation used for Monod kinetics was

µ =
µmax S
Ks + S

(2)

where µ is the specific growth rate (h−1), S is the substrate degradation (g L−1), µmax is the
maximum specific growth rate (h−1), and Ks is the saturation constant (g L−1).

The following differential equation describes the substrate degradation rate:

dS
dt

= −rs = − µ

YX
S

X (3)

where t is time, rs is the substrate degradation rate, Yx/s is the biomass-substrate yield, and
X is the biomass (g L−1).

Moreover, the product formation is described with

dP
dt

= rp =
µYP/S
YX/S

X (4)

P is product formation, rp is the product formation rate, and Yp/s is the product-
substrate yield.

The yield stoichiometric coefficient, g, was computed as follows:

g =
1
π

(
tan−1(kYP/S(S f − S)) +

π

2

)
(5)

Here, k is the saturation constant (g L−1), S is the initial substrate concentration (g L−1),
and Sf is the final substrate concentration (g L−1).
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Experimental data were independently fitted to the Gompertz equation, using non-
linear regression according to Deseure et al. [30], with the Marquardt algorithm and the
following equation:

y = a ∗ exp[−exp(b − xc)] (6)

The solution to Equation (6) as a function of A, µmax, and λ is the following:

y = A ∗ exp
{
−exp

{µmaxe

A

}
(λ − x) + 1

}
(7)

The values of the parameters a, xc, and b were obtained with OriginPro 8.1, using the
least squares method, with a confidence interval of 95%. Using the values for a, xc, and b,
for the model solution, the values for A, µm, and λ were calculated using Equation (7).

2.8. Statistical Analysis

Differences were considered significant when p < 0.05. An analysis of variance (fac-
torial ANOVA) was performed with a post hoc Tukey test with a confidence level of 95%
and a confidence interval of 95% using the software Statistica® 8.0.3. All the experimental
analyses were performed in triplicate.

Figure 1 summarizes the methodology implemented to conduct the tests.
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3. Results and Discussion

The sweet whey microbiological analysis showed the absence of Salmonella spp.,
Staphylococcus aureus, aerobic thermophiles, and psychrophilic microorganisms. A total
coliform concentration of 7 is the most probable number (MPN)/100 mL, and aerobic
mesophiles of colony-forming units (CFUs) totaling 42 CFU mL−1 were determined. These
results are below the established limits in the NOM-243-SSA1-2010 guidelines (Table 2),
which indicates an excellent microbiological quality of the sweet whey. The whey chemical
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composition results without significant differences to it were reported by Gómez-Aldapa
et al. [21].

Table 2. Maximum permissible limits for the microbiological analysis of sweet whey.

Parameter Maximum Limits
NOM-243-SSA1-2010 Sweet Whey Sample

Salmonella spp. Absent in 25 mL Absent
Staphylococcus aureus ≤10 UFC/mL Absent
aerobic thermophiles - Absent

psychrophilic microorganisms - Absent
total coliforms ≤10 NMP 7 NMP/100 mL

aerobic mesophiles ≤250 UFC mL−1 42 UFC mL−1

BioEtOH was produced in the six formulations with concentration values ranging
from 15.59 g L−1 (F1) to 25.13 g L−1 (F6) [Table 3]. Formulation F1 consisted of sweet whey
in a system without precursors, with a biomass concentration of 1.13 × 109 CFU mL−1 and
a substrate consumption rate (-rs) of 0.62 g L−1 h−1 (R2 = 0.97). This would indicate that
BioEtOH produced through the mechanisms of imported lactose towards the cytosol needs
easily assimilable nitrogen sources such as ammonium sulfate and/or other precursors
that allow the specificity of predominant metabolic routes favoring the production of
BioEtOH [10,12]. Adding L-Phe to the substrate increased the production of BioEtOH by
almost 50% concerning raw sweet whey (F1), with a maximum concentration of 23.71 g L−1

(F3). Meanwhile, the simultaneous incorporation of precursors (L-Phe and (NH4)2SO4)
managed to increase the BioEtOH concentration by 59.6% (F6). The L-Phe presence in
the culture medium promoted the production of BioEtOH during the yeast’s secondary
metabolism, corresponding to the stationary growth phase [14]. Yeasts can transform
amino acids into their respective fusel alcohols by the Ehrlich pathway. The amino acids are
submitted to transamination, followed by decarboxylation and dehydrogenation to form
the corresponding alcohol [31]. The lactose is then hydrolyzed to glucose and galactose,
which are transformed into pyruvate by the glycolysis pathway. Then, pyruvate can be
oxidized into BioEtOH and acetic acid by anaerobic fermentation or converted into organic
acids by the metabolic pathway of the Krebs cycle [31]. It has been reported that only 25%
of the nitrogen present in whey can be used by K. marxianus [22]. The (NH4)2SO4 was
used as a nitrogen source, showing that a suitable nitrogen source combined with aerobic
conditions could increase the BioEtOH yield compared to the anaerobic fermentation or
oxygen-limited conditions.

Production yield for BioEtOH over the substrate consumption did not show significant
differences for F2 with the addition of L-Phe. However, with a higher L-Phe concentration
in the medium (F3), significant differences were observed in the production with values of
23.71 g L−1 (48 h). These concentration values are higher than those obtained by Zoppellari
et al. [32], Hadiyanto et al. [33], and Boura et al. [34], with values of 17, 8, and 2 g L−1,
respectively, using lactose present in sweet whey. The conditions selected in this work
considerably improve the bioethanol yield using lactose in whey as a fermentation substrate.
During the experimental runs, the fit for the Monod and Gompertz models to determine
the kinetic parameters that describe the BioEtOH production showed a good correlation
with the experimental data, with R2 values higher than 0.97 in all cases; see Figure 2.

Regarding the product formation rate (rp), the simultaneous addition of ammonium
sulfate and L-Phe (F4 to F6) showed a significant decrease in rp compared to raw sweet
whey (F1). In these formulations, the rp values varied from 0.24 to 0.34 g L−1 h−1, lower
than when only L-Phe was added (F2 and F3); see Table 3.

The substrate consumption rate (-rs) increased with the presence of L-Phe because the
assimilation of lactose in K. marxianus could have occurred through the lactose permease
encoded by the LAC12 gene and hydrolyzed by intracellular β-galactosidase encoded
by the LAC4 gene; catabolized by the Leloir pathway through an enzymatic reaction to
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produce BioEtOH [10,35]. Concerning the substrate consumption rates (-rs) obtained with
Monod’s equation for F3 and F6 of 1.26 and 1.27 g L−1 h−1 (R2) 0.99, they are higher than
those obtained by Hadiyanto et al., [33], Ozmihci et al., [36] and Lukondeh et al., [37] with
values of 0.32, 0.37, and 0.16 g g−1, respectively, in similar lactose concentrations (48 g L−1)
at 30 ◦C. The results of -rs for formulations F3 and F6 depend on the operation conditions,
the nature of the substrate, the addition of precursors, and the used microorganism [30].

Table 3. Kinetic parameters in the sweet whey formulations at pH 4.8 30 ◦C/180 rpm.

Parameters F1 F2 F3 F4 F5 F6

rp (g L−1 h−1) 3.77 ± 0.68 a 0.72 ± 0.02 b 1.14 ± 0.13 c 0.32 ± 0.11 d 0.24 ± 0.09 e 0.34 ± 0.06 d

-rs (g L−1 h−1) 0.62 ± 0.18 a 1.07 ± 0.24 b 1.26 ± 0.32 c 1.35 ± 0.16 a 1.34 ± 0.68 a 1.27 ± 0.34 f

µmax (h−1) 0.72 ± 0.03 a 0.98 ± 0.01 b 0.27 ± 0.08 c 0.11 ± 0.07 b 0.19 ± 0.20 e 0.21 ± 0.07 f

tg (h) 0.41 ± 0.11 a 3.20 ± 0.42 a 1.11 ± 0.06 c 2.75 ± 0.25 d 1.52 ± 0.09 e 1.47 ± 0.41 f

Yx/s (g g−1) 0.12 ± 0.04 a 0.30 ± 0.08 b 0.22 ± 0.10 c 0.42 ± 0.03 d 0.28 ± 0.02 e 0.44 ± 0.06 a

Yp/s (g g−1) 0.65 ± 0.14 a 0.38 ± 0.24 b 0.52 ± 0.13 c 0.87 ± 0.53 d 0.26 ± 0.18 d 0.61 ± 0.18 f

λ (h) 0.32 ± 0.09 a 0.22 ± 0.04 a 0.22± 0.08 a 0.21 ± 0.17 a 0.20 ± 0.04 a 0.27± 0.14 f

Yeast count (CFU mL−1) 1.13 × 109 ±
1.2 × 106 a

2.19 × 109 ±
1.2 × 106 b

1.12 × 109 ±
1.2 × 106 c

2.4 × 109 ±
1.2 × 106 d

2.1 × 109

± 1.2 × 106 e
2.7 × 109

± 1.2 × 106 c

Initial lactose (g L−1) 54.10 ± 1.48 a 52.90 ± 3.87 b 47.37 ± 5.72 a 50.15 ± 0.73 c 54.08 ± 1.52 a 48.86 ± 0.93 d

Initial BioEtOH (g L−1) * ND ND ND ND ND ND
Final BioEtOH (g L−1) ** 15.59 ± 1.92 a 18.96 ± 2.40 b 14.33 ± 2.58 c 22.69 ± 0.76 d 20.54 ± 2.06 e 25.13 ± 0.37 f

Residual lactose (g L−1) 12.70 ± 0.08 a 0.45 ± 0.072 a 0.30 ± 0.02 a 0.70 ± 0.03 a 0.81 ± 0.06 a 1.72 ± 0.058 a

tg: generation time; Yx/s: biomass yield; rp: product formation rate; -rs: substrate consumption rate; Yp/s: product
yield; λ: lag phase; µmax: maximum specific growth rate; ND not detected [* time 0 h, ** time 96 h]; a, b, c, d, e,
and f: differences when p < 0.05; value ± standard deviation.
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± 1.2 × 106 e 

2.7 × 109 
± 1.2 × 106 c 

Initial lactose (g L−1) 54.10 ± 1.48 a 52.90 ± 3.87 b 47.37 ± 5.72 a 50.15 ± 0.73 c 54.08 ± 1.52 a 48.86 ± 0.93 d 
Initial BioEtOH (g L−1) * ND ND ND ND ND ND 
Final BioEtOH (g L−1) ** 15.59 ± 1.92 a 18.96 ± 2.40 b 14.33 ± 2.58 c 22.69 ± 0.76 d 20.54 ± 2.06 e 25.13 ± 0.37 f 
Residual lactose (g L−1) 12.70 ± 0.08 a 0.45 ± 0.072 a 0.30 ± 0.02 a 0.70 ± 0.03 a 0.81 ± 0.06 a 1.72 ± 0.058 a 

tg: generation time; Yx/s: biomass yield; rp: product formation rate; -rs: substrate consumption rate; 
Yp/s: product yield; λ: lag phase; µmax: maximum specific growth rate; ND not detected [* time 0 h, 
** time 96 h]; a, b, c, d, e, and f: differences when p < 0.05; value ± standard deviation. 
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tion to produce BioEtOH [10,35]. Concerning the substrate consumption rates (-rs) ob-
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Figure 2. Adjustment of the Monod equation for the rate of product formation (rp) of sweet whey
fermentation at pH 4.8, 30 ◦C/180 rpm.

The results obtained for the maximum specific growth rate (µmax) for F3 and F6, with
values of 0.27 and 0.21 h−1, respectively, where the maximum concentrations of BioEtOH
were reached, indicate an efficiency on the conversion of the substrate towards BioEtOH,
compared to the other formulations. For F6, a yield (Yp/s) of 0.81 g g−1 was obtained. These
results are higher than those reported by Hadiyanto et al. [33], Ozmihci et al. [36], and
Lukondeh et al. [37] with BioEtOH yields of 0.21, 0.54, and 0.055 g g−1. All the kinetic
parameters are presented in Table 3. When L-Phe is added to the substrate, the rp decreases,
the ethanol concentration increases, and the -rs increases, allowing faster consumption and
a more significant amount of substrate. This rise in the substrate consumption rate causes
faster lactose consumption. Afterward, the yeast starts consuming other carbon sources,
such as the BioEtOH, which could explain why, after 48 h, the ethanol concentration
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decreases. On the other hand, adding L-Phe to the substrate could have accelerated
Ehrlich’s pathway, produced other metabolites, and reduced the concentration of BioEtOH
in the medium.

The results for the CODR% values are presented in Table 4. Incorporating L-Phe
favors the CODR%, which agrees with results obtained from residual lactose, increasing
the substrate consumption rate. When ammonium sulfate is included (F5 and F6), the
CODR% decreases, obtaining a concentration of residual lactose in these formulations of
0.81 and 1.72 g L−1. Regarding the maximum CODR% of pollutant load, formulation F3
had a 97.59% (96 h), with an initial COD of 50,583 mgO2 L−1, a residual lactose content
of 0.30 g L−1, and a final COD of 1222 mgO2 L−1. The % COD removal obtained in F3 is
higher than those reported in sweet whey samples by Venetsaneas et al. [38] and Comino
et al. [39], with 95% and 82% values, respectively. Although, for F3 at 96 h, an important
decrease in bioethanol concentration is observed.

Table 4. COD concentration in the sweet whey fermentation and final CODR% for the six configurations.

F1 F2 F3 F4 F5 F6

Conditions Stirring 180 rpm
pH 4.8

Stirring 180 rpm
pH 4.8

0.5 g L−1 (L-FE)

Stirring 180 rpm
pH 4.8

1 g L−1 (L-FE)

Stirring 180 rpm
pH 4.8

1 g L−1 (L-FE)
450 mg L−1

(NH4)2SO4

Stirring 180 rpm
pH 4.8

1 g L−1 (L-FE)
900 mg L−1

(NH4)2SO4

Stirring 180 rpm
pH 4.8

1 g L−1(L-FE)
1350 mg L−1
(NH4)2SO4

Time (H) COD
(mgO2 L−1)

COD
(mgO2 L−1)

COD
(mgO2 L−1)

COD
(mgO2 L−1)

COD
(mgO2 L−1)

COD
(mgO2 L−1)

0 51,833 ± 3790.96 a 41,388 ± 994.32 b 50,583 ± 3033.21 a 37,027 ± 622.58 a 37,889 ± 2077.70 c 38,000 ± 2320.51 a

24 22,472 ± 273.57 a 15,388 ± 947.70 b 16,694 ± 569.04 c 18,027 ± 2793.42 d 19,666 ± 1083.92 e 21,055 ± 2025.81 f

48 19,055 ± 106.38 a 14,027 ± 662.60 b 11,888 ± 387.56 c 14,250 ± 1631.33 b 14,555 ± 1095.25 b 15,194 ± 1019.73 d

72 18,222 ± 115.64 a 11,916 ± 337.55 b 6500 ± 804.43 c 13,694 ± 1817.48 d 9500 ± 491.70 e 14,833 ± 476.83 f

96 16,472 ± 277.31 a 5083 ± 1184.063 b 1222 ± 45.36 c 10,750 ± 1784.34 d 8861 ± 620.92 e 12,277 ± 465.91 f

CODR% (96 H) 68.23 ± 39.67 a 87.72 ± 0.14 b 97.59 ± 0.86 C 70.97 ± 0.072 d 76.62 ± 0.16 e 67.70 ± 0.22 a

a, b, c, d, e, and f: differences when p < 0.05; value ± standard deviation.

Finally, Figure 3 shows the behavior between bioethanol production and CODR% in
each formulation through fermentation time. The time is indicated in hours for formulations
F3 and F6. The region with higher bioethanol production is enclosed in the blue oval.
The analysis of this graph shows that the best value of bioethanol concentration was for
the formulation F6 at 96 h (25.13 ± 0.37); however, the CODR% was not the best (67%).
Configuration F3 at 48 h could represent the best conditions for ethanol production from
sweet whey because the ethanol concentration (23.71 ± 1.26, F3, 48 h) is comparable with
that obtained in formulation F6, and the CODR% for F3 (76%) is more significant compared
to that in F6. Selecting the F3 conditions, the production and the CODR% could be satisfied.
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4. Conclusions

The study addresses the challenge of utilizing sweet whey, a byproduct of the dairy
industry, by converting it into bioethanol as a sustainable and environmentally friendly
alternative. Six formulations with varying concentrations of ammonium sulfate and L-
phenylalanine were tested for bioethanol production using Kluyveromyces marxianus. Si-
multaneously, the chemical oxygen demand removal was measured. It was found that
configuration F6, with a higher production of bioethanol (25.13 ± 0.37 g L−1), does not
present the best CODR% (67%). However, configuration F3, at 48 h of fermentation time,
achieves a high bioethanol concentration (23.71 ± 1.26 g L−1) with a high CODR% value
(76%). The research successfully demonstrated the feasibility of producing bioethanol from
sweet whey through fermentation with Kluyveromyces marxianus. The study identified
conditions that maximize bioethanol production by optimizing nutrient concentrations
while reducing dairy waste’s pollutant load. This innovative approach not only offers a
sustainable solution for utilizing dairy byproducts but also contributes to environmental
remediation efforts in the dairy industry.
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