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Abstract

The development of scalable and economically viable biobutanol production remains
challenging because conventional acetone–butanol–ethanol (ABE) fermentation depends on
strict anaerobic conditions for Clostridium strains. Traditional anaerobiosis control requires
continuous nitrogen sparging and chemical reducing agents, increasing operational costs
and process complexity. This study proposes a microbial co-culture of Bacillus subtilis
and Clostridium beijerinckii BA101 as an oxygen-scavenging strategy to simplify reactor
operation and improve scalability. Growth kinetics were first evaluated in monoculture
to define compatible operating conditions. Co-culture fermentations were then optimized
by varying inoculation ratio, inoculation timing, and inoculum concentration. The best
performance was achieved by inoculating C. beijerinckii 4 h after B. subtilis at a 30:70
inoculum ratio, producing 13.14 g L−1 of butanol, 26.6% higher than monoculture. This
strategy was subsequently validated in a stirred tank bioreactor under pH-controlled
conditions. B. subtilis depleted dissolved oxygen within 53 min without external gas
sparging, establishing anaerobic conditions in situ. At pH 5.9, the co-culture reached
18.6 g L−1 butanol, a productivity of 0.194 g L−1 h−1, and 81.6% glucose conversion. These
results demonstrate that microbial co-culture is an effective process-intensification strategy,
simplifying anaerobic operation while enhancing fermentation performance and industrial
scale-up potential.

Keywords: biobutanol; ABE fermentation; microbial co-culture; Clostridium beijerinckii;
Bacillus subtilis; oxygen scavenging; bioreactor fermentation

1. Introduction
The increasing global demand for energy and the environmental impacts associated

with fossil fuel consumption have intensified the search for sustainable and renewable
alternatives to conventional fuels. Gasoline and diesel, which are primarily derived from
crude oil, remain the dominant energy sources worldwide; however, their continued use
contributes significantly to greenhouse gas emissions and climate change while also acceler-
ating the depletion of finite petroleum reserves [1,2]. In this context, biofuels have emerged
as promising substitutes capable of reducing environmental impacts while diversifying the
global energy matrix.

Among advanced biofuels, biobutanol has gained considerable attention because of
its favorable physicochemical properties, including relatively high energy density, low
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volatility, and compatibility with conventional fuel infrastructure, which make it a superior
alternative to first-generation biofuels such as bioethanol. Butanol is a four-carbon alcohol
with an energy density closer to that of gasoline, lower volatility, and improved blending
properties with conventional fuels, making it particularly attractive for transportation
applications [3,4].

In addition, butanol can serve as an important platform chemical or “building block” for
the synthesis of various industrial compounds and fuels, including aviation biofuels [5,6].
Despite these advantages, current industrial production of butanol is still largely based on
petrochemical routes derived from crude oil [7], motivating the development of sustainable
biotechnological alternatives.

Biobutanol can be produced through acetone–butanol–ethanol (ABE) fermentation
by solventogenic Clostridium species [8–10]. During this process, carbohydrates are ini-
tially converted into organic acids, primarily acetate and butyrate, during the acidogenic
phase. As fermentation progresses, the metabolism shifts toward solventogenesis, dur-
ing which these acids can be reassimilated and converted into acetone, butanol, and
ethanol [11–13]. This metabolic transition is accompanied by physiological changes in
solventogenic clostridia, including changes in cellular morphology and, in some cases,
sporulation [14]. Among these microorganisms, Clostridium beijerinckii is an important
model for ABE fermentation because of its solventogenic metabolism and capacity to utilize
different carbohydrate substrates [15–17].

Despite the potential of ABE fermentation, its industrial implementation remains
constrained by several factors, including solvent toxicity, incomplete substrate utilization,
and the requirement for strictly oxygen-limited conditions. In particular, maintaining an
oxygen-free environment for solventogenic Clostridium commonly requires physical or
chemical strategies such as nitrogen purging, anaerobic gas sparging, or the addition of
reducing agents [15,18,19]. These approaches can increase process complexity and op-
erating requirements, particularly when anaerobic conditions must be established and
maintained throughout fermentation. In addition, butanol accumulation can impair mem-
brane integrity and cellular energy conservation, limiting metabolic activity and final
solvent concentrations in conventional batch systems [20–23]. Consequently, strategies that
simultaneously facilitate anaerobic cultivation and improve fermentation performance are
of considerable interest.

Several approaches have been investigated to overcome these limitations, includ-
ing metabolic engineering, alternative feedstocks, cell immobilization, cell recycling,
and advanced reactor configurations such as fed-batch, continuous, and multistage sys-
tems [24–29]. Although these strategies can improve solvent productivity or tolerance, they
do not directly address the operational requirement of establishing anaerobic conditions.
An alternative approach is therefore to use microbial consortia in which one microorganism
consumes dissolved oxygen while another performs the desired anaerobic fermentation.
Such oxygen-scavenging co-cultures can establish oxygen-limited conditions biologically
and may reduce the dependence on external oxygen-removal procedures [15,18,30].

Co-cultivation of Clostridium with aerobic or facultative microorganisms is particularly
relevant to this approach. Members of the genus Bacillus can exhibit rapid aerobic growth
and oxygen consumption, providing a potential physiological mechanism for lowering
dissolved oxygen before or during the growth of an oxygen-sensitive partner [15,19,31].
Previous studies have demonstrated the feasibility of this strategy for solventogenic fermen-
tations. Wu et al. [18] reported that a co-culture of C. acetobutylicum TSH1 and B. cereus TSH2
produced butanol under microaerobic conditions without nitrogen purging or the addition
of reducing agents, with B. cereus contributing to dissolved oxygen depletion. Similarly,
Mai et al. [30] demonstrated that co-cultivation of C. beijerinckii NCIMB 8052 with B. cereus
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CGMCC 1.895 enabled butanol production under non-anaerobic conditions, indicating that
the oxygen-consuming partner could facilitate the establishment of an environment suitable
for the solventogenic microorganism. These studies are particularly relevant because they
demonstrate that biological oxygen removal can provide an alternative to conventional
anaerobic preparation procedures.

Beyond oxygen consumption, metabolic complementarity between Bacillus and
Clostridium can provide additional benefits depending on the strains and substrates em-
ployed. Some Bacillus strains produce extracellular hydrolytic enzymes, including amylases,
cellulases, and proteases, which can increase the availability of fermentable substrates for
solventogenic microorganisms [18,31–33]. For example, Tran et al. [31] reported that co-
cultivation of C. butylicum TISTR 1032 with the amylase-producing B. subtilis WD 161
enhanced ABE production from cassava starch, with the Bacillus strain contributing both
substrate hydrolysis and oxygen consumption. These findings indicate that the physi-
ological role of the aerobic or facultative partner can extend beyond oxygen depletion;
however, such interactions are highly dependent on the selected microorganisms, substrate,
inoculation strategy, and fermentation conditions.

Despite these advances, the specific use of Bacillus subtilis as an oxygen-scavenging
partner for C. beijerinckii BA101 during butanol fermentation remains insufficiently char-
acterized. B. subtilis is a facultative microorganism capable of rapid growth under oxy-
genated conditions, whereas C. beijerinckii BA101 is a solventogenic anaerobe requiring
oxygen-limited conditions for effective ABE metabolism [16,17,31]. This physiological
complementarity provides a rationale for their sequential co-cultivation: B. subtilis can ini-
tially consume available dissolved oxygen, potentially facilitating the subsequent growth
and solventogenic activity of C. beijerinckii. However, the effectiveness of this strategy
depends on the relative abundance and growth kinetics of both microorganisms, as well
as on the timing of C. beijerinckii inoculation. Excessive growth of the oxygen-consuming
partner could also lead to substrate competition or alter metabolite distribution. Therefore,
optimization of inoculation ratio and timing is essential for achieving a functional rather
than merely competitive co-culture.

Considering these aspects, the present study investigated a sequential C. beijerinckii
BA101–B. subtilis co-culture as a biological strategy for facilitating oxygen-limited con-
ditions during ABE fermentation. First, the growth characteristics of the individual mi-
croorganisms were evaluated. Subsequently, different inoculation ratios and inoculation
times were investigated to identify a co-culture configuration that maximized butanol
production. The selected condition was then evaluated in a stirred-tank bioreactor to
determine dissolved oxygen depletion and fermentation performance under controlled
pH and agitation. The study therefore aimed to determine whether biological oxygen
consumption by B. subtilis could be integrated with solventogenic fermentation by C. bei-
jerinckii BA101 as an alternative strategy for establishing oxygen-limited conditions while
improving butanol production.

2. Materials and Methods
2.1. Microorganisms and Strain Maintenance

Two bacterial strains were used in this study. The solventogenic bacterium Clostridium
beijerinckii BA101 (PTA-1550) was obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). This strain is a mutant derived from C. beijerinckii NCIMB 8052
and is known for its enhanced butanol production capacity. The second microorganism used
was a wild strain of Bacillus subtilis isolated by the Centro de Investigaciones Biológicas
del Noroeste (CIBNOR, La Paz, Mexico) and kindly provided by this institution. For
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preservation, B. subtilis cultures were stored in glycerol stocks at −80 ◦C, while C. beijerinckii
spores were maintained in liquid medium at 4 ◦C until further use.

2.2. Culture Medium Preparation

All experiments were conducted using P2 culture medium, commonly employed for
acetone–butanol–ethanol (ABE) fermentation. The medium composition is presented in
Table 1. All reagents were weighed using an analytical balance (KERN ABT 220-5DM,
Balingen, Germany). The medium components were dissolved in distilled water and
homogenized by heating under constant magnetic stirring using a heating plate with
magnetic stirrer (SCILOGEX SCI-280-Pro, Rocky Hill, CT, USA). For strictly anaerobic
cultures of C. beijerinckii, the medium was supplemented with 4 mL of 0.025% resazurin
solution as a redox indicator and 0.5 g L−1 cysteine as a reducing agent, following the
protocol described by Olivia-Rodríguez et al. [4].

Table 1. Composition of P2 culture medium.

Component Concentration (g L−1)

KH2PO4 0.5
K2HPO4 0.5

MgSO4·7H2O 0.2
MnSO4·H2O 0.01

NaCl 0.01
Ammonium acetate 2.2

FeSO4 0.01
p-aminobenzoic acid 0.001

Thiamine 0.001
Biotin 0.00001

Glucose 60
Yeast extract 1

2.3. Growth Kinetic Experiments
2.3.1. Growth Kinetics of Bacillus subtilis

To characterize the growth kinetics of B. subtilis, a frozen stock culture was first
streaked onto TSA agar plates and incubated at 37 ◦C for 24 h. A single colony was selected
to prepare the pre-inoculum. The pre-inoculum was cultivated in liquid P2 medium at
37 ◦C and 80 rpm for 12 h in an orbital incubator (JSR JSSI-100C, Gongju, Republic of
Korea). At the end of the pre-inoculation period, the culture reached an optical density
(OD600) of approximately 0.8, corresponding to an estimated biomass concentration of
approximately 3 g L−1 based on the previously established OD600–biomass calibration
relationship. The resulting culture was subsequently used as the inoculum for the growth
kinetic experiments.

Three flasks containing a final working volume of 70 mL of P2 medium, including
the inoculum, were prepared and inoculated with 10% (v/v) of the pre-inoculum. The
cultures were incubated at 37 ◦C and 80 rpm. Samples of 1 mL were collected every 3 h
over a total cultivation period of 45 h. Optical density was measured at 600 nm using a
visible spectrophotometer (DLAB V1000, Beijing, China), and biomass concentration was
estimated using the previously established OD600–biomass calibration relationship. The
pH was also measured at each sampling point using a digital pH meter (EZDO PL-500,
Taipei, Taiwan). All inoculation and sampling procedures were performed inside a laminar
flow cabinet (Heal Force OptiClean 900, Shanghai, China) to maintain aseptic conditions.
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2.3.2. Growth Kinetics of Clostridium beijerinckii

Prior to growth experiments, a stock of C. beijerinckii spores was prepared. P2 medium
was first supplemented with cysteine as a reducing agent and purged with nitrogen gas to
remove dissolved oxygen. The pH was adjusted to 6.8–7.0 using 1 N NaOH. Subsequently,
44 mL of medium were transferred into 100 mL glass bottles sealed with butyl rubber stop-
pers and aluminum crimps. The medium was further purged with nitrogen for 15 min to
ensure anaerobic conditions. The bottles were inoculated with 5 mL of C. beijerinckii spores
and incubated at 37 ◦C and 80 rpm. When the culture reached an OD600 of approximately
2.2 after appropriate dilution, corresponding to 2.17 ± 0.47 (n = 3) in the growth curve,
spores were induced through thermal shock by placing the bottles in a water bath at 80 ◦C
for 5–10 min. The resulting spores were used to inoculate fresh cultures for growth curve
determination. During cultivation, 1 mL samples were taken every 3 h for OD600 and
pH measurements.

2.4. Co-Culture Experimental Design

Following the evaluation of the individual growth kinetics, co-culture experiments
were conducted to investigate the effect of the interaction between C. beijerinckii and
B. subtilis on ABE fermentation performance.

Three experimental variables were evaluated: (i) the inoculation time of C. beijerinckii
(0, 4, and 8 h after B. subtilis inoculation); (ii) the inoculum ratio between B. subtilis and
C. beijerinckii (70:30, 50:50, and 30:70); and (iii) the total inoculum percentage relative to the
final culture volume (10% and 20%).

All co-culture experiments were performed in sealed bottles with a final working
volume of 50 mL. Accordingly, the volume of P2 medium was adjusted according to the
inoculum volume to maintain a constant final working volume across all experimental con-
ditions. Resazurin and cysteine were not added to the co-culture medium, and the medium
was not purged with nitrogen. This configuration allowed B. subtilis, as a facultative mi-
croorganism, to consume dissolved oxygen and progressively establish oxygen-limited
conditions favorable for the growth and solventogenic metabolism of the strictly anaerobic
C. beijerinckii.

The experimental conditions evaluated are summarized in Table 2.

Table 2. Experimental conditions evaluated in co-culture experiments.

Condition B. subtilis (mL) C. beijerinckii (mL) Total Inoculum (%) C. beijerinckii
Inoculation Time (h)

A0 3.5 1.5 10 0
B0 2.5 2.5 10 0
C0 1.5 3.5 10 0
D0 5.0 5.0 20 0
A4 3.5 1.5 10 4
B4 2.5 2.5 10 4
C4 1.5 3.5 10 4
D4 5.0 5.0 20 4
A8 3.5 1.5 10 8
B8 2.5 2.5 10 8
C8 1.5 3.5 10 8
D8 5.0 5.0 20 8

Note: A–C represent inoculum ratios of B. subtilis to C. beijerinckii of 70:30, 50:50, and 30:70, respec-
tively. D corresponds to a 50:50 ratio with 20% total inoculum. Numbers (0, 4, and 8) indicate the
time (h) at which C. beijerinckii was inoculated after B. subtilis.
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All experiments were performed in triplicate to ensure reproducibility of the results.
Cultures were incubated at 37 ◦C and 80 rpm. Samples were collected every 3 h during the
first 24 h of fermentation to monitor optical density (OD600) and pH.

2.5. Bioreactor Experiments

The co-culture condition that produced the highest butanol concentration at flask
scale was selected for scale-up experiments in a 1 L stirred bioreactor (Biostat A, Sartorius
Stedim, Germany) with a final working volume of 500 mL. Based on the optimal inoculum
ratio identified previously, 15 mL of Bacillus subtilis pre-inoculum and 35 mL of activated
Clostridium beijerinckii spores were used. Thus, the total inoculum volume was 50 mL,
corresponding to an overall inoculation ratio of 10% (v/v) relative to the final working
volume of 500 mL, with B. subtilis and C. beijerinckii accounting for 3% and 7% (v/v),
respectively. The bioreactor was operated at a temperature of 37 ◦C and an agitation speed
of 80 rpm, with an initial pH of 6.5. During fermentation, pH was actively controlled and
maintained above 5.9 through the automatic addition of 2 N NaOH whenever the pH
decreased below the control limit.

Dissolved oxygen (DO) was monitored continuously using the bioreactor DO sensor
and recorded every 200 s. Before fermentation, the sensor was calibrated using freshly
prepared culture medium under agitation and without external aeration, which was defined
as 100% DO saturation. Thus, DO values during fermentation were expressed as percentage
of saturation relative to this reference condition. The DO profile was used to assess the
depletion of oxygen following B. subtilis inoculation and the establishment of oxygen-
limited conditions favorable for C. beijerinckii.

Temperature, pH, and DO were continuously monitored throughout the fermenta-
tion. Samples of 1.5 mL were collected every 24 h, including initial samples at 0 and 4 h
after inoculation.

2.6. Metabolite and Substrate Quantification

Fermentation samples were centrifuged at 12,000 rpm for 15 min at 4 ◦C using a cen-
trifuge (HERMLE Z 216 MK, Wehingen, Germany). The resulting supernatant was filtered
through 0.22 µm syringe filters and subsequently analyzed by high-performance liquid
chromatography (HPLC) (Shimadzu CTO-20A, Kyoto, Japan) to quantify fermentation
metabolites, including glucose, butanol, and organic acids. Metabolites were separated
using an Aminex HPX-87H column (Bio-Rad, Hercules, CA, USA). The injection volume
was 20 µL, and the mobile phase consisted of 5 mM H2SO4 at a flow rate of 0.6 mL/min.
The column and refractive index (RI) detector temperatures were maintained at 45 ◦C,
while the diode array detector (DAD) wavelength for organic acid detection was set at 210
nm. Under these conditions, the analysis time was 45 min per sample.

2.7. Kinetic Analysis

The specific growth rate (µ) was estimated from the exponential growth phase using
the exponential growth model:

X = X0eµt

where X is the biomass concentration (g L−1) at time t, X0 is the biomass concentration at
the beginning of the exponential phase, and µ is the specific growth rate (h−1). The model
was linearized by taking the natural logarithm:

ln(X) = ln(X0) + µt
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Thus, the specific growth rate was obtained from the slope of the linear regression of
ln(X) versus time using only the data corresponding to the exponential growth phase. For
the bioreactor co-culture, the exponential phase considered for kinetic estimation extended
from 4 to 48 h. The doubling time (td) was calculated according to:

td =
ln(2)

µ

The same approach was applied to the monoculture and flask-scale co-culture
growth profiles, using the corresponding exponential growth phase identified from each
growth curve.

2.8. Statistical Analysis

All experiments were conducted in triplicate, and the results are reported as mean
values. Statistical analysis was performed using analysis of variance (ANOVA) with a
significance level of p < 0.05 to evaluate the effect of inoculum ratio, inoculation time, and
inoculum concentration on butanol production.

2.9. Use of Artificial Intelligence Tools

Generative artificial intelligence (Open AI GPT-6) tools were used solely to improve
the language, grammar, clarity, and overall readability of the manuscript. GenAI was not
used for experimental design, data generation, data analysis, data interpretation, or the
generation of figures, tables, or scientific results.

3. Results and Discussion
3.1. Monoculture Growth Behavior of Bacillus subtilis and Clostridium beijerinckii
3.1.1. Growth Kinetics of Bacillus subtilis in P2 Medium

The growth behavior of Bacillus subtilis in P2 medium was evaluated under aerobic
conditions as described in Section 2.3.1. Biomass concentration was estimated from OD600

measurements using the previously established calibration relationship. As shown in
Figure 1, B. subtilis exhibited rapid adaptation to the culture medium, with no apparent
lag phase. Biomass increased progressively during the first 24 h of cultivation, after
which the growth rate decreased, and the culture approached the stationary phase. This
behavior indicates that P2 medium provided sufficient nutrients to support the growth of
B. subtilis under the conditions evaluated. The rapid initial growth is also consistent with
the physiological versatility of this microorganism [18].

The maximum specific growth rate obtained in the present study was µ = 0.207 h−1,
corresponding to a doubling time of 1.563 h. This value was of the same order of magnitude
as that reported for B. subtilis NCIM 2063 by Stamenković Stojanović et al. [34], who
reported a specific growth rate of 0.273 h−1 and a generation time of 2.54 h when the
microorganism was cultivated with 10 g L−1 glucose under an oxygen transfer rate of
10 mol m−3 h−1. The µ obtained in the present study was therefore approximately 24%
lower than the value reported by these authors. This difference may be associated with
differences in strain, medium composition, glucose concentration, and oxygen-transfer
conditions. Nevertheless, the comparable magnitude of the specific growth rates indicates
that B. subtilis maintained active growth under the P2 medium and cultivation conditions
employed in this study.

The growth characterization was performed primarily to establish the physiological
behavior of B. subtilis and to define its suitability as an oxygen-scavenging microorganism
for the subsequent co-culture experiments. In the proposed system, the role of B. subtilis
was not limited to biomass formation but also involved the consumption of dissolved
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oxygen to progressively establish oxygen-limited conditions suitable for the growth and
solventogenic metabolism of the strictly anaerobic C. beijerinckii [35]. Accordingly, the
observed rapid growth of B. subtilis supported the use of an initial cultivation period before
C. beijerinckii inoculation in the delayed-inoculation experiments.

Figure 1. Growth profile of Bacillus subtilis cultivated in P2 medium under aerobic conditions.
Biomass concentration was calculated from optical density measurements using the corresponding
calibration curve. Error bars represent the standard deviation of triplicate experiments.

Although pH profile was not monitored during the B. subtilis monoculture experi-
ments, pH is an important parameter affecting the growth and metabolic activity of this
microorganism. In addition, lactate and acetate were not quantified in the monoculture ex-
periments because the characterization was primarily designed to evaluate biomass growth
and the oxygen-scavenging capacity of B. subtilis for subsequent co-culture experiments.
Nevertheless, the absence of organic-acid measurements represents a limitation, since
these metabolites may be produced under oxygen-limited conditions and could influence
the physicochemical and metabolic environment of the co-culture [4]. Therefore, their
potential contribution to microbial interactions cannot be quantitatively assessed from the
monoculture data presented here. This limitation was considered when interpreting the
subsequent co-culture fermentation results, where the focus was placed on growth, oxygen
depletion, pH profile, and solvent production.

Overall, the growth kinetics obtained in P2 medium demonstrated that B. subtilis
was able to grow rapidly under the selected conditions and supported its selection as the
oxygen-scavenging component of the co-culture. The subsequent bioreactor experiments
further evaluated whether this oxygen-scavenging activity was sufficient to establish
oxygen-limited conditions favorable for C. beijerinckii growth and solvent production.

https://doi.org/10.3390/biomass6050082

https://doi.org/10.3390/biomass6050082


Biomass 2026, 6, 82 9 of 28

3.1.2. Growth Kinetics and Metabolic Shift of Clostridium beijerinckii BA101

The monoculture fermentation of Clostridium beijerinckii BA101 (PTA-1550) was con-
ducted under strictly anaerobic conditions (Section 2.3.2). The growth profile (see Figure 2)
exhibited a characteristic lag phase of approximately 15 h, associated with cellular adapta-
tion and spore germination, followed by exponential growth until around 50 h, after which
the stationary phase was reached.

Figure 2. Growth curve and pH of Clostridium beijerinckii BA101 cultivated in P2 medium under anaer-
obic conditions. Biomass concentration (g L−1) is shown as a function of fermentation time, while pH
variation during the fermentation is represented on the secondary axis. Error bars correspond to the
standard deviation obtained from triplicate measurements.

This growth behavior is consistent with the relatively slower initial growth commonly
observed in solventogenic clostridia under anaerobic cultivation conditions [10]. Simi-
lar growth dynamics have been reported for Clostridium acetobutylicum cultivated in P2
medium, with exponential growth onset around 18 h and transition to stationary phase
near 50 h [4], confirming the reproducibility of the observed pattern.

The maximum specific growth rate was estimated at µ = 0.093 h−1, corresponding to a
doubling time of 7.43 h (Table 3). Although this value is lower than growth rates reported
for some C. beijerinckii strains under optimized conditions, differences among studies can
arise from variations in strain, medium composition, substrate concentration, pH control,
inoculum physiological state, and fermentation mode. For instance, a µmax of 0.23 h−1

has been reported for C. beijerinckii NCIMB 8052 in pH-controlled batch fermentation,
while values of approximately 0.4 h−1 have been reported under other substrate and
cultivation conditions [35]. Therefore, the value obtained in the present work represents the
growth kinetics of BA101 under the specific experimental conditions employed, particularly
without external pH control, rather than an intrinsic maximum growth rate of the strain.
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Table 3. Kinetic parameters obtained for monoculture growth of Bacillus subtilis and Clostridium
beijerinckii in P2 medium.

Microorganism Specific Growth
Rate µ (h−1)

Doubling Time
(h)

Maximum
Fermentation Time (h)

Final Butanol
Concentration (g L−1)

Bacillus subtilis 0.207 1.563 24 –
Clostridium

beijerinckii BA101 0.093 7.43 60 10.38

The evolution of pH during fermentation provided key insights into the metabolic
dynamics of the system. A progressive decrease in pH was observed during the early stages
due to the accumulation of organic acids (primarily acetic and butyric acids), indicating the
onset of the acidogenic phase. Subsequently, a pH increase occurred as these acids were
reassimilated and converted into solvents, marking the transition to solventogenesis. This
biphasic metabolic behavior is a well-established characteristic of ABE fermentation [10,36].
Between 23 and 26 h, a transient plateau in biomass concentration was observed, suggesting
a temporary metabolic transition. During this period, the decrease in pH likely imposed
physiological stress on the cells, leading to a slowdown in growth and the redirection
of carbon flux toward the reassimilation of previously produced acids. This transition
marks the onset of solventogenesis, during which acids are converted into solvents such as
butanol, acetone, and ethanol. Consequently, a gradual increase in pH was detected, re-
flecting the consumption of acidic metabolites [10]. This biphasic acidogenic–solventogenic
behavior is a hallmark of clostridial metabolism and is strongly regulated by environmental
conditions, particularly pH, which controls the expression and activity of key solventogenic
enzymes [36]. The observed metabolic shift is therefore consistent with the classical ABE
fermentation model described by Jones and Woods [10].

At the end of the fermentation, the butanol concentration reached 10.38 g L−1. This
value is comparable to the 11.9 g L−1 reported for C. beijerinckii under similar conditions [37],
validating the experimental setup and providing a reliable reference point for evaluating
improvements achieved through co-culture strategies.

3.2. Co-Culture Performance of Bacillus subtilis and Clostridium beijerinckii

Co-culture fermentations of Bacillus subtilis and Clostridium beijerinckii were performed
under the conditions described in Section 2.4. Biobutanol production was detected in all
evaluated conditions, demonstrating that the co-culture system successfully supported
solventogenic metabolism without the need for nitrogen purging or external reducing
agents. This confirms that B. subtilis effectively established anaerobic conditions through
rapid oxygen consumption, as previously reported in similar systems [4,18].

Across all conditions, butanol production ranged from 6.45 to 13.14 g L−1 (Table 4),
confirming the robustness of the co-culture strategy. However, no direct correlation was
observed between total biomass concentration and solvent production. This is expected,
since biomass measurements represent the combined contribution of both microorganisms,
while butanol synthesis is primarily associated with the metabolic state of C. beijerinckii [18].
Therefore, the efficiency of the transition from acidogenesis to solventogenesis plays a more
critical role than total biomass accumulation.

3.2.1. Effect of Inoculation Strategy

The inoculation strategy had a significant impact on fermentation performance. In
simultaneous inoculation experiments (0 h), butanol production ranged between 9.04
and 12.24 g L−1, with no statistically significant differences among treatments (ANOVA,
p > 0.05). This relatively limited differentiation among treatments suggests that simulta-
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neous inoculation did not provide a clear advantage for establishing the sequential physi-
ological conditions required by the two microorganisms. In this configuration, B. subtilis
and C. beijerinckii were introduced into the culture at the same time, potentially resulting in
competition for available substrate before the oxygen concentration had been sufficiently
reduced for optimal development of the strictly anaerobic C. beijerinckii.

Table 4. Screening of co-culture conditions of Bacillus subtilis and Clostridium beijerinckii.

Condition Inoculation
Time (h) Biomass (g L−1) Butanol (g L−1) Specific Growth

Rate µ (h−1) Doubling Time (h)

A0 0 1.65 ± 0.006 10.47 ± 0.16 0.034 ± 0.006 20.66 ± 3.6
B0 0 1.80 ± 0.041 11.22 ± 4.88 0.033 ± 0.014 21.02 ± 8.9
C0 0 1.68 ± 0.010 9.04 ± 0.81 0.033 ± 0.008 21.08 ± 5.1
D0 0 1.60 ± 0.003 12.24 ± 1.94 0.033 ± 0.0 21.17 ± 0.0
A4 4 2.68 ± 0.023 7.64 ± 0.21 0.038 ± 0.001 17.17 ± 0.5
B4 4 2.51 ± 0.026 6.98 ± 1.04 0.041 ± 0.001 17.15 ± 0.4
C4 4 2.76 ± 0.027 13.14 ± 1.80 0.054 ± 0.001 12.93 ± 0.2
D4 4 2.74 ± 0.011 6.45 ± 1.95 0.039 ± 0.004 17.73 ± 1.8
A8 8 2.61±0.019 12.92 ± 1.0 0.038 ± 0.001 18.30 ± 0.5
B8 8 2.50 ± 0.006 11.90 ±1.47 0.04 ± 0.0 17.23 ± 0.0
C8 8 2.49 ± 0.011 10.24 ± 1.53 0.04 ± 0.001 18.21 ± 0.5
D8 8 2.71 ± 0.016 10.65 ± 0.63 0.04 ± 0.001 17.31 ± 0.4

Note: A–C represent inoculum ratios of B. subtilis to C. beijerinckii of 70:30, 50:50, and 30:70, respec-
tively. D corresponds to a 50:50 ratio with 20% total inoculum. Numbers (0, 4, and 8) indicate the
time (h) at which C. beijerinckii was inoculated after B. subtilis.

A different behavior was observed when C. beijerinckii was inoculated 4 h after
B. subtilis. Under these conditions, butanol production varied according to the inocu-
lum ratio, with the highest concentration of 13.14 g L−1 obtained in condition C4. This
condition corresponded to a B. subtilis:C. beijerinckii ratio of 30:70 and a total inoculum of
10%. The higher butanol production observed in C4 should also be interpreted considering
the initial amount of C. beijerinckii inoculum. C4 contained 3.5 mL of C. beijerinckii inoculum,
compared with 1.5 and 2.5 mL in A4 and B4, respectively, while all three conditions had the
same total inoculum percentage and the same 4 h inoculation delay. Therefore, the higher
initial C. beijerinckii load in C4 may have partially contributed to its increased butanol
production. However, the effect of inoculum amount cannot be isolated from that of the
inoculum ratio, since the relative proportion of B. subtilis and C. beijerinckii also varied
simultaneously among A4, B4, and C4. Thus, the higher butanol concentration observed
in C4 may reflect the combined effects of the initial C. beijerinckii load, the 30:70 inoculum
ratio, and the 4 h inoculation sequence. The present experimental design does not allow
the individual contribution of these factors to be quantified independently.

The C4 condition also exhibited the highest specific growth rate (µ = 0.054 h−1) and
the shortest doubling time (12.93 h) among the evaluated co-culture conditions. The higher
proportion of C. beijerinckii in C4 may have favored solvent production by increasing
the initial population of the solventogenic microorganism, while the lower proportion of
B. subtilis may have remained sufficient to promote oxygen consumption. In addition,
the 4 h delay before C. beijerinckii inoculation provided an initial period during which
B. subtilis could consume dissolved oxygen and progressively establish oxygen-limited
conditions. The combination of these factors may have favored the subsequent growth
and solventogenic metabolism of C. beijerinckii. This interpretation is consistent with
previous studies describing the use of facultative microorganisms to facilitate oxygen
depletion and create conditions favorable for anaerobic Clostridium species [4,18]. Similar
effects of inoculation sequence and microbial interaction have also been reported in mixed
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Bacillus–Clostridium systems, where the temporal organization of microbial populations can
influence substrate utilization and solvent production [18,31].

The effect of total inoculum concentration should also be considered. Conditions
D0, D4, and D8 contained 20% total inoculum, compared with 10% in conditions A–C.
In particular, D4 contained 5.0 mL of C. beijerinckii inoculum, which was greater than the
3.5 mL used in C4, but produced only 6.45 g L−1 of butanol compared with 13.14 g L−1

in C4. This comparison suggests that increasing the total inoculum concentration, and
consequently the absolute amount of C. beijerinckii, was not sufficient by itself to improve
butanol production. However, D4 also differed from C4 in the B. subtilis:C. beijerinckii
ratio and total inoculum percentage; therefore, this comparison cannot be used to isolate
the specific effect of C. beijerinckii inoculum amount. Overall, the results indicate that the
observed fermentation performance resulted from the combined influence of microbial
proportion, initial inoculum load, and inoculation sequence under the conditions evaluated.

When the inoculation delay was extended to 8 h, relatively high butanol production
was still observed in some conditions, such as A8 (12.92 g L−1), suggesting that tempo-
ral separation between the two microorganisms can influence the physicochemical and
metabolic environment of the culture. Nevertheless, the 4 h delay resulted in the highest
butanol concentration, particularly at the 30:70 B. subtilis: C. beijerinckii ratio. This result
is consistent with the proposed role of B. subtilis in facilitating oxygen depletion before
the introduction of the strictly anaerobic C. beijerinckii [4,18,31]. An excessively long delay,
however, may alter substrate availability and the physiological state of the first microor-
ganism, which could explain why the 8 h delay did not provide a further improvement in
butanol production.

3.2.2. Growth Dynamics and Metabolic Transition in Co-Culture C4

Based on the screening results, condition C4 was selected for further analysis (Figure 3).
The growth profile revealed two distinct stages associated with the sequential development
of the two microorganisms. Initially, B. subtilis developed under the conditions present
immediately after inoculation, contributing to the rapid consumption of dissolved oxygen.
Following the 4 h delay, C. beijerinckii was introduced into the culture, and its subsequent
growth occurred as oxygen availability became progressively limited.

The pH profile decreased from 6.01 to approximately 5.6 during the first 30 h, co-
inciding with the accumulation of fermentation acids and indicating active acidogenic
metabolism. A subsequent increase to approximately 5.8 was observed during the later
stages of fermentation, coinciding with increasing butanol production. This temporal be-
havior is compatible with the acidogenic-to-solventogenic transition commonly described
for solventogenic Clostridium species [10]. However, because no active pH control was
applied during the flask-scale experiments, the observed pH profile represents the natural
response of the culture to metabolite production and consumption rather than a controlled
operating condition.

3.2.3. Substrate Consumption and Metabolite Production in Co-Culture C4

The temporal evolution of substrate consumption and metabolite production (Table 5)
further supports the occurrence of the metabolic transition observed under co-culture
condition C4. Glucose concentration decreased from 63.65 ± 11.7 to 33.01 ± 3.7 g L−1,
corresponding to approximately 48% substrate consumption, while butanol concentration
increased progressively to 13.14 ± 1.80 g L−1 at 100 h.

During the early stages of fermentation, organic acids such as butyric and acetic acids
accumulated, indicating active acidogenesis. Butyric acid increased from 0.14 ± 0.20 g L−1

at 48 h to 4.59 ± 1.50 g L−1 at 72 h, whereas acetic acid reached 1.47 ± 0.41 g L−1 at
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48 h. As fermentation progressed, the concentration of these acids decreased substantially,
reaching 0.02 ± 0.02 g L−1 and 0.68 ± 0.31 g L−1, respectively, at 100 h, coinciding with
the increase in butanol concentration to 13.14 ± 1.80 g L−1. This behavior is consistent
with the acidogenesis-to-solventogenesis transition commonly described for solventogenic
clostridia, during which accumulated organic acids can be reassimilated and used as
precursors for solvent production [18,38].

Figure 3. Biomass growth and pH profile during fermentation of the co-culture condition C4.

Table 5. Metabolite concentrations during fermentation under co–culture condition C4.

Time (h) Biomass (g L−1) Glucose
(g L−1)

Butanol
(g L−1)

Butyric Acid
(g L−1)

Lactic Acid
(g L−1)

Acetic Acid
(g L−1)

0 0.05 ± 0.00 63.65 ± 11.7 0 0 0.11 ± 0.09 0.64 ± 0.36
48 0.62 ± 0.02 59.83 ± 2.3 0.14 ± 0.20 0.23 ± 0.03 1.73 ± 1.39 1.47 ± 0.41
72 2.19 ± 0.04 43.40 ± 11.5 4.59 ± 1.50 0.62 ± 0.80 1.62 ± 1.28 0.75 ± 0.68

100 2.76 ± 0.03 33.01 ± 3.7 13.14 ± 1.80 0.02 ± 0.02 6.36 ± 1.87 0.68 ± 0.31

The accumulation of lactate and acetate provided additional evidence of metabolic
activity within the co-culture. At the end of the flask-scale C4 fermentation, lactate and
acetate reached 6.36 ± 1.87 and 0.68 ± 0.31 g L−1, respectively. This metabolite profile
indicates that a fraction of the consumed glucose was directed toward products other than
butanol. The observed lactate accumulation may be consistent with the metabolic contri-
bution of B. subtilis, particularly under the oxygen-limited conditions established during
fermentation, under which this microorganism can produce lactate and acetate [18,38].
However, because the experiments were conducted with a mixed culture and strain-specific
metabolite production or consumption was not independently quantified, the measured
lactate and acetate concentrations cannot be quantitatively attributed to B. subtilis. There-
fore, these metabolites are interpreted as indicators of additional metabolic activity within
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the co-culture rather than as direct evidence of their microorganism-specific origin. This
metabolic distribution may contribute to the differences observed between the co-culture
and conventional C. beijerinckii monocultures [18,38].

Despite the production of 13.14 ± 1.80 g L−1 butanol, 33.01 ± 3.7 g L−1 of glucose
remained at the end of fermentation. This residual concentration indicates that substrate
utilization was incomplete under flask conditions. Several factors may have contributed to
this behavior. First, unlike the subsequent stirred-tank bioreactor experiments, the flask
fermentations were conducted without active pH control. Consequently, the accumulation
of organic acids during the acidogenic phase may have altered the culture pH and affected
sustained microbial activity and solventogenesis. In ABE fermentation, acid accumulation
and pH changes are closely associated with the transition from acidogenesis to solventoge-
nesis, while excessive acidification can adversely affect cellular activity and the progression
of solvent production [10,19,36].

Second, butanol accumulation may have limited further substrate utilization. The
final butanol concentration reached 13.14 g L−1, a concentration within the range at which
solventogenic clostridia can experience increasing product inhibition. Butanol is known to
affect membrane integrity and fluidity and to interfere with cellular energy conservation,
thereby reducing metabolic activity and substrate uptake [36,39]. Thus, the residual glu-
cose observed at the end of the flask fermentation may reflect, at least in part, inhibition
associated with the accumulation of fermentation products rather than the absence of
available substrate.

Differences in mixing and mass-transfer conditions between the flask and stirred-tank
systems may also have contributed to the different extent of substrate utilization. In the
flask experiments, agitation was maintained at 80 rpm, but pH and dissolved oxygen were
not actively monitored or controlled. In contrast, the subsequent stirred-tank experiments
provided controlled agitation together with continuous monitoring of pH and dissolved
oxygen. These differences in process control may have favored more sustained metabolic
activity in the bioreactor and contributed to the higher glucose consumption observed at
that scale.

Therefore, the residual glucose in the C4 flask fermentation is more appropriately
interpreted as the combined result of incomplete process control and metabolic inhibition
associated with acid and solvent accumulation. Importantly, the available data do not
allow the individual contribution of pH, product inhibition, or mass-transfer conditions to
be quantified. Nevertheless, the comparison with the subsequent bioreactor experiment
provides evidence that improved process control can enhance substrate utilization. Under
stirred-tank conditions, glucose conversion increased to 81.6%, compared with approxi-
mately 48% in the flask system, together with an increase in final butanol concentration to
18.6 g L−1.

The calculated butanol yield was 0.43 g g−1 glucose consumed, indicating that a
substantial fraction of the glucose consumed was directed toward butanol production.
However, because a considerable amount of glucose remained unconsumed, further op-
timization of substrate utilization is required. Strategies such as improved pH control,
fed-batch operation, and in situ butanol removal could potentially alleviate product inhibi-
tion and extend the productive phase of fermentation.

3.2.4. Functional Interactions in the Co-Culture System

Taken together, the results indicate that the B. subtilis–C. beijerinckii co-culture estab-
lished oxygen-limited conditions compatible with ABE fermentation under the conditions
evaluated. The rapid oxygen consumption by B. subtilis provides a functional basis for
its incorporation into the consortium, as it may facilitate the development of conditions
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favorable for the strictly anaerobic C. beijerinckii [4,18]. The higher glucose consumption
and butanol production observed in the co-culture compared with the C. beijerinckii mono-
culture further indicate improved fermentation performance, although the individual
contribution of oxygen depletion cannot be isolated from other interactions occurring
within the consortium.

The metabolic environment may also have been influenced by metabolites generated
during the early growth of B. subtilis, which could affect subsequent microbial activity
and solventogenesis [40]. In addition, pH and metabolite accumulation are known to
influence the transition between acidogenesis and solventogenesis in clostridial fermenta-
tion [17,19,41,42]. Therefore, the performance of the selected C4 condition likely resulted
from the combined effects of inoculation timing, oxygen availability, substrate utilization,
and metabolic interactions between both microorganisms.

Overall, the C4 strategy provided the most favorable balance among these factors
within the experimental conditions tested, supporting the use of controlled inocula-
tion and biological oxygen removal as a promising approach for simplifying co-culture
ABE fermentation.

3.2.5. Fermentation Performance Indicators of the Selected Co-Culture

The fermentation performance indicators calculated for the optimal co-culture condi-
tion (C4) are summarized in Table 6.

Table 6. Fermentation performance indicators for co-culture condition C4.

Parameter Value

Final butanol concentration (g L−1) 13.14 ± 1.8
Initial glucose (g L−1) 63.65 ± 11.7
Residual glucose (g L−1) 33.01 ± 3.7
Glucose consumed (g L−1) 30.64
Butanol yield (YB/S) (g g−1) 0.43
Average productivity (g L−1 h−1) 0.13 g
Solventogenic productivity (g L−1 h−1) 0.30
Fermentation time (h) 100

Approximately 30.64 g L−1 of glucose were consumed during fermentation, resulting
in a butanol yield of 0.43 g g−1 relative to glucose consumption. The average volumetric
productivity was 0.13 g L−1 h−1, while the productivity during the solventogenic phase
reached 0.30 g L−1 h−1, reflecting enhanced metabolic activity once anaerobic conditions
were fully established.

The maximum butanol concentration obtained under the optimized co-culture condi-
tion (C4) was 13.14 g L−1, representing a 26.6% increase compared with the monoculture
fermentation of C. beijerinckii (10.38 g L−1). This improvement highlights the effectiveness
of microbial synergy, where B. subtilis contributes to oxygen depletion and environmental
conditioning, enabling more efficient solventogenic metabolism. The relatively high yield
indicates that a significant fraction of the consumed carbon was directed toward butanol
synthesis rather than biomass or by-product formation, which is consistent with an efficient
solventogenic regime. However, the presence of residual glucose (33.01 g L−1) suggests
incomplete substrate utilization under flask conditions, likely due to limitations in mass
transfer, pH control, or accumulation of inhibitory metabolites.

3.3. Bioreactor Performance of the Selected Co-Culture Condition (C4)

Following the screening of co-culture configurations at flask scale, condition C4 was
selected for scale-up evaluation in a 1 L stirred-tank bioreactor operated at a 500 mL work-
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ing volume. The bioreactor experiments were conducted under controlled temperature,
agitation, and pH conditions to evaluate whether the performance observed at flask scale
could be maintained or enhanced under controlled reactor operation. The temporal evolu-
tion of pH, dissolved oxygen saturation, biomass formation, substrate consumption, and
metabolite production was monitored throughout the fermentation.

3.3.1. pH Dynamics and Dissolved Oxygen Evolution

The temporal profiles of pH and dissolved oxygen saturation during the bioreactor
fermentation are presented in Figure 4. The figure shows that immediately after inoculation
with Bacillus subtilis, the pH decreased rapidly during the first hours of cultivation. Within
approximately 4 h, the pH dropped from 6.5 to around 5.5, reflecting the formation of
organic acids during the acidogenic phase. This behavior is consistent with classical ABE
fermentation, where acids such as acetate and butyrate accumulate as metabolic precursors
for solvent production [10,38,41,42].

Figure 4. Temporal evolution of pH and dissolved oxygen saturation during fermentation of the
co-culture condition C4 in the bioreactor.

Following the inoculation of Clostridium beijerinckii, a gradual increase in pH was
observed starting at approximately 30 h, reaching a maximum value of 6.21 around 36 h.
This increase coincided with the onset of solvent production and indicates the metabolic
transition from acidogenesis to solventogenesis, driven by the reassimilation of previously
accumulated acids [19].

This functional role simplifies process operation by reducing the need for external
reducing agents or inert-gas sparging. The dissolved oxygen profile showed rapid deple-
tion immediately after B. subtilis inoculation; as illustrated in Figure 5, oxygen saturation
decreased to near-zero levels within approximately 53 min, supporting its role as an effec-
tive oxygen scavenger under the experimental conditions. This rapid oxygen depletion
promoted the establishment of an oxygen-limited environment compatible with the anaer-
obic growth and solventogenic metabolism of C. beijerinckii [18,30]. In the bioreactor, pH
was maintained at 5.9 through automatic control, a value within the reported range fa-
vorable for solventogenic metabolism in clostridia (5.8–6.0) [19,43]. Maintaining this pH
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provided a controlled physicochemical environment during the metabolic shift and may
have supported solventogenesis by limiting deviations from conditions favorable for sol-
vent production [44]. Under oxygen-limited conditions, B. subtilis may also redirect carbon
and reducing equivalents through fermentative pathways, including lactate and acetate
formation, which could further modify the metabolic environment of the co-culture [18,36].
However, redox potential was not directly measured in the present study; therefore, changes
in the redox state of the medium and their specific contribution to solventogenesis cannot
be quantitatively established.

Figure 5. Dissolved oxygen saturation during the first hour of fermentation showing rapid oxygen
depletion after inoculation with Bacillus subtilis.

After approximately 70 h of fermentation, a slight increase in dissolved oxygen was ob-
served. This behavior is attributed to reduced microbial activity and decreased production
of gases such as hydrogen and carbon dioxide, which normally help maintain anaerobic
conditions by displacing oxygen from the reactor headspace [45,46].

3.3.2. Biomass Growth, Substrate Consumption and Metabolite Production

The temporal evolution of biomass concentration, glucose consumption, and metabo-
lite production during the 500 mL working-volume bioreactor fermentation is presented
in Figure 6, while the corresponding concentration values are summarized in Table 7.
Biomass concentration increased progressively during the initial stage of fermentation, from
0.015 ± 0.001 g L−1 at the beginning of the experiment to a maximum of 2.36 ± 0.005 g L−1

at 48 h. After reaching this maximum, biomass concentration gradually decreased and sta-
bilized at approximately 1.51 ± 0.004 g L−1 toward the end of fermentation. This decrease
may be associated with the transition from active growth toward solventogenic metabolism,
together with reduced growth activity, cellular maintenance, and possible cell damage or
lysis during prolonged cultivation.
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Figure 6. Temporal evolution of biomass concentration, glucose consumption, and metabolite produc-
tion during fermentation of the C4 co-culture condition in the bioreactor. (a) Biomass concentration.
(b) Glucose consumption and butanol production. (c) Production of butyric, lactic, and acetic acids.
All values are reported as mean ± standard deviation of triplicate measurements.

Table 7. Metabolite concentrations during fermentation of co-culture condition C4 in the bioreactor.

Time (h) Biomass
(g L−1)

Glucose
(g L−1)

Butanol
(g L−1)

Butyric Acid
(g L−1)

Lactic Acid
(g L−1)

Acetic Acid
(g L−1)

0 0.015 ± 0.001 75.8 0 0 1.4 ± 0.3 3.2 ± 0.1
4 0.162 ± 0.003 83.4 0 0.03 ± 0.04 0.2 ± 0.3 1.2 ± 1.7

26 0.711 ± 0.003 78.8 0.27 ± 0.38 0.36 ± 0.20 2.1 ± 2.9 3.1 ± 0.3
48 2.36 ± 0.005 51.6 10.83 ± 1.14 4.2 ± 0.36 1.5 ± 0.7 3.6 ± 0.6
74 1.62 ± 0.003 9.60 11.98 ± 1.3 2.6 ± 1.08 2.0 ± 0.5 1.9 ± 0.2
96 1.51 ± 0.004 13.89 18.6 ± 1.24 5.7 ± 2.12 11.4 ± 1.01 4.8 ± 0.1

The maximum specific growth rate was µ = 0.0608 h−1, corresponding to a doubling
time of 11.39 h. This value was lower than the maximum specific growth rates reported
for C. beijerinckii during the exponential growth phase. For example, Paredes et al. [35]
reported a maximum specific growth rate of 0.23 h−1 for C. beijerinckii NCIMB-8052 during
the exponential phase of batch ABE fermentation. In that study, the exponential growth
phase lasted approximately 24 h, after which the culture progressively transitioned toward
a predominantly solventogenic state, while different physiological populations, including
acidogenic, solventogenic, and sporulating cells, coexisted throughout the fermentation.
Similarly, comparative studies with C. beijerinckii NCIMB-8052 and SA-1 have reported
specific growth rates between 0.39 and 0.66 h−1 under glucose-, fructose-, or sucrose-based
cultivation conditions, although substantial differences among strains and substrates were
observed [44]. These values correspond primarily to periods of active cellular growth and
therefore should not be directly equated with the overall growth behavior observed during
solvent production.

In contrast, considerably lower specific growth rates have been reported under con-
ditions associated with solventogenic metabolism. A recent study of C. beijerinckii un-
der different lignocellulose-derived inhibitor conditions reported specific growth rates of
0.03–0.13 h−1 during the solventogenic phase, compared with 0.16–0.39 h−1 during the
acidogenic phase [44]. In addition, continuous two-stage ABE fermentation of C. beijerinckii
NRRL B592 has been operated at a dilution rate of 0.022 h−1 in the second stage, which
was associated with solventogenic fermentation, whereas the first growth stage was op-
erated at 0.12 h−1 [44]. These observations demonstrate that growth rates can decrease
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markedly as the culture transitions from rapid acidogenic growth toward solventogenic
metabolism. Therefore, the µ value of 0.0608 h−1 obtained in the present study is within the
range reported for some solventogenic conditions, although it is lower than the maximum
growth rates generally observed during the exponential acidogenic phase. This comparison
should nevertheless be interpreted cautiously because the kinetic parameter obtained in
the present study was calculated from the overall biomass profile of the Bacillus subtilis–C.
beijerinckii co-culture and therefore does not represent a strain-specific maximum growth
rate for C. beijerinckii.

Butanol production was first detected at approximately 26 h and increased progres-
sively thereafter, reaching 18.6 ± 1.24 g L−1 at 96 h, which was the highest concentration
obtained during the fermentation. The onset of butanol accumulation occurred after the
initial period of biomass development and acid formation, supporting the occurrence of
a metabolic transition toward solvent production. The observed temporal relationship
between biomass development, acid accumulation, and subsequent butanol formation was
consistent with the characteristic acidogenic–solventogenic sequence reported for ABE
fermentation [25]. Nevertheless, the final butanol concentration should be interpreted
together with the residual substrate and the concentrations of other metabolites, since
carbon was not directed exclusively toward butanol production.

An important feature of the bioreactor experiment was the rapid depletion of dissolved
oxygen at the beginning of cultivation. Dissolved oxygen decreased to near-zero levels
within the first 53 min after inoculation, indicating that the microbial consortium rapidly
modified the oxygen availability of the culture. This observation is particularly relevant
to the proposed functional role of B. subtilis in the co-culture, as its respiratory activity
may have contributed to the establishment of oxygen-limited conditions before and during
the development of C. beijerinckii. Because C. beijerinckii is strictly anaerobic, the rapid
decrease in dissolved oxygen provided an environmental condition compatible with the
subsequent development of clostridial fermentative metabolism. Thus, oxygen depletion
can be regarded as an early process event that conditioned the cultivation environment
rather than as an independent determinant of solvent production.

Glucose concentration decreased from 75.40 g L−1 to 13.89 g L−1, corresponding to a
substrate consumption of 81.6%. This value was higher than those observed under flask
conditions (48.1%) and in the C. beijerinckii monoculture (42.5%). As shown in Table 7,
the glucose concentration increased from 75.8 to 83.4 g L−1 during the first 4 h of fer-
mentation. This initial increase was not associated with glucose production but with the
residual glucose present in the P2 medium used for inoculum preparation, which increased
the glucose concentration upon inoculation. After this initial increase, the glucose con-
centration progressively decreased, reaching 78.8 g L−1 at 26 h and 51.6 g L−1 at 48 h,
followed by a final concentration of 13.89 g L−1 at 96 h, indicating sustained substrate
consumption throughout the fermentation. The greater glucose utilization observed in the
controlled bioreactor indicates that the operating conditions applied at this scale supported
more extensive substrate conversion. However, this improvement cannot be attributed
exclusively to oxygen depletion. Unlike the flask experiments, the bioreactor provided
active pH regulation, continuous monitoring of dissolved oxygen, controlled tempera-
ture, and improved mixing conditions. Consequently, the higher substrate consumption
likely resulted from the combined effect of these operating conditions and the biological
interaction between B. subtilis and C. beijerinckii. In particular, the rapid establishment of
oxygen-limited conditions may have facilitated the development of the anaerobic clostridial
population, while pH control may have helped maintain conditions favorable for continued
metabolic activity.
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The temporal profiles of organic acids and solvents further illustrated the metabolic
progression of the co-culture. Butyric acid increased during the initial stages of fermenta-
tion, reaching approximately 4.2 g L−1 at 48 h, followed by a decrease to 2.6 g L−1 at 74 h.
This behavior was consistent with the acidogenic-to-solventogenic transition commonly
described for ABE fermentation, during which acids formed during the initial metabolic
phase may subsequently be reassimilated as solvent production develops [25]. However,
butyric acid increased again to 5.7 ± 2.12 g L−1 at 96 h, indicating that acid metabolism
in the present co-culture was not completely resolved into a simple sequential acidogenic–
solventogenic pattern. At the end of fermentation, lactic acid and acetic acid reached
11.4 ± 1.01 and 4.8 ± 0.1 g L−1. The accumulation of lactic acid and the presence of rela-
tively high acetic acid concentrations indicate that the co-culture exhibited a more complex
metabolic profile than that expected from a C. beijerinckii monoculture alone. Because these
metabolites were measured in the mixed culture, their individual microbial origin cannot
be established from the present data. Nevertheless, their accumulation may be partly
associated with metabolic activity of B. subtilis under the oxygen-limited conditions estab-
lished during cultivation [38]. These additional metabolic pathways may have influenced
substrate distribution and the physicochemical environment of the fermentation.

The relationship between oxygen depletion, substrate consumption, biomass devel-
opment, and metabolite formation provides an integrated interpretation of the co-culture
performance. The rapid decrease in dissolved oxygen occurred at the beginning of the
process and was followed by biomass development, progressive glucose consumption, acid
accumulation, and subsequent butanol production. This temporal sequence is consistent
with the proposed functional role of B. subtilis as an oxygen-scavenging microorganism
and with the subsequent development of solventogenic metabolism by C. beijerinckii. The
co-culture achieved 81.6% glucose consumption and 18.6 ± 1.24 g L−1 butanol, compared
with 42.5% glucose consumption and 10.38 g L−1 butanol in the C. beijerinckii monoculture.
These results indicate that the co-culture strategy was associated with improved substrate
utilization and butanol production under the controlled bioreactor conditions evaluated.
However, because oxygen availability was not independently manipulated while maintain-
ing all other operating variables constant, the present results do not establish a direct causal
relationship between oxygen depletion and enhanced butanol production. Rather, they
support the hypothesis that rapid oxygen removal, together with pH control, improved
cultivation conditions, and the metabolic interaction between the two microorganisms,
contributed to the observed fermentation performance.

3.3.3. Fermentation Performance Indicators

Key fermentation performance indicators calculated for the bioreactor experiment are
summarized in Table 8, while a comparison with the monoculture and flask-scale co-culture
systems is presented in Table 9.

The final butanol concentration reached 18.6 g L−1, representing the highest butanol
concentration obtained among the experimental systems evaluated in this study. During
fermentation, 61.51 g L−1 of glucose were consumed, corresponding to a substrate con-
version of 81.6%. This extensive substrate utilization was accompanied by an average
volumetric butanol productivity of 0.194 g L−1 h−1 over the 96 h fermentation period and a
butanol yield of 0.30 g g−1 based on consumed glucose. The biomass yield was 0.024 g g−1.
Thus, the improvement observed under bioreactor conditions was primarily associated
with a greater extent of substrate utilization and higher product accumulation rather than
with an increase in the stoichiometric yield of glucose conversion to butanol.
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Table 8. Fermentation performance indicators for the bioreactor experiment.

Parameter Value

Final butanol concentration (g L−1) 18.6
Final biomass concentration (g L−1) 1.51
Maximum biomass concentration (g L−1) 2.36
Initial glucose (g L−1) 75.40
Residual glucose (g L−1) 13.89
Glucose consumed (g L−1) 61.51
Substrate conversion (%) 81.6
Butanol yield (YB/S) (g g−1) 0.30
Biomass yield (YX/S) (g g−1) 0.024
Volumetric productivity (g L−1 h−1) 0.194
Maximum specific growth rate (µ) (h−1) 0.0608
Doubling time (h) 11.39

Table 9. Comparative fermentation performance of the evaluated systems.

System Butanol (g L−1) Yield (g g−1) Productivity (g L−1 h−1) Glucose
Consumption (%)

Monoculture
(Clostridium beijerinckii) 10.38 0.20 0.173 42.5

Co-culture (flask, C4) 13.14 0.43 0.13 48.1

Co-culture (bioreactor, C4) 18.62 0.30 0.194 81.6

The obtained butanol titer was comparable with values reported for the hyper-butanol-
producing strain Clostridium beijerinckii BA101. Ezeji et al. [37] reported that BA101 pro-
duced 11.9 g L−1 butanol and 17.7 g L−1 total ABE in a control batch fermentation con-
taining approximately 59.2 g L−1 initial glucose, with a solvent yield of approximately
0.40 g g−1 and a solvent productivity of 0.29 g L−1 h−1. The authors also showed that
residual glucose remained at 14.6 g L−1 at the end of the batch fermentation, which was
attributed in part to the inhibitory effect of accumulated butanol. In comparison, the
present co-culture reached a higher butanol concentration (18.6 g L−1) and a substantially
greater glucose conversion (81.6%), although the experimental butanol yield was lower
(0.30 g g−1). These differences indicate that the higher final titer in the present system
was mainly associated with more extensive substrate utilization rather than with a higher
carbon conversion efficiency toward butanol.

The butanol yield of 0.30 g g−1 was lower than the approximately 0.40 g g−1 reported
by Ezeji et al. [37] for BA101 under batch conditions. This difference can be associated
with the different carbon distribution occurring in the co-culture. In the present system,
glucose was consumed by a mixed microbial population, and carbon was distributed
among biomass, organic acids, butanol, acetone, ethanol, and other metabolic products. In
addition, the bioreactor was operated without in situ solvent removal, allowing butanol to
accumulate progressively in the broth. Product toxicity is a well-established limitation of
ABE fermentation and can progressively reduce substrate uptake and metabolic activity as
solvent concentrations increase. Therefore, the lower yield should be interpreted together
with the substantially higher substrate conversion achieved in the present system.

The volumetric butanol productivity of 0.194 g L−1 h−1 was higher than that obtained
in the flask-scale co-culture (0.13 g L−1 h−1) and slightly higher than that of the mono-
culture (0.173 g L−1 h−1). This value is within the range reported for conventional batch
ABE fermentation, although substantially lower productivities have been reported when
compared with intensified configurations incorporating continuous operation, immobi-
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lization, or in situ product removal. For example, Qureshi et al. [47] reported solvent
productivities up to 15.8 g L−1 h−1 for immobilized BA101 in a continuous reactor oper-
ated at high dilution rates, although the corresponding solvent concentration was only
7.9 g L−1. Similarly, Ezeji et al. [37] demonstrated that integrating gas stripping with BA101
fermentation substantially increased ABE productivity by continuously removing solvents
from the broth. These comparisons highlight that the productivity obtained in the present
work corresponds to a conventional batch configuration without in situ product recovery
and should therefore not be directly compared with highly intensified continuous systems.

The comparison among the three experimental systems provides additional insight
into the effect of process configuration. Relative to the flask-scale co-culture, butanol
concentration increased from 13.14 to 18.62 g L−1, corresponding to an increase of ap-
proximately 41.7%, while glucose utilization increased from 48.1 to 81.6%. Volumetric
productivity increased from 0.13 to 0.194 g L−1 h−1. These changes indicate that the con-
trolled bioreactor environment favored more extensive substrate utilization and solvent
accumulation. However, the butanol yield decreased from 0.43 to 0.30 g g−1. Therefore,
the increase in final butanol concentration cannot be attributed to an improvement in yield
alone; rather, it resulted from the substantially greater quantity of glucose consumed during
the bioreactor fermentation.

Relative to the C. beijerinckii monoculture, the co-culture bioreactor produced 79.1%
more butanol (18.62 versus 10.38 g L−1). The volumetric productivity also increased
from 0.173 to 0.194 g L−1 h−1, while glucose conversion increased from 42.5 to 81.6%.
Similar observations have been reported in Bacillus–Clostridium co-culture systems, in
which the oxygen-consuming activity of Bacillus facilitates the establishment of conditions
favorable for solventogenic Clostridium. Wu et al. [18] demonstrated that a C. acetobutylicum–
Bacillus cereus co-culture could produce butanol under microaerobic conditions, with Bacillus
consuming dissolved oxygen and thereby facilitating the establishment of an anaerobic
environment. Mai et al. [30] subsequently showed that B. cereus–C. beijerinckii co-cultures
could operate under nonanaerobic conditions and that the Bacillus population rapidly
consumed dissolved oxygen, allowing C. beijerinckii to become the dominant population.
These studies provide mechanistic support for the oxygen-scavenging strategy employed
in the present work.

The magnitude of the improvement observed here was also greater than that reported
in some previous Bacillus–Clostridium systems. Oliva-Rodríguez et al. [4] reported 8.28 g L−1

butanol in a co-culture of C. acetobutylicum ATCC 824 and B. subtilis CDBB 555 using agave
hydrolysate, compared with 6.04 g L−1 obtained with the selected Clostridium strain alone.
The higher titer obtained in the present study (18.6 g L−1) therefore indicates that the
combination of BA101 with B. subtilis under the present cultivation conditions provided a
comparatively high solvent concentration. However, differences in strain, substrate, initial
sugar concentration, inoculation strategy, pH control, and fermentation duration prevent
direct attribution of the difference exclusively to the co-culture configuration.

The maximum specific growth rate calculated for the bioreactor culture was 0.0608 h−1,
corresponding to a doubling time of 11.39 h. As discussed in Section 3.3.2, this parameter
represents an apparent growth rate for the co-culture rather than a strain-specific growth
constant for C. beijerinckii. The moderate growth rate should therefore be interpreted
together with the metabolic transition and solvent production. Structured models of C.
beijerinckii have demonstrated that the population contains physiologically distinct acido-
genic, solventogenic, and sporulating states, with the solventogenic population becoming
associated with solvent formation after the metabolic transition. Rivas-Astroza et al. [48]
showed that acidogenic and solventogenic cells exhibit different metabolic roles and that
the solventogenic state is particularly associated with NAD+ regeneration through solven-
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togenic metabolism [43–45,49,50]. Thus, a lower overall growth rate during the later stages
of the batch process does not necessarily indicate poor fermentation performance.

The relatively high glucose conversion obtained in the present bioreactor (81.6%) is
also relevant in relation to previous BA101 fermentations. Ezeji et al. [37] reported resid-
ual glucose of approximately 14.6 g L−1 from an initial concentration of 59.2 g L−1 in a
conventional BA101 batch fermentation, corresponding to approximately 75% substrate uti-
lization. The present system showed a similar residual-glucose concentration (13.89 g L−1)
despite a higher initial glucose concentration of 75.4 g L−1, resulting in a slightly greater
conversion of 81.6%. This comparison suggests that the co-culture configuration did not
merely increase solvent concentration but also allowed substantial substrate consumption
during the extended fermentation period. Nevertheless, the remaining glucose indicates
that complete substrate utilization was not achieved, which may reflect the combined
effects of solvent accumulation, nutrient limitation, and physiological changes during the
late fermentation stage.

The metabolite distribution provides additional evidence of the metabolic behavior of
the co-culture. At the end of the fermentation, the experimental concentrations of acetic,
butyric, and lactic acids were 4.8, 5.7, and 11.4 g L−1, respectively, giving a total concentra-
tion of approximately 21.9 g L−1. The relatively high acid concentration indicates that a
considerable fraction of the consumed carbon remained associated with acid metabolites at
the end of the batch process. This observation is consistent with structured descriptions of
ABE fermentation in which acid production and solvent formation occur through dynami-
cally coupled physiological states rather than as completely separated stages [49,50]. In the
present co-culture, the interpretation is further complicated by the contribution of B. subtilis
during the initial oxygen-scavenging phase. Therefore, the measured acid concentrations
should not be attributed exclusively to C. beijerinckii.

The oxygen-scavenging mechanism is particularly relevant to interpreting the im-
proved performance of the co-culture. In the present bioreactor, dissolved oxygen decreased
to near-zero levels within approximately 53 min, providing the anaerobic environment
required for the subsequent activity of C. beijerinckii. This mechanism is consistent with
previous Bacillus–Clostridium systems. Wu et al. [18] reported rapid depletion of dissolved
oxygen by B. cereus in a symbiotic system with C. acetobutylicum, while Mai et al. [30]
demonstrated that B. cereus could consume dissolved oxygen sufficiently to establish anaer-
obic conditions for C. beijerinckii under nonanaerobic operation. Oliva-Rodríguez et al. [4]
similarly used B. subtilis as a biological oxygen scavenger to enable butanol production by
C. acetobutylicum without conventional anaerobic pretreatment. These studies support the
interpretation that the initial respiratory activity of B. subtilis was an important conditioning
step for the subsequent development of the solventogenic Clostridium population in the
present system.

3.4. Economic Implications and Future Perspectives

The use of B. subtilis as an oxygen-scavenging microorganism provides a potential
process advantage by reducing the need for chemical reducing agents and external nitrogen
sparging during the establishment of anaerobic conditions. In the present study, cysteine
and nitrogen gas were not used during the flask-scale co-culture experiments, as oxygen
limitation was established biologically through the activity of B. subtilis. This configuration
may reduce auxiliary material requirements compared with conventional ABE fermentation
systems that rely on chemical reducing agents or external anaerobic gas flushing [49,51].

A preliminary assessment was therefore performed to estimate the potential economic
effect of avoiding these auxiliary inputs. The originally reported value of USD 39 was
calculated by adding the assumed purchase costs of cysteine (approximately USD 37 for
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22.5 g) and nitrogen gas (approximately USD 2 for 0.27 m3), resulting in a total avoided
auxiliary-input cost of approximately USD 39 for the specified quantities [40]. These values
were based on the purchasing assumptions considered in the present study. Importantly,
the USD 39 value does not represent a saving of USD 39 per liter of butanol. Rather, it
corresponds to the estimated cost of the specified quantities of cysteine and nitrogen gas
that could potentially be avoided when biological oxygen removal is used to establish
oxygen-limited conditions.

The preliminary calculation included only the direct purchase costs of cysteine and
nitrogen gas. It did not include substrate costs, B. subtilis cultivation and inoculum prepara-
tion, electricity, agitation, heating, pH control, labor, reactor and equipment costs, capital
depreciation, downstream processing, solvent recovery, wastewater treatment, or other
operating expenses. Consequently, the calculated value should be interpreted as a prelim-
inary estimate of avoided auxiliary-input costs rather than as a reduction in the overall
butanol production cost. The actual economic benefit per liter of butanol would depend
on the amount of cysteine and nitrogen gas required in a conventional process, the corre-
sponding process scale, and the amount of butanol produced on the same process basis.
A complete techno-economic analysis would therefore be required to determine the net
economic effect of replacing chemical and gaseous anaerobiosis strategies with biological
oxygen scavenging.

From a process perspective, the bioreactor results showed favorable characteristics
for further process intensification. The co-culture achieved 81.6% glucose conversion,
18.6 g L−1 butanol, and a volumetric productivity of 0.194 g L−1 h−1. These results indicated
that substantial substrate conversion and solvent production were maintained under
controlled fermentation conditions. However, the higher fermentation performance relative
to the flask-scale experiments should be interpreted considering the combined effects
of biological oxygen removal, active pH control, temperature regulation, and improved
mixing, rather than being attributed exclusively to the co-culture strategy.

Further process development should focus on improving carbon conversion toward
butanol while reducing the accumulation of by-products such as lactic and acetic acids.
In situ product removal technologies, including pervaporation, could be particularly rele-
vant because continuous butanol removal may reduce product inhibition and extend the
productive phase of fermentation [24,27,39,52–55]. The integration of such technologies
should, however, be evaluated together with their capital and operating costs because the
additional separation equipment and energy requirements could offset part of the benefits
associated with increased fermentation performance.

The use of low-cost renewable feedstocks, including lignocellulosic and algal biomass,
represents a potential direction for future development [27,56–58]. However, C. beijerinckii
cannot directly ferment intact lignocellulosic biomass; fermentable sugars must first be
released through appropriate pretreatment and hydrolysis steps. These additional pro-
cessing stages may increase energy, chemical, enzymatic, and downstream-processing
requirements and may also generate fermentation inhibitors. Therefore, integration of
the proposed co-culture with lignocellulosic or algal biorefineries should be considered as
a future process-development opportunity rather than as direct conversion of untreated
biomass. Further evaluation of pretreatment severity, sugar recovery, inhibitor forma-
tion, hydrolysate detoxification, nutrient requirements, and the resulting fermentation
performance would be required to determine its technical and economic feasibility.

Overall, the present results demonstrated the technical feasibility of combining
B. subtilis and C. beijerinckii as a strategy for establishing oxygen-limited conditions with-
out the addition of cysteine or nitrogen gas under the experimental conditions evaluated.
The bioreactor results also showed higher substrate conversion and butanol production
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under controlled fermentation conditions. However, the economic significance of these
findings should be confirmed through a complete techno-economic analysis that explicitly
accounts for material, energy, labor, capital, downstream-processing, wastewater-treatment,
and product-recovery costs. The present preliminary assessment therefore supports the
consideration of biological oxygen scavenging as a means of reducing auxiliary anaer-
obiosis requirements but does not by itself establish a reduction in the overall cost of
butanol production.

4. Conclusions
This study demonstrates that a microbial co-culture system composed of Bacillus

subtilis and Clostridium beijerinckii provides an effective process-level strategy for enhanc-
ing biobutanol production in ABE fermentation. Beyond improving solvent titers, the
co-culture approach enabled the establishment of anaerobic conditions without the use of
nitrogen sparging or chemical reducing agents, addressing a major operational constraint in
conventional clostridial processes. Systematic evaluation of inoculation strategies identified
delayed inoculation of C. beijerinckii as a key operational parameter, resulting in a 26.6%
increase in butanol concentration at flask scale compared to monoculture fermentation.
This improvement is directly associated with the rapid oxygen consumption capacity of
B. subtilis, which creates an anaerobic environment conducive to efficient solventogenic
metabolism. Implementation of the optimized co-culture strategy in a controlled stirred
tank bioreactor further enhanced fermentation performance, yielding a final butanol con-
centration of 18.6 g L−1, a productivity of 0.194 g L−1 h−1, and a glucose conversion of
81.6%. Rapid depletion of dissolved oxygen within the first hour of operation confirmed the
robustness of the oxygen-scavenging mechanism under scalable reactor conditions. Overall,
these results highlight the potential of Bacillus–Clostridium co-culture systems as a process-
intensification approach for ABE fermentation, offering simplified anaerobic operation,
improved reactor performance, and enhanced suitability for scale-up. Future work should
focus on the integration of in situ solvent recovery technologies and the use of low-cost
renewable feedstocks to further improve process efficiency and industrial applicability.
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