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Abstract: The production of volatile fatty acids (VFAs) through the acidogenic fermentation of
wastewater is an emerging technology that requires further research to optimize operational variables
for specific substrates. Cassava wastewater, which is a byproduct of the cassava sour starch extraction
process, has been minimally studied regarding its potential for VFA production through acidogenic
fermentation. Batch reactors were used to evaluate the effects of the substrate-to-microorganism
(S/M) ratio and temperature on VFA production from cassava wastewater. The results showed
no statistically significant differences between the evaluated S/M ratios. The maximum total VFA
concentration observed was 2214.64 mg of acetic acid (HAc)/L (0.32 gCODVFA/gCOD), which was
achieved at a S/M ratio of 4 gCOD/gVS. This concentration was predominantly composed of acetic
acid (42.7%), followed by butyric acid (30.1%) and propionic acid (24.6%), with a minor quantity
of isovaleric acid (2.6%). The statistical analysis for the temperature variable showed significant
differences between the evaluated conditions. The maximum concentration of total VFAs was
2650.19 mgHAc/L (0.45 gCODVFA/gCOD) at 34 ± 1 ◦C, with acetic (40.9%), butyric (29.8%), and
propionic (29.3%) acids as primary metabolites. Cassava wastewater shows promise as a potential
substrate for VFA production, warranting evaluation in continuous reactors.

Keywords: volatile fatty acids; acidogenic fermentation; substrate to microorganism ratio; temperature;
cassava wastewater

1. Introduction

Volatile fatty acids (VFAs) are organic acids that are primarily derived from petroleum
refining, meeting approximately 90% of market demand [1]. However, these acids are
also intermediates in natural microbial metabolic pathways and have the potential to be
produced through the acidogenic fermentation (AF) of organic biomass by mixed micro-
bial cultures [2,3]. AF is a stage derived from the initial phase of conventional anaerobic
digestion, in which fermentative bacteria metabolize simple organic compounds—such as
monosaccharides, long-chain fatty acids, glycerol, and amino acids—generated through
the hydrolysis of complex particulate material to produce VFAs, alcohols, ketones, car-
bon dioxide, hydrogen, ammonia, sulfur, and new bacterial cells [4,5]. VFAs have wide
applications in biological nutrient removal, pharmaceuticals, and the food and chemi-
cal industries. Moreover, they serve as feedstock for various products, including biogas,
biodiesel, bioplastic, biohydrogen, biofertilizer, and biosurfactant [6].

In recent years, there has been increasing interest in researching the production of
VFAs from wastewater [3,7–10]. Laboratory and pilot-scale studies, employing both contin-
uous and batch reactors, have explored VFA production from various substrates. These
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investigations aimed to assess the impact of operational factors, such as hydraulic re-
tention time (HRT), pH, temperature (T), the substrate-to-microorganism (S/M) ratio,
substrate characteristics and concentrations, and nutrient composition and availability, as
well as headspace partial pressure on the process. Operating parameters play a signifi-
cant role in determining thermodynamically viable reactions and the growth of the most
efficient microorganisms [11].

Cassava wastewater (CWW) is a byproduct of the cassava sour starch extraction
process. By 2020, global starch production ranged from 88.1 to 97.7 million tons, with
14% of it derived from cassava [12]. In Colombia, sour starch is produced in small- and
medium-sized processing plants through a fermentation process and is primarily used in
baked goods [13]. Sweet or native starch is produced by large industries, is not fermented,
and has no odor or flavor. It is primarily used as a binder in the food industry—such as in
cookies, meat products, pasta, and seasoning sauces—but also finds applications in other
sectors including paper and cardboard, adhesives, and textiles [14].

Treating CWW through AF not only produces VFAs but also helps mitigate environ-
mental impacts on receiving water sources. These impacts are mainly due to the addition
of substances (such as organic matter, cyanide, and acids), heat, and microorganisms to
the water, which cause temperature fluctuations, increased populations of microorganisms,
and the eutrophication of the receiving body [15].

AF holds promise as a technology; however, there is limited information on yields and
an insufficient understanding of the mechanisms involved in metabolic changes (changes in
the type of products), especially concerning CWW. These metabolic changes are primarily
influenced by operational factors. For CWW, previous studies evaluated the effect of
fermentation time, pH, alkalinity, biomass adaptation, and methanogenesis inhibition
techniques on VFA production [16–18]. Nevertheless, research on the impact of S/M ratio
and temperature on AF of CWW is lacking. To our knowledge, the scientific literature
reveals no studies evaluating the effect of the S/M ratio on VFA production from the
substrate of interest, and temperature analysis has been conducted in only one study [16].

On the one hand, the S/M ratio can influence the oxidative and reductive pathways
involved in VFA production [19]. Proper adjustment of the amount of inoculum is also
crucial in fermentation processes. According to Arevalo Ortiz and Arias Arroyo [20], large
inoculum concentrations can lead to substrate loss due to intense competition among
microorganisms, resulting in cell death and excess heat. Conversely, low inoculum con-
centrations increase the risk of contamination by undesirable microorganisms and prolong
fermentation time, consequently reducing productivity. De Sousa e Silva et al. [19] eval-
uated the impact of the S/M ratio (0.8 to 1.9 gCOD/gVSS) on the profile and kinetics of
VFA production from the AF of dairy wastewater. The authors concluded that although
increasing the S/M ratio did not affect the percentage conversion of dairy wastewater to
carboxylic acids (42 to 44%), it positively influenced productivity. Pérez-Morales et al. [21]
analyzed the effects of pH (5.04 to 7.41) and the S/M ratio (25.86 to 71.99 gCOD/gVSS)
on VFA production from raw cheese whey. They found that decreasing the S/M ratio
at a neutral pH enhanced VFA production, achieving the highest degree of acidification
(45.37%) at an S/M ratio of 32.63 gCOD/gVSS and a pH of 7.0. Vergine et al. [22] tested
three S/M ratios (1.6, 4.0, and 6.4 gCOD/gVSS) and different initial alkalinity values (1.0 to
2.5 gCaCO3/L) for synthetic soft drink wastewater. The authors achieved the maximum
degree of acidification (70.3 ± 0.4%) at an S/M ratio of 4.0 gCOD/gVSS and an initial
alkalinity of 2.0 gCaCO3/L. Similarly, Silva et al. [23] maximized VFA production (up to
0.63 gVFA/gCOD) from cheese whey with an initial alkalinity of 5 to 7 gCaCO3/L and
an S/M ratio of 2 to 4 gCOD/gVSS. Finally, in a study focused on hydrogen production
from CWW, Mañunga [24] evaluated the effect of the S/M ratio and observed that VFA
concentration increased as the S/M ratio rose from 2 to 6 gCOD/gVS.

On the other hand, temperature plays a crucial role in microbial growth and metabolism,
as most fermentative bacteria are unable to survive in extreme temperature conditions.
Increasing temperature reduces the activation energy of enzymes [25]. Furthermore, each
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type of microorganism has an optimal temperature range, and variations in bioreactor
temperature can modify the structure of the microbial consortium involved in AF [25,26].

Hasan et al. [16] investigated the effect of temperature (30 to 50 ◦C) and alkalinity (2 to
4 g/L sodium bicarbonate) on VFA production from CWW using a central composite design
and found the highest yield (3400 mgTVFA/L) at 30 ◦C and 3 g/L sodium bicarbonate. The
authors recommended a mesophilic temperature due to its lower energy demand and the
more stable operation of the fermentation process. Furthermore, in their study on hydrogen
production from glucose in batch reactors, Wang and Wan [27] analyzed VFA production
across a temperature range of 20 to 55 ◦C. They observed that the production of ethanol
and acetic acid—accounting for more than 86% of the total soluble metabolites—increased
as the temperature rose from 20 to 35 ◦C but began to decline when the temperature was
raised further from 35 to 55 ◦C. In a separate study, Yu and Fang [28] investigated the
influence of pH (4.0 to 7.0) and temperature (20 to 55 ◦C) on the acidification of gelatin-
rich wastewater using an up-flow anaerobic reactor. The authors observed that both the
degree of acidification and the rate of VFA and alcohol formation increased slightly with
rising temperature. Most studies evaluating the impact of temperature on VFA production
utilized biological waste or food waste as a substrate [11,29,30].

Since the exploration of CWW for VFA production is still in its early stages, this study
aimed to assess the individual effects of the S/M ratio and temperature on VFA production
and composition through AF, employing a completely randomized design. Understanding
the acidogenic potential of an organic waste stream, which refers to the quantity of VFAs
produced through the fermentation of organic constituents and knowledge of their profiles,
is crucial for developing locally based biorefinery concepts aimed at producing value-
added compounds [23]. This study stands out as one of the few to assess the potential
for recovering soluble metabolites from CWW, offering valuable insights to orient future
research on continuous acidogenic reactors.

2. Materials and Methods
2.1. Substrate and Inoculum

CWW was used as a substrate for the AF process. The substrate underwent physico-
chemical characterization and was stored at 4 ◦C for less than 24 h to preserve its properties.

Sludge from an up-flow anaerobic sludge blanket (UASB) reactor at a pig slaughter-
house wastewater treatment plant served as the inoculum. The inoculum was gradually
adapted to the substrate to enrich it with acidogenic microorganisms capable of converting
the carbohydrates present in the CWW into VFAs. After adaptation, the inoculum was heat-
pretreated at 85 ◦C for 30 min [24] to inhibit methanogenic archaea activity and promote
the accumulation of VFAs, thereby preventing their conversion to methane.

2.2. Acidogenic Fermentation Assays

Two experiments (E1 and E2) evaluated the individual effects of the S/M ratio and
temperature on VFA production from CWW by AF. Batch flow amber glass flasks with a
total volume of 400 mL (200 mL for reaction and 200 mL for headspace) served as acidogenic
reactors. Each reactor was loaded with the substrate and inoculum at the specified S/M ratio.
The initial pH of the mixture was adjusted to 5.4 using Na2HPO4 (Thermo Fisher Scientific
Inc., Waltham, MA, USA) or HCl (Merck KGaA, Darmstadt, Germany) solutions. The pH
value was chosen based on the results of previous studies [3,24]. A magnetic bar to promote
complete mixing and a cap with two NaOH (Merck KGaA, Darmstadt, Germany) pellets for
CO2 absorption were inserted into each reactor. The reactors were then sealed with rubber
septa and aluminum seals and incubated at the designated temperature for 6 d [18]. A control
was established for each experiment.

At the end of the experiment, a sample of the liquid phase was collected and analyzed
for pH, total solids (TS), volatile solids (VS), soluble chemical oxygen demand (SCOD), total
VFAs, total alkalinity, bicarbonate alkalinity, total carbohydrates, and VFA composition.
Figure 1 illustrates the unit and procedure adopted in experiments E1 and E2.
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Figure 1. Scheme of the unit and experimental procedure adopted in the AF of CWW.

The yield for each evaluated experimental condition was calculated using Equation (1),
as follows [31]:

yield =
CODVFA(final) − CODVFA(initial)

TCODinitial − CODVFA(initial)
(1)

where CODVFA(final) represents the COD of VFAs produced in the reactors, and TCODinitial
and CODVFA(initial) are the total COD and the COD of the VFAs present in the feed, respectively.

2.3. Experimental Design and Statistical Analyses

A completely randomized design was used to evaluate the individual effects of the
S/M ratio and temperature variables. Five S/M ratios and four temperatures were tested
in experiments E1 and E2, respectively, with each condition performed in triplicate. The
evaluated ranges were adopted based on results reported in the scientific literature. Table 1
displays the conditions of E1 and E2.

Table 1. Characteristics of the experiments assessing the effects of S/M ratio and temperature on VFA
production through the AF of CWW.

Criteria E1 E2

Variable evaluated S/M ratio Temperature

Evaluated conditions 2, 4, 6, 8, and 10 gCOD/gVS 20, 27, 34, and 42 ± 1 ◦C

Adjusted conditions
Fermentation time: 6 d Fermentation time: 6 d

pH: 5.4 pH: 5.4
T: 34 ± 1 ◦C S/M: 4 gCOD/gVS

Replicates 3 3

A one-way analysis of variance (ANOVA) with a 95% confidence level (ρ < 0.05)
was used to investigate significant differences among the S/M ratios and temperatures
evaluated. When ANOVA indicated significant differences, a multiple comparison test was
employed. All analyses were performed using R Studio software version 2023.06.1+524.

2.4. Analytical Methods

The pH, total and bicarbonate alkalinity, TS, and VS were determined following
standard methods [32]. An iris HI801 spectrophotometer (Hanna Instruments, Woonsocket,
RI, USA) was used to measure TCOD, SCOD, ammonia nitrogen, and orthophosphates
by adapting USEPA method 410.4, the Nessler method, and the ascorbic acid method,
respectively. Total carbohydrates were analyzed using the phenol-sulfuric acid method
described by Dubois et al. [33]. Total VFAs were analyzed by adapting the potentiometric
titration method described by DiLallo and Albertson [34].



Water 2024, 16, 3344 5 of 16

A Perkin Elmer gas chromatograph model Clarus 590 equipped with a flame ionization
detector (FID) (T = 250 ◦C) was used to analyze VFA composition. Nitrogen served as the
carrier gas, and filtered liquid samples were injected into an Elite-FFAP capillary column
(30 m length, 0.25 mm ID, 0.25 µm DF) in split mode with a 20:1 split ratio. A mixture of
VFAs (acetic, propionic, butyric, isobutyric, valeric, isovaleric, 4-methylvaleric, hexanoic,
and heptanoic acids) at a concentration of 10 mM was used to prepare the standards for the
calibration curve. From this concentration, six standards of 1, 2, 4, 6, 8, and 10 mM were
prepared. The weight of the mixture and solvent (0.12 M HCl) was measured to convert the
concentration to parts per million (ppm) and to correct the concentration readings from the
gas chromatograph. Using the corrected weights of each standard and the areas provided
by the gas chromatograph, calibration curves for each acid were constructed, along with
calculations of the method’s precision. Finally, the precision and accuracy of the method
were evaluated by measuring a standard five times using the gas chromatograph and
assessing the variability of the results. A 5 mM standard was prepared, and the coefficient
of variation for each acid was calculated, with good precision defined as a value below 5%.

3. Results and Discussion
3.1. Physicochemical Characterization of CWW and Inoculum Solids Concentration

The physicochemical characteristics of the substrate and the solids concentration of the
inoculum used to evaluate the effect of the S/M ratio and temperature on VFA production
are shown in Tables 2 and 3, respectively. These values are consistent with those found in
studies using the same or similar substrates [18,24].

Table 2. Physicochemical characterization of CWW in the set of experiments.

Parameter Units E1 E2

pH --- 4.48 4.71
Total COD mg/L 4910.00 4480.00

Soluble COD mg/L 4400.00 3870.00
Total VFAs mgHAc/L 1116.01 1416.53

Carbohydrates mg/L 2730.69 1107.22
Total alkalinity mgCaCO3/L 30.19 223.96

Bicarbonate alkalinity mgCaCO3/L 0 0
Total acidity mgCaCO3/L 669.25 842.11

TS mg/L 5040.00 5760.00
VS mg/L 3805.00 4035.00

Ammonia nitrogen mgNH4
+/L 45.00 42.90

Orthophosphates mgPO4
3−/L 1.01 0.74

Table 3. Concentration of total and volatile solids in the inoculum utilized in the set of experiments.

Parameter Units E1 E2

TS g/L 76.33 115.15
VS g/L 49.02 47.34

3.2. VFA Production, Yields, and Substrate Uptake from CWW

Figure 2 shows the production and yield of VFAs in the AF of CWW at different S/M
ratios and temperatures. The results for each condition evaluated in experiments E1 and E2
are presented as the average of three replicates, which is a decision informed by a thorough
cost and time analysis to ensure the feasibility and efficiency of this study.

Figure 2a shows an increase in VFA production when the S/M ratio changed from 2 to
4 gCOD/gVS. Nevertheless, S/M ratios greater than 4 gCOD/gVS resulted in decreased
VFA production in the bioreactors. A maximum VFA concentration of 2214.64 mgHAc/L,
representing an increase of 98.4% compared to the initial VFA concentration and a yield of
0.32 gCODVFA/gCOD, was measured at an S/M ratio of 4 gCOD/gVS. The lowest VFA



Water 2024, 16, 3344 6 of 16

concentration was measured at an S/M ratio of 10 gCOD/gVS, which was equivalent to
1928.33 mgHAc/L and a yield of 0.23 gCODVFA/gCOD.
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A statistical analysis showed no significant differences (ρ = 0.1514) in VFA production
between the S/M ratios tested. Table 4 summarizes the ANOVA results for the S/M
ratio variable.

Table 4. Summary of one-way ANOVA results for the S/M ratio variable.

Source df Sum of Squares Mean Square F-Value ρ-Value

Treatment 4 161,436 40,359 2.1308 0.1514
Residuals 10 189,408 18,941

Note: df = degree of freedom.

Few studies in the scientific literature evaluate the impact of the S/M ratio on VFA
production from wastewater [19,21,23]. However, the production trend observed in our
study and the S/M ratio that favored VFA production are consistent with findings from pre-
vious studies. Silva et al. [23] evaluated the effect of S/M ratio (2, 4, 7, and 10 gCOD/gVSS)
and alkalinity (1, 2, 5, and 7 gCaCO3/L) on VFA production from cheese whey in 320 mL
batch reactors, and the experiments were conducted in triplicate. Using response surface
analysis, they confirmed that at lower alkalinity levels, raising the S/M ratio from 2 to
10 gCOD/gVSS significantly reduced the degree of acidification, from 50% to less than
29%. Moreover, they achieved maximum VFA production (up to 0.63 gVFA/gCODfed)
with initial alkalinity levels between 5 and 7 gCaCO3/L and S/M ratios between 3 and
4 gCOD/gVSS. De Sousa e Silva et al. [19] investigated the influence of the S/M ratio
(0.8, 1.2, 1.6, and 1.9 gCOD/gVSS) on the profile and kinetics of VFA production from
the AF of dairy wastewater, using 300 mL batch reactors and conducting three replicates
for each experimental condition. The authors concluded that increasing the S/M ratio
did not affect the percentage conversion of dairy wastewater to VFAs (42–44%), but it did
significantly enhance productivity (100–200%). Based on their kinetic parameter estimates,
an S/M ratio of 1.6 was deemed most suitable for VFA production from the AF of dairy
wastewater under the evaluated conditions. However, the study by Vergine et al. [22]
found that an S/M ratio of 1.6 gCOD/gVSS was unstable, as acidogenic conditions were
not maintained until the end of the experiment. The authors evaluated the AF of synthetic
soft drink wastewater in triplicate using 320 mL batch reactors with a mixed microbial
culture. They varied the S/M ratio (1.6, 4.0, and 6.4 gCOD/gVSS) and the initial alkalinity
(1.0 to 2.5 gCaCO3/L). After 21 d of fermentation, the highest acidification rate achieved
was 70.3 ± 0.4%, which was observed at an S/M ratio of 4.0 gCOD/gVSS and an initial
alkalinity of 2.0 gCaCO3/L. In this study, the S/M ratio proved to be the key factor in
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sustaining acidogenic conditions by suppressing methanogenic archaea and other microor-
ganisms that consume VFAs. Also, Wang et al. [35] evaluated the influence of the S/M ratio
(0.2 to 4.09 gTScassava/gVSSsludge) on the AF of cassava powder using triplicate 1000 mL
CSTR reactors operated at a pH of 6 and a temperature of 35 ◦C. During the first 22 h of
fermentation, the authors observed that the VFA concentration increased with the S/M
ratio, except at 4.09 gTScassava/gVSSsludge, at which the VFA production rate was lower than
at S/M ratios of 2.05 and 3.07 gTScassava/gVSSsludge. The authors attributed this behavior to
inhibition by high substrate concentrations and the need for a longer acclimatization period
for the acidogenic microorganisms. However, after 22 h and by the end of the fermentation
period, the S/M ratio of 4.09 gTScassava/gVSSsludge outperformed the others, achieving a
VFA concentration of 6.79 gCOD/L (VFA/COD of 72%).

Nevertheless, other studies reported differing findings. Karaca et al. [36] investigated
the optimization of polyhydroxyalkanoate (PHA) production using acidified dairy wastew-
ater as a substrate. In batch reactors at 37 ◦C, they evaluated the initial S/M ratios of 1,
2.5, 5, and 10 gCOD/gVSS on VFA production. The authors noted that the acidification
efficiency increased with the S/M ratio, achieving a maximum yield of 5.2 gCOD/gVSS
(51.7%) at 10 gCOD/gVSS on the fourth day of fermentation. Also, Pérez-Morales et al. [21],
evaluating the same substrate (cheese whey) used by Silva et al. [23], arrived at different
conclusions. The authors evaluated the influence of pH (5.04 to 7.41), the S/M ratio (25.86
to 71.99 gCOD/gVSS), and their interaction in wide ranges within the limits of process
feasibility. The authors concluded that both pH and the S/M ratio significantly affected
VFA production, while their interaction was insignificant. Using response surface analysis,
they observed that at a constant pH, a decrease in the S/M ratio favored the yield. The
maximum yield (45.37%) was achieved with an S/M ratio of 32.63 gCOD/gVSS and a
pH of 7.0. The significant impact of the S/M ratio in this study may be attributed to the
broader range evaluated compared to the one tested in our study, as well as differences
in the operational conditions used (e.g., pH, temperature, alkalinity, fermentation time).
Consistent with our findings, Casero-Díaz et al. [37] concluded that the tested S/M ratios
(2 and 4 gCOD/gVS) had no significant effect on VFA yield during the AF of three fish
canning wastewaters using duplicate 500 mL batch reactors.

Based on the findings of our study and previous reports, an S/M ratio of 4 gCOD/gVS
could be used to produce VFA from CWW.

Figure 2b shows that VFA production increases with temperature up to 34 ± 1 ◦C,
after which it declines. At this temperature, a VFA concentration of 2650.19 mgHAc/L was
measured, corresponding to a yield of 0.45 gCODVFA/gCOD. Increasing the temperature
to 42 ± 1 ◦C resulted in a drop in yield to 0.15 gCODVFA/gCOD.

Statistical analysis revealed significant differences in VFA production between the
temperatures tested (ρ = 0.0002271). Table 5 summarizes the ANOVA results for the
temperature variable.

Table 5. Summary of one-way ANOVA results for the temperature variable.

Source df Sum of Squares Mean Square F-Value ρ-Value

Treatment 3 1,510,583 503,528 24.261 0.0002271
Residuals 8 166,037 20,755

Note: df = degree of freedom.

Fisher’s test was applied to identify the treatments that generated the difference,
clustering the results into three groups: Group A (temperatures of 20 and 42 ± 1 ◦C), Group
B (temperature of 27 ± 1 ◦C), and Group C (temperature of 34 ± 1 ◦C).

Studies emphasized the significant influence of temperature on the AF process for
VFA production. However, there is a scarcity of research examining the specific impact of
temperature on VFA production from wastewater. Most studies have focused on biological
sludge or food waste as substrates [11,29,38]. Furthermore, it is observed that the optimal
temperature depends on the type of substrate used. Fernández-Domínguez et al. [29]
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analyzed the impact of temperature (20, 35, 45, 55, 70 ◦C) on the production of VFAs
in triplicate 250 mL batch reactors using biowaste collected in a mechanical–biological
treatment plant. The highest VFA yields (0.49 to 0.59 gCODVFA/gVS) were observed at
35 ◦C. However, the differences in the tests performed at 20, 45, and 55 ◦C were minimal
(maximum difference of 10%). Valentino et al. [30] evaluated the effect of temperatures
ranging from 20 to 70 ◦C on the degree of acidification and production yields in batch
reactors with thermally pretreated sewage sludge. They found that 55 ◦C was the optimal
temperature for AF, achieving a degree of acidification of 0.81 ± 0.03 CODVFA/CODSOL and
a yield of 0.29 ± 0.04 gCODVFA/gVS0. In addition, Garcia-Aguirre et al. [11] investigated
the impact of the pH level (5.5 and 10) and temperature (35 and 55 ◦C) on VFA production
potential in duplicate 500 mL batch reactors using seven urban and agro-industrial waste
streams. The authors found that VFA production kinetics were more favorable under acidic
conditions and mesophilic temperatures, leading to a quicker achievement of maximum
VFA concentration. Similarly, Song et al. [39] evaluated the effects of inoculum amount,
initial pH, and temperature (25 to 55 ◦C) on VFA production from banana waste juice in
triplicate, obtaining the highest yield (223.34 mgCOD/gVS) at 35 ◦C due to the higher
activity of VFA-producing microorganisms at that temperature. Eng et al. [40] evaluated
the impact of temperature (30, 40, 50, and 60 ◦C) and initial pH (6, 7, and 8) in triplicate
500 mL batch reactors to recover soluble metabolites using sugarcane vinasse as substrate.
Maximum yields of 0.319 and 0.337 gCOD/gCODtinitial were observed under slightly basic
conditions (pH 8) for both mesophilic (40 ◦C) and thermophilic (60 ◦C) temperatures,
respectively. For wastewater, Koottatep et al. [8] evaluated temperatures between 30
and 60 ◦C using mixed wastewater from toilets and a cafeteria (ratio of 90:10% v/v) and
determined the highest production of total VFAs at 40 ◦C.

Additionally, in a mainly mesophilic temperature range, the VFA production trend
observed in our study is consistent with that reported by other researchers. Pittmann and
Steinmetz [41] evaluated the generation of VFAs as the initial stage of the polyhydrox-
yalkanoate production cycle using different sludges from a WWTP (primary sludge, excess
sludge, a mixture of primary and digested sludge, and a mixture of excess and digested
sludge). The sludges were tested under controlled pH conditions (pH 6) and without pH
control at temperatures of approximately 20 and 30 ◦C. In six out of eight combinations,
raising the temperature from 20 to 30 ◦C resulted in increased VFA production. Specifically,
when using primary sludge as a substrate under pH-controlled conditions, the temperature
change increased the degree of acidification from 14 to 31%. Eng et al. [42] assessed VFA pro-
duction from sugarcane vinasse in triplicate 500 mL batch reactors using a response surface
methodology, with temperatures ranging from 33 to 47 ◦C and the initial pH ranging from
7.1 to 9.9. The authors observed a gradual increase in soluble metabolite production with
rising temperature and initial pH, reaching peak levels near optimal conditions (39.6 ◦C
and initial pH of 8.8). For CWW, Hasan et al. [16] investigated the impact of alkalinity and
temperature (between 30 and 50 ◦C) on VFA production and observed a negative influence
for certain temperature values, measuring the highest production yield at 30 ◦C.

The particularities of the AF process, such as the source of inoculum and substrate
complexity, undoubtedly influence fermentation performance to varying degrees. There-
fore, selecting well-balanced microbial consortia helps minimize limitations associated with
temperature and pH [40].

According to our results, a temperature of 34 ± 1 ◦C, using the selected inoculum
source, is deemed suitable for VFA production from CWW. This temperature can facilitate
the growth of acid-forming bacteria and promote acid-acetogenesis reactions within the
system [8]. Perez-Esteban et al. [43] demonstrated higher microorganism growth (51%) at
35 ◦C through biomass mass balance analysis. However, they also observed acetic acid
consumption at this temperature, suggesting an increased risk of such consumption likely
due to the proliferation of methanogenic archaea introduced from the waste-activated
sludge used as part of the substrate. In our study, the inoculum pretreatment aimed to
decrease the activity of acid-consuming microorganisms.
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According to Jung et al. [44], temperatures exceeding 40 ◦C may delay acidogenic
activity due to decreased microbial growth rates, potentially resulting in reduced VFA
production. Infantes et al. [45] conducted experiments with glucose at temperatures of 26,
33, and 40 ◦C and concluded that the energy required for cell maintenance increased at
low pH and high temperatures. The authors noted that at a pH of 6, biomass increased
to 1.4 and 0.9 g/L at 26 and 40 ◦C, respectively, confirming reduced biomass growth with
increasing temperature. At elevated temperatures, the heightened permeability of the
cell membrane would facilitate the passage of undissociated acids more readily, thereby
increasing the energy requirements for cell maintenance.

Figure 3 shows the carbohydrate concentration in the reactor supernatant at the end
of the AF trials and its consumption when the S/M ratio and temperature were evaluated.
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In all evaluated S/M ratios, carbohydrate concentrations in the supernatant remained
below 750 mg/L, indicating consumptions exceeding 72% (Figure 3a). Our findings partly
corroborate those of Pérez-Morales et al. [21], who reported carbohydrate consumption
ranging from 50.34 to 97.24% during AF of cheese whey for VFA production. Never-
theless, they observed the highest consumption at a pH of 7.01 and an S/M ratio of
32.62 gCOD/gVSS. When evaluating the temperature effect (Figure 3b), the extracted
supernatant from the reactors exhibited concentrations below 520 mg/L, indicating carbo-
hydrate consumption exceeding 90% at temperatures of 27 and 34 ± 1 ◦C. Infantes et al. [45]
demonstrated that both biomass growth and substrate consumption are influenced by pH
and temperature. The authors observed complete glucose consumption at pH levels of 5
and 6 across all evaluated temperatures (26, 33, and 40 ◦C). However, at a pH of 4, complete
glucose consumption occurred only at 26 ◦C, with consumption decreasing to 42 and
23 mM as the temperature increased to 33 and 40 ◦C, respectively. Similar to our results,
Song et al. [39] observed a decreasing trend in soluble sugar concentration during the AF
of banana waste juice at temperatures of 25, 35, 40, and 45 ◦C, with a rapid decrease from
19.47 to 0.96, 0.50, 0.71, and 1.37 g/L, respectively, by day 4. However, at 55 ◦C, the soluble
sugar concentration decreased more slowly, reaching a minimum value of 6.68 g/L.

The high carbohydrate consumption observed in E1 and E2 confirms the high affinity
of the microorganisms for the substrate, which was also reported in previous studies [46,47].

3.3. Distribution of VFAs Produced from CWW

Figure 4 shows the composition of VFAs produced at the end of the AF trials, which
investigated the influence of the S/M ratio and temperature variables.
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At the beginning of the experiments, only acetic acid was detected in the CWW
used as substrate. Figure 4a shows for the S/M ratio variable that at the end of the
experiment, acetic and butyric acids were quantified in the greater proportion for all S/M
ratios tested, followed by propionic and isovaleric acids for ratios of 2 to 8 gCOD/gVS.
Also, a discrete formation of isobutyric acid was measured at 2 gCOD/gVS, suggesting
a greater variety of VFAs at lower S/M ratios. Additionally, the proportion of acetic acid
(ranging from 39.2 to 52.1%) tended to increase as the S/M ratio rose, except for the ratio of
10 gCOD/gVS. However, this trend contrasts with the findings of de Sousa e Silva et al. [19],
who examined the impact of the S/M ratio within a range of 0.8 to 1.9 gCOD/gVSS for
dairy wastewater and concluded that the percentage of COD as acetic acid decreased as the
S/M ratio increased.

In our study, the percentages of butyric acid (ranging from 22.7 to 50.5%) and propionic
acid (0 to 24.6%) exhibited an oscillatory behavior, resembling a zigzag pattern, as the S/M
ratio increased. Interestingly, this behavior was the opposite for the two acids. Additionally,
the proportion of isovaleric acid (ranging from 2.5 to 2.8%) showed minimal variation
across the different S/M ratios where it was detected.

Our findings are consistent with those reported by Silva et al. [23] from AF experiments
using cheese whey. The authors observed that acetic and n-butyric acids accounted for
70–90% of the total VFAs produced in all their trials. Additionally, they demonstrated
that a low S/M ratio (ranging from 2 to 10 gCOD/gVSS) combined with a high alkalinity
supply (ranging from 1 to 7 gCaCO3/L) could modify the VFA profile by increasing the
production of propionic and n-valeric acids (up to 500 mgCOD/L). For the same substrate
(cheese whey), Pérez-Morales et al. [21] observed a similar predominance of acetic, butyric,
and propionic acids. However, the authors noted that the proportion of propionic acid
was higher than that of butyric acid. The maximum VFA production (7.91 gCOD/L) was
achieved at a pH of 7 and an S/M ratio of 32.62 gCOD/gVSS, which was composed of 32.35,
41.58, 19.45, and 6.62% of acetic, propionic, butyric (normal and iso), and valeric (normal
and iso) acids, respectively. Vergine et al. [22] observed that at pH levels near 7, synthetic
soft drink wastewater produced butyric and acetic acids across all tested S/M ratios (1.6,
4.0, and 6.4 gCOD/gVSS) and alkalinity conditions (ranging from 1.0 to 2.5 gCaCO3/L).
Propionic acid was also produced, albeit at lower levels (approximately 10%). The study
concluded that with constant initial alkalinity, increasing the S/M ratio resulted in higher
percentages of butyric acid, rising from 5 to 44%. Wang et al. [35] observed a mixture of
acetic, propionic, and butyric acids at the end of AF of cassava powder (55 h) for S/M
ratios of 0.2 and 0.61 gTScassava/gVSSsludge. However, for higher S/M ratios (1.02, 2.05,
3.07, and 4.09 gTScassava/gVSSsludge), the mixture also included lactic acid. Acetic acid was
the predominant metabolite in all S/M ratios in this study, accounting for 39 to 56% of
total VFAs.
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Figure 4b presents the composition of VFAs produced at the conclusion of the AF test
for the four temperatures being evaluated. At 20 ± 1 ◦C, only acetic acid was produced in
the bioreactors, whereas at 27 and 34 ± 1 ◦C, a mixture of acetic (21.7 and 40.9%), butyric
(67.7 and 29.8%), and propionic (10.6 and 29.3%) acids was observed. At 42 ± 1 ◦C, butyric
acid was absent from the bioreactor mixture. Moreover, there was an upward trend in the
proportion of acetic and propionic acids with increasing temperature from 27 to 42 ± 1 ◦C,
while conversely, a declining trend was noted for butyric acid. The findings at higher
temperatures (34 and 42 ± 1 ◦C) are consistent with those reported by Jiang et al. [48] for
food waste. The authors observed that acetic and propionic acids were the predominant
VFAs generated at 35 and 45 ◦C, collectively constituting approximately 70% of the total
VFAs. Additionally, Wang et al. [49] used sucrose-rich wastewater as a substrate and
observed that AF was individually and interactively affected by pH, temperature, and
substrate concentration, which were evaluated in ranges of 4.7 to 6.3, 25 to 45 ◦C, and
15 to 35 g/L, respectively. The optimal conditions for total VFA yield (1769 mmol/mol-
sucrose) were determined to be a pH of 5.6, a temperature of 33.5 ◦C, and a sucrose
concentration of 24.2 g/L. The major metabolites observed were acetate, propionate, and
butyrate, along with minor quantities of isobutyrate, valerate, and caproate. Moreover,
ethanol was the sole alcohol detected. Fernández-Domínguez et al. [29] analyzed the
influence of temperature (20, 35, 45, 55, 70 ◦C) on VFA production from biowaste collected
in a mechanical–biological treatment plant and concluded that the VFA profile, which was
dominated by acetic, propionic, and butyric acids (75 to 86% CODVFA), remained consistent
regardless of fermentation temperature or seasonality. In contrast, Perez-Esteban et al. [43]
found that temperature (25, 35, 45, and 55 ◦C) notably influenced the VFA profile in a
continuous co-fermentation process of waste-activated sludge and food waste. At 25 and
35 ◦C, the VFA profiles were mainly composed of acetic (34 and 37%), butyric (32 and
31%), and propionic (18 and 17%) acids, aligning qualitatively with our results at 27 and
34 ± 1 ◦C. However, at 45 ◦C, the authors observed an accumulation of caproic acid, which
was not observed in our study at any evaluated temperature. At 55 ◦C, acetic and butyric
acids predominated (40% each) in Perez-Esteban et al.’s study.

In our study, acetic, butyric, and propionic acids were evidently the primary metabo-
lites for CWW and the variables evaluated, which is consistent with previous findings in
studies using the same substrate [16,18]. Acetic acid typically forms from pyruvate and via
the branching of acetyl-CoA, accompanied by the simultaneous generation of H2 and CO2.
Conversely, the butyrate metabolic pathway involves pyruvate and various intermediates
like acetyl-CoA, acetoacetyl-CoA, and butyryl-CoA, resulting in the generation of CO2 and
ATP, alongside the utilization of NADH to reduce the intermediate [50,51]. Propionate syn-
thesis can occur through the reduction of pyruvate, utilizing lactate as an intermediate and
involving the conversion of NADH to NAD+. Alternatively, it can proceed via a pathway
that includes various intermediary compounds, including oxaloacetic, malic, fumaric, and
succinic acids, along with succinyl-CoA, methylmalonyl-CoA, and propionyl-CoA [50,52].

The production of VFAs in this study did not result in a decrease in pH, contrary to
observations reported in previous studies [53]. In all bioreactors that evaluated the S/M
ratio and temperature, the final pH of the test was higher than that initially adjusted (pH
of 5.40 ± 0.01). This behavior may result from the increased bicarbonate alkalinity and
buffering capacity of the medium. Although the bicarbonate alkalinity of the CWW used
in the experiments was 0 mg CaCO3/L (Table 2), much of it was initially established in the
system through the alkalinizer used to adjust the initial pH in the bioreactors, as Na2HPO4
can influence the acid-base equilibrium. According to Ceron et al. [54], substances with
buffering capacity can prevent a drop in pH for a certain period. However, only when
the alkalinity of the medium is insufficient to neutralize VFAs, a drop in pH may occur.
Figure 5 illustrates the final pH for each condition evaluated in E1 and E2, along with the
observed bicarbonate alkalinity at the end of the test.
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When evaluating the S/M ratio, Figure 5a indicates that pH values ranged between
5.68 and 5.92. Although the final pH was higher than the initial in all bioreactors, the lowest
values were observed for S/M ratios greater than or equal to 4 gCOD/gVS. In terms of
bicarbonate alkalinity, the initial value in the bioreactors was 410.56 ± 16.84 mgCaCO3/L,
increasing to between 803.20 and 969.97 mgCaCO3/L by the end of the experiment (6 d).
The final bicarbonate alkalinity decreased as the S/M ratio increased. Additionally, in
Figure 5b, the final pH ranged between 5.57 and 6.20 when the temperature was evaluated.
The higher pH was recorded at 27 ± 1 ◦C. Furthermore, the initial bicarbonate alkalinity
was 0 mgCaCO3/L, increasing to a range of 88.69 to 229.37 mgCaCO3/L by the end of
the test. Alkalinity was notably higher at temperatures of 27 ◦C (229.37 mgCaCO3/L)
and 42 ◦C (139.71 mgCaCO3/L). In both experiments (E1 and E2), the conditions with the
highest alkalinity also exhibited the highest pH values at the conclusion of the AF test.

The increase in pH value can be attributed to several factors mentioned in our previous
study [18]. These factors include the capture of CO2 from the gas phase through NaOH
pellets [55], the buffering capacity generated by the reaction of water-soluble CO2 with
hydroxide ions to form bicarbonate ions [56], and the increase in bicarbonate alkalinity due
to the production of ammonia nitrogen. Additionally, the increase in system pH at the end
could also be due to the breakdown of fatty acids by obligate proton-reducing bacteria,
methanogenic archaea, or heterotrophic acetogens [57].

Bicarbonate alkalinity can influence VFA production and composition. Our results
indicate a trend in VFA production (Figure 2) that mirrors the patterns observed for bi-
carbonate alkalinity (Figure 5). Dahiya et al. [57] evaluated the AF of food waste with
biohydrogen cogeneration and concluded that the buffering capacity of the system cor-
related well with total VFA production. Additionally, Hasan et al. [16] reported that the
alkalinity of the medium enhanced VFA production in experiments assessing the effects of
temperature and alkalinity (2 to 4 g NaHCO3/L) on CWW fermentation. Therefore, we
recommend that future research evaluate the impact of alkalinity on VFA production and
composition in CWW.

Finally, we would like to emphasize that significant challenges must be addressed in
producing VFA from wastewater using mixed cultures in continuous reactors, both at the
laboratory and pilot scale, as well as during the transition to the industrial scale.

Batch reactor studies are valuable for assessing the potential of AF for specific sub-
strates. However, they provide limited insights into industrial processes, particularly
regarding organic loading rate, recirculation, methanogen washing, inoculum adapta-
tion, and product removal [58]. Therefore, it is essential to evaluate VFA production in
continuous reactors. In continuous reactor operations, variability in wastewater com-
position and the inability to control optimized operational parameters can negatively
affect fermentation efficiency, VFA production yield, and reproducibility. According to
Ramos-Suarez et al. [58], lower productivity compared to batch fermentations is a signifi-
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cant disadvantage of continuous processes, making it challenging to optimize quickly and
understand parameter interactions.

Optimized values of biological process operating parameters at small scales may
change during scale-up, potentially leading to lower yields [59]. For the transition to a
sustainable and economically viable industrial scale, AF faces several challenges, including
insufficient control over the reactions occurring during fermentation (acidogenesis and
acetogenesis) and the need to direct the formation of specific end products at an appropri-
ate rate [60,61]; inhibition caused by the accumulation of fermentation products, which
hinders further substrate conversion; the economic inhibition of methanogens [62]; and
the separation and purification of produced VFAs, as a variety of products are generated
at low concentrations and with similar physicochemical properties. This necessitates the
evaluation and selection of cost-effective recovery methods to maximize VFA recovery [6].

The production of VFAs from wastewater is a promising technology, but it faces
significant technical and economic challenges. Therefore, interdisciplinary collaboration,
along with continuous research and innovation, is essential to overcome these obstacles,
optimize processes, and ensure sustainability.

4. Conclusions

VFA production from the AF of CWW is feasible and can be enhanced by controlling
the S/M ratio and temperature. While the S/M ratio had a non-significant influence,
temperature significantly impacted VFA production. An S/M ratio of 4 gCOD/gVS and
a temperature of 34 ± 1 ◦C are considered adequate to produce VFAs from CWW us-
ing a thermally pretreated inoculum. Under these conditions, yields of approximately
0.45 gCODVFA/gCOD were achieved, with variability observed in the VFAs produced,
primarily consisting of acetic, butyric, and propionic acids. Overall, CWW is a potential
substrate for VFA production. Future research should pay special attention to butyric
acid production, given its relatively high market price and the natural predominance of
butyric-type fermentation in acidogenic systems fed with CWW.
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