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Abstract. Biobutanol is a competitive alternative to conventional fossil fuels, and its sustainable
production can be optimized through Acetone, Butanol, and Ethanol (ABE) fermentation using
Clostridium acetobutylicum. This process typically results in a weight ratio of acetone, butanol, and
ethanol of 3:6:1. A critical challenge in ABE fermentation is butanol toxicity, which inhibits
Clostridium growth. To address this, continuous fermentation is utilized to prevent butanol
accumulation by facilitating its continuous removal from the reactor. This study focused on
optimizing butanol production through both batch and continuous fermentation processes,
varying the initial glucose concentration in batch experiments. Batch fermentation was conducted
at glucose concentrations of 30, 40, 50, and 60 gL™", with the highest butanol yield and productivity
observed at 40 gL', producing 0.13 g butanol. g gluicose”' and 0.083 gL', respectively. The maximum
growth rate of Clostridium acetobutylicum was 0.14 h™' under these conditions. Significantly, a
mathematical model based on the Monod inhibition equation was developed to describe the
kinetics of ABE fermentation. This model achieved an R? value of 0.66 and an SSE of 0.0165,
providing a robust framework for predicting fermentation outcomes across varying conditions.
Continuous fermentation, initiated at a glucose concentration of 20 gL ™" and a dilution rate of 0.15
h1, yielded 0.23 g butanol g glucose ' and a productivity of 0.093 gL'h™". These results confirm that
continuous fermentation is more advantageous for maintaining high-efficiency ABE fermentation,
as supported by the predictive accuracy of the developed kinetic model.
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INTRODUCTION The fossil fuels consumed by the urban sector

would increase from 738 million Barrels of Oil

Over the past few years, the excessive use
of fossil fuels has led to drastic climatic
changes and intensified global warming (Ye et
al, 2020). This includes a rise in atmospheric
CO2 concentrations and gradual increases in
global temperatures (Wang and Azam, 2024).

Equivalent (BOE) in 2016 to 968 million BOE
in 2040. The CO:2 emissions under the
Business as Usual (BAU) scenario would
increase from 27.33 million tons in 2016 to
35.87 million tons in 2040 (Golfam et al,
2024). In response to these challenges,
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Indonesia ratified the Paris Agreement in
2016, committing to limit global temperature
rise to no more than 1.5°C. Additionally, the
excessive use of fossil fuels has raised
concerns about depletion, with estimates
predicting total petroleum depletion by 2051
if current usage rates continue (Golfam et al,
2024). Biofuels could play a significant role in
reducing CO2 emissions by approximately
30% compared to those from fossil fuels
(Nawab et al., 2020). Moreover, some biofuels
can be blended with fossil fuels to facilitate
the phasing down of fossil fuel use (Huynh et
al, 2019).

Biobutanol offers several advantages as a
potential vehicle fuel. It possesses non-
hygroscopic properties that prevent engine
corrosion, can be mixed with existing fuels in
various proportions, making it compatible
with conventional vehicle engines, and can
reduce CO, emissions by 33.3% compared to
fossil fuels (Liu et al, 2022). Typically,
microbes such as Saccharomyces species and
Escherichia coli can produce butanol via
natural  fermentation. However, these
microbes generally yield low butanol
concentrations, approximately 0.3 g-L™" and
2.8 gL, respectively (Swidah et al, 2015;
Wang et al, 2015). The most commonly used
microbes for biobutanol production belong
to the Clostridium genus. Clostridium species
can perform ABE fermentation (Acetone-
Butanol-Ethanol Fermentation), which
typically produces n-butanol, acetone, and
ethanol in a theoretical ratio of 6:3:1 (Niglio
et al, 2019).

In addition to producing n-butanol, ABE
fermentation also yields acetone, an
industrial solvent, and ethanol, a potential
biofuel (Liu et al, 2022). However, a major
drawback of ABE fermentation is the
inhibition of fermentation by n-butanol at
certain concentrations, which can

significantly impede Clostridium growth
(Cheng et al, 2015). Butanol can disrupt pH
regulation and reduce intracellular ATP levels,
thereby affecting cellular metabolism.
Research indicates that inhibition typically
occurs at n-butanol concentrations around
0.98-1.02 g-L™" (Niglio et al,, 2019). To address
this, fermentation can be conducted in
continuous mode, which helps to maintain
lower butanol concentrations within the
reactor, thereby reducing the inhibitory
effects (Shariat Panahi et al,, 2023).

This research will focus on comparing
batch and continuous ABE fermentation
methods and on developing a kinetic model
of ABE fermentation using the Monod-
inhibition equation. This approach aims to
enhance understanding of the dynamics
within the fermentation process.

MATERIALS AND METHOD

Materials
Culture and Materials Acquisition

C. acetobutylicum cultures were sourced
from The Center of Food and Nutrition at
Universitas Gadjah Mada. Consumables,
including Falcon tubes and oxygen absorbers,
were purchased online. Anhydrous glucose
and ammonium acetate were also acquired
online from ROFA Laboratorium Centre.
Syringes and 0.22 um filters were obtained
from Sakura Medical Centre.

Chemicals and Reagents

Essential nutrients and chemicals used in
the fermentation experiments included yeast
extract, potassium phosphate dibasic
(KzHPQO,), potassium phosphate monobasic
(KH,PO,), ferrous sulfate heptahydrate
(FeSO47H,0), sodium chloride (NaCl),
manganese sulfate
(MnSO4H0),

monohydrate
magnesium sulfate
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heptahydrate (MgS0O47H,0), biotin,
thiamine, resazurin, acetone, butanol, and
ethanol. These chemicals were analytical
grade (purity >99.9 %) and supplied by

HiMedia (India).

Medium Preparation
Base Medium (P2 Medium)

The P2 medium was formulated by
combining the following components: yeast
extract (1 g-L™), potassium phosphate dibasic
(K;HPO,, 0.5 gL™), potassium phosphate
monobasic  (KH,PO, 05 gL7), and
ammonium acetate (2.2 gL™"). The base
glucose concentration for cultivation was set
at 40 gL". For batch fermentation
experiments, glucose concentrations were
varied at 30, 40, 50, and 60 g-L™" in an 800 mL
volume of P2 medium. For continuous
fermentation, a glucose concentration of 20
g-L™" was used in a 10 L volume of P2 medium.
The P2 medium was sterilized by autoclaving.

Mineral Solution

The mineral solution added to the P2
medium at 1% v/v included ferrous sulfate
heptahydrate (FeSO47H,0, 1 g-L™"), sodium
chloride (NaCl, 1 g-L'“), manganese sulfate
(MnSO4H.0, 1 glL™),
magnesium sulfate heptahydrate
(MgSO47H,0, 20 g-L™), biotin (0.001 g-L™),
thiamine (0.1 g.L™"), and resazurin (0.001

monohydrate

g-L™"). The mineral solution was sterilized
through filtration using a 022 pm filter
attached to a syringe.

Culture Preparation
Initial Culture Setup

A pure culture of C. acetobutylicum was
prepared by streaking an inoculation needle
onto Nutrient Broth (NB) medium containing
13 g-L™". This initial culture was incubated in a
50 mL volume at 37°C under anaerobic

conditions for 24 hours within a 100 mL
culture bottle.

Reactivation and Scaling

Following the initial incubation, the
culture was reactivated by inoculating 10%
v/v of the grown culture into 800 mL of P2
medium. This medium was prepared with a
glucose concentration of 40 g-L™" to promote
the growth and activity of the C
acetobutylicum for subsequent fermentation
experiments.

Setup and Procedure

C.  acetobutylicum  cultures  were
inoculated at 10% v v'into 1 L culture bottles
containing 800 mL of P2 medium. The
medium was prepared with varying glucose
concentrations of 30, 40, 50, and 60 g-L™".
Active fermentation was conducted at 37°C
for 40 hours.

Continuous Fermentation
Setup and Procedure

10 L of P2 medium was equally divided
into two parts: 5 L was placed directly into the
fermentation reactor, and the remaining 5 L
was stored in a connected 5 L bottle serving
as the reactor inlet. C. acetobutylicum culture
was inoculated at 10% v/v into the reactor.
The continuous fermentation process was
maintained at 37°C for 70 hours with a
dilution rate of 0.015 h™. Sampling was
performed daily at 3-hour intervals (10:00,
12:00, and 14:00). A schematic diagram of the
setup is shown in Figure 1.

Determination of Biomass Concentration
and Growth Rate
Sample Collection and Preparation

During fermentation, 10 mL samples
were collected periodically and transferred to
Falcon tubes. Each sample was centrifuged at
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5000 rpm for 15 minutes to separate the
supernatant from the precipitate. The
separated components were then transferred
to new Falcon tubes using a syringe filter, with
the supernatant and precipitate placed in
separate tubes.

Cell Dry Weight Measurement

Both the empty Falcon tube (used as a
control) and the Falcon tube containing the
precipitated biomass were dried in an oven
set at 110°C for 24 hours to achieve constant
mass. This drying process was repeated to
ensure  complete  moisture  removal.
Subsequently, the mass of both the empty
tube and the tube containing the dried
biomass was weighed. The biomass dry

weight was calculated using Eq (1).

Concentration (gL™!) =
Sample and tube weight (g) — tube weight (g)

0,01L )

The biomass concentration was plotted
against the fermentation time to obtain the
growth profile of Clostridium acetobutylicum.
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The exponential phase is determined by
regressing the microbial growth pattern. After
obtaining the exponential phase, the biomass
growth rate was determined using Eq. (2).

Growth Profile and Rate Determination
Growth Profile Analysis

The biomass concentration data,
obtained from the dry weight measurements,
were plotted against the fermentation time to
construct the growth profile of Clostridium
acetobutylicum. This graph facilitated the
visualization of the microbial growth phases

throughout the fermentation process.

Exponential Phase Identification

To identify the exponential growth
phase, the biomass concentration data were
subjected to exponential regression analysis.
This statistical method helped accurately
determine the phase during which the
bacteria exhibited exponential growth, which
was critical for subsequent calculations.
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Fig. 1: Schematic diagram of continuous fermentation using stirred tank bioreactor
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Growth Rate Calculation (u)

Once the exponential phase was clearly
identified, the specific growth rate of the
biomass was calculated. The growth rate
during this phase was determined using Eq.
(2).

In Xt — In Xo

Growth rate (h™1) = — 2

where p is the growth rate of the biomass (h
"), Xt and Xo is the biomass concentration at
the end and the start of the exponential
phase, respectively (g/L), t is the duration of
the exponential phase (hours), and In denotes
the natural logarithm.

Determination of Acetone, Butanol,
Ethanol, and Glucose Concentrations

HPLC Analysis

The concentrations of acetone, butanol,
ethanol, and glucose in the fermentation
samples were quantified using High
Performance Liquid Chromatography (HPLC).
The HPLC system (Shimadzu) was equipped
with a Shim-pack SCR Series column (300 mm
x 7.9 mm D, 10 pm particle size from
Agilent). The mobile phase consisted of
HPLC-grade water, with a flow rate of 1.0
mL/minute. The analysis was conducted at a
column temperature of 80°C.

Preparation of Standard Solutions

Standard solutions for acetone, butanol,
and ethanol were prepared at concentrations
of 5 10, 15, 20, and 25 gL™. Glucose
standards were made at concentrations of 10,
20, 30, 40, 50, and 60 g-L™". These solutions
were used to establish calibration curves,
ensuring accurate quantification in sample
analysis.

Sample Preparation and Injection
Fermentation samples were prepared by

filtering through a 0.22 pm syringe filter to
remove particulate matter. 20 pL of each
standard  solution and the filtered
fermentation samples were then injected into
the HPLC apparatus.

Quantification

The retention times observed from the
standard solutions were used to identify the
peaks corresponding to acetone, butanol,
ethanol, and glucose in the fermentation
samples. Standard curves, plotted from the
peak areas of the standard solutions, were
utilized to convert the peak areas in the
sample chromatograms to concentrations.

Determination of Solvent Yield and
Productivity

Yields of acetone, butanol, ethanol, and

ABE with respect to glucose consumption

were calculated using Eq. (3). Productivity is

calculated relative to fermentation time using
Eq. (4).

Yield (§> =

g
Product concentration

3
Consumed glucose concentration )
... (9
Productivity (E) =
Product concentration
€))

Fermentation time

Kinetic Modeling of ABE Fermentation
Batch fermentation kinetics

The parameters of the Monod-inhibited
model were determined using the solver in
Microsoft Excel with the GHG nonlinear
algorithm. The value of p,aks is determined
by minimizing the Sum of Squared Errors
(SSE) as the cost function. The model used is
the Monod-inhibition model, as shown in Eq.

(5).
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Continuous Fermentation Kinetics

Kinetic modeling of continuous ABE
fermentation was performed to describe
biomass growth, substrate consumption, and
product formation of Clostridium
acetobutylicum under steady-state
continuous operation. The kinetic modeling
of continuous ABE fermentation was
conducted under the assumption that the
bioreactor operated as a perfectly mixed
continuous stirred tank reactor (CSTR) at
constant volume and temperature, with
negligible concentration gradients within the
reactor. After an initial transient period, the
system was assumed to reach steady-state
conditions, in which biomass, substrate, and
product concentrations remained constant
over time. Microbial growth of Clostridium
acetobutylicum was described using a
Monod-type kinetic model with product
inhibition, while biomass decay and cell lysis
were neglected. Kinetic parameters obtained
from batch fermentation experiments were
assumed to apply to  continuous
fermentation, given comparable
physiological and environmental conditions.
Product removal was assumed to occur solely
through the reactor effluent, with no in situ
product separation or cell retention
mechanisms considered.

The dynamic biomass balance for

continuous fermentation is expressed as Eq.
(6):
ax _ X — DX (6)
ac H
where X is the biomass concentration (g-L™),
w is the specific growth rate (h™), and D is the
dilution rate (h™). At steady state, biomass
concentration remains
(dX/dt = 0), resulting in Eq. (7).

constant

p=D (7)

The steady-state substrate balance for
glucose in continuous fermentation is given
by Eqg. (8):

D(Sin—S) = ;-uX ®)

S
where S, is the inlet glucose concentration

(L") and Yysis the biomass vyield
coefficient (g biomass-g glucose™). Residual
glucose concentration at steady state was
obtained experimentally and used to evaluate
substrate  utilization  behaviour  under
continuous operation (Straathof, 2023).

Statistical Analysis

The research data are presented as
means and standard deviations. The
statistical analysis performed was the Duncan
Multiple Range Test (DMRT). DMRT analysis
was performed to determine whether the
yields of acetone, butanol, ethanol, and ABE
across variations were significantly different.
This analysis was carried out using SPSS
Statistics 26.

RESULTS AND DISCUSSION

The growth profile of Clostridium
acetobutylicum was evaluated under varying
initial glucose concentrations (30, 40, 50, and
60 g-L™") in batch fermentation, where the
specific growth rate and duration of the
exponential growth phase were determined.
Concurrently, glucose consumption was
monitored to assess total glucose utilization,
with measurements taken at regular intervals
throughout the fermentation process. These
assessments revealed variations in microbial
activity and substrate availability that
influenced both growth rates and glucose
uptake efficiency. The detailed results,
including biomass accumulation and glucose
reduction profiles across different glucose
concentrations, are shown in Figure 2,
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providing a visual comparison  of

fermentation dynamics under each condition.
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Fig. 2: Biomass and glucose concentration
during batch fermentation at glucose
concentration of (A) 30 g-L™, (B) 40 g-.L”", (O)
50 g.L", and (D) 60 g-L™"

The growth profile of Clostridium
acetobutylicum during fermentation typically

exhibits the classical phases of microbial
growth: lag, exponential, stationary, and
death phases (Feldmane et al, 2024). Notably,
the growth dynamics of C. acetobutylicum are
intricately linked to the fermentation stage.
During the acidogenesis phase, when acids
are primarily produced, microbial growth is
strongly stimulated. Conversely, during the
solventogenesis phase, characterized by the
formation of solvents such as acetone,
butanol, and ethanol, the growth rate of the
microorganisms tends to slow (Millat &
Winzer, 2017). This differential growth
behavior may lead to pseudo-diauxic growth,
in which C. acetobutylicum may appear to
undergo a secondary growth phase
(Buendia-Kandia et al, 2018). This
phenomenon is linked to the organism's
ability to switch back from solventogenesis to
acidogenesis. Such a metabolic shift is
beneficial as it allows the reuse of acids
produced during solventogenesis for further
production of solvents, effectively sustaining
microbial viability and productivity (Tsai et al,
2020; Cheng et al,, 2015).

Figure 2 illustrates the typical growth
phases of Clostridium acetobutylicum,
showing a lag phase followed by a log
(exponential) phase. Notably, at a glucose
concentration of 40 g-L™, the biomass profile
decreased dramatically around the 40th hour
of fermentation, likely due to butanol's
inhibitory effects. Previous research indicates
that butanol concentrations between 0.98
and 1.02 g-L™" can inhibit C. acetobutylicum
growth (Niglio et al, 2019); however, in this
study, butanol concentration reached 3.3
g-L™". This higher tolerance may be attributed
to intermittent stirring at 200 rpm, as the
fermentation medium was not continuously
agitated but stirred periodically to improve
mass transfer while avoiding excessive
oxygen exposure under anaerobic conditions.




N. Priharto, J. Christon 23

The higher initial cell dry weight observed at
0 h for glucose concentrations of 30 and 60
gL' (Figure 2A and 2D) is attributed to
differences in osmotic conditions and
biomass aggregation at the time of
inoculation. Although the same inoculum
volume (10% v/v) was used for all
experiments, variations in glucose
concentration influence cellular  water
retention, intracellular storage compounds,
and aggregation behavior, all of which affect
gravimetric dry weight measurements.
Similar observations have been reported in
high-substrate ABE fermentations, where
initial dry weight does not necessarily reflect
viable biomass concentration but rather total
particulate mass (Capilla et al, 2021; Li et al,
2025).

The exponential phase of Clostridium
acetobutylicum occurs at different times and
durations depending on the glucose
concentration. Table 1 summarizes the
growth rate, timing, and duration of the
exponential phase, as well as glucose
consumption for each glucose concentration
variant. It was observed that exponential
phase durations varied significantly across
the tested conditions. For instance, with a
glucose concentration of 60 g-L™, literature
suggests that C. acetobutylicum typically
enters the exponential phase within 4 to 28
hours (Yao et al, 2016).

The exponential phase in Clostridium
acetobutylicum fermentation is indicative of
active acidogenesis, during which the
bacteria produce acids containing H* ions,
utilized by ATP synthase to generate ATP
necessary for biomass growth (Millat &
Winzer, 2017). Notably, at a glucose
concentration of 60 g-L™', C. acetobutylicum
enters the exponential phase more rapidly
than at other concentrations, consistent with
literature findings that higher glucose

concentrations expedite glucose
consumption, thereby accelerating the onset
of the exponential phase (Capilla et al,, 2021).
This correlation is further substantiated by
the data presented in Table 1, which shows an
increase in glucose consumption with higher

initial glucose concentrations.

Table 1. Growth rate and consumed glucose
at each glucose concentration

Glucose Growth Consumed
concentration rate (h'") glucose
(gL (gL
30 0,072 25,21
40 0,140 25,51
50 0,094 28,06
60 0,037 37,54

While higher initial glucose
concentrations accelerated the onset of the
exponential phase, its duration varied
markedly across glucose levels, indicating
that sustained exponential growth is not
solely governed by substrate availability. At a
moderate glucose concentration (40 g-L™"),
the exponential phase was well defined and
prolonged, reflecting a balance between
glucose uptake, controlled acidogenesis, and
stable intracellular energy generation that
supported sustained ATP production and
biomass growth (Lund et al., 2020).

In contrast, at higher glucose
concentrations (50 and 60 g-L™"), exponential
growth began earlier. Still, it was shortened by
rapid acid accumulation, resulting in a sharp
pH decline and increased metabolic stress.
Disruption of intracellular pH homeostasis
and the elevated energy demand for proton
extrusion likely constrained growth and
impeded the transition from acidogenesis to
solventogenesis, leading to premature
deceleration of growth (Koppova et al, 2025;
Lund et al, 2020). Conversely, at the lowest
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glucose concentration (30 g-L™"), delayed and
shortened exponential growth resulted from
early substrate depletion, which limited
biomass accumulation (Koppova et al,, 2025).

The optimal growth rate for Clostridium
acetobutylicum, recorded at 0.14 h™, was
observed at a glucose concentration of 40
g-L™". In contrast, a lower growth rate of 0.04
h™ was noted at 60 g-L™", suggesting that
excess glucose can disrupt cellular
homeostasis and osmoregulation (Veza et al,
2021). In contrast to literature reports, a
higher growth rate of 0.24 h™ was observed
using Reinforced Clostridial Medium (RCM) at
the same glucose concentration (Buendia-
Kandia et al, 2018), underscoring the
significant impact of medium composition on
microbial growth. For instance, while the P2
medium used in this study includes vitamins
such as biotin and thiamine, RCM and DRCM
media contain para-aminobenzoic acid
(PABA), known to stimulate microbial growth
(Xiao et al, 2024). Additionally, other studies
using P2 medium with pH control and a
higher glucose concentration of 100 g-L™
have demonstrated increased growth rates,
highlighting  the
management to prevent acid crash caused by

importance of pH

excessive acid buildup during fermentation
(Capilla et al,, 2021).

The pH profile of batch fermentation,
depicted in Figure 3, exhibits a consistent
different
concentrations. Initially, pH decreases until

pattern across glucose
the 4™ hour, indicative of acid production
during the acidogenesis phase, during which
an increase in biomass concentration occurs
as H* ions are used by ATP synthase to
generate ATP (Millat & Winzer, 2017).
Subsequently, the pH rises as the acids are
converted into acetone, butanol, and ethanol.
C. acetobutylicum modulates its growth
phase to mitigate the effects of low pH and

maintain high biomass concentrations (Seo et
al, 2024). However, the pH profile for the
batch with a glucose concentration of 60 g-L™
continuously declines, suggesting prolonged
acidogenesis. This prolonged acidic condition
likely hampers the shift to solventogenesis,
potentially reducing the yield of acetone,
butanol, and ethanol.

6,5
.\..’*Q —R *
55 AW amiing
z ‘i =
° IS
’
45 o
‘»
4

0 4 8 12 20 24 28 32 36 40
Time (hour)
- & =300g/L= % =40¢g/L
=8 - 50g/L <---#--- 60 g/L

Fig. 3: pH profile of batch fermentation

Effect of Glucose Concentration on
Solvent Production

Figure 4 illustrates the production
dynamics of these compounds alongside
changes in biomass  concentration
throughout the fermentation period. Notably,
the concentration, yield, and productivity
data for ethanol are not presented separately
because they coelute with acetone on the
HPLC—acetone appears at 10.71 minutes and
ethanol at 10.40 minutes. To ensure clarity
and prevent analytical confusion,
measurements for acetone and ethanol are
combined and reported as "acetone-
ethanol." This simplification facilitates a more
straightforward comparison of the effects of

glucose concentration on solvent production.
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during batch fermentation at glucose
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Solventogenesis typically occurs at the
end of the log or stationary phase, marked by

Cell concentration (dry weight (g.L-1))

Cell concentration (dry weight (g.L-1))

Clostridium cell differentiation and granule
formation within the cells. These granules
accumulate acids, which are subsequently
converted into solvents during the stationary
phase (Arslan et al, 2019). However, the
results from this study indicate that all
glucose concentration variations triggered
solvent production earlier, during the lag and
log phases. This deviation is likely due to
buffers in the fermentation medium, which
stabilize pH and enhance acid production,
creatingan ideal environment for
The

production elevates levels of acetylphosphate

solventogenesis. increased  acid

and butyrylphosphate, thereby activating

SpoOA—a key transcription factor that
regulates granule formation and
solventogenesis in Clostridium (Diallo et al,
2021). Consequently, acidogenesis and
solventogenesis occur simultaneously.

The comparative analysis of

concentration and yield at different glucose
concentrations is detailed in Figure 5. From
Figure 5, it is evident that the highest yields
for acetone-ethanol, butanol, and total ABE
were observed at a glucose concentration of
40 g-L™, with yields of 0.09 g acetone-ethanol g
glucose ', 0.13 g butanol g glucose ', and 0.22 g ase
g glucose ", respectively. Conversely, the lowest
yields were recorded at 60 g-L™", yielding 0.04
g acetone-ethanol g glucose ', 0.04 g butanol g glucose ',
and 0.08 g At g glucose . The simultaneous
occurrence of acidogenesis and
solventogenesis typically enhances solvent
recovery, correlating high growth rates with
improved solvent yields. However, the acid
crash at 60 gL' is likely to have inhibited
solventogenesis, thereby adversely affecting
yields. Yields at glucose concentrations of 30
g-L™" and 50 g-L™" were comparable. However,
the maximum butanol concentration was
higher in the 50 g-L™" variation at 2.1 g.L™
compared to 18 gL for the 30 gL’
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variation. Previous studies have noted that
ABE fermentation halts around 36-42 hours at
a glucose concentration of 33 g-L™" due to
depletion of carbon sources (Buendia-Kandia
et al, 2018; Capilla et al, 2021). Solvent
productivity in batch fermentation mirrors
the pattern of solvent recovery, given that the
fermentation duration was consistently 40
hours across all variations.

< Acetone # Butanol 3 ABE

0,25 B
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Fig. 5: Solvent yield in batch fermentation.
Note: Differences in letter notation showed a
significant difference (P<0.05)

A significant reduction in biomass
concentration, speculated to represent the
death phase, was observed across glucose
concentrations of 30 g-L™", 40 g-L™, and 50
g-L™" after a certain fermentation period. This
decline can be attributed to two primary
reasons. Firstly, the depletion of glucose
resources after fermentation may leave cells
without sufficient energy, forcing them into a
death phase (Capilla et al, 2021). Secondly,
butanol inhibition, particularly at higher
concentrations, can severely impede biomass
regeneration (Cheng et al, 2015). This
phenomenon is clearly illustrated in Figure
4(B), where the biomass concentration at 40
gL glucose decreases dramatically at 40
hours. This coincides with the highest butanol
recovery observed in this variation,
suggesting that elevated butanol levels could

be inhibitory to biomass  growth,

corroborating the theory that butanol's toxic
effects contribute significantly to the death
phase in fermentation.

Prolonged fermentation allows a phase
shift from solventogenesis back to
acidogenesis, a process known as diauxic
growth, provided the butanol concentration
does not reach levels that inhibit microbial
activity. The solvent concentration profiles in
Figure 4A-D show contrasting behaviors
depending on the initial glucose
concentration. In conditions A (30 g-L™") and
D (60 g-L'1), solvent concentrations remain
relatively constant after the early stages of
fermentation. In contrast, whereas B (40 g-L'1)
and C (50 g-L") exhibit a delayed but
sustained increase in solvent production.

At the lower glucose concentration (30
g-L™"), solvent accumulation is limited by early
substrate depletion, which restricts further
acid reassimilation and solvent formation
once the available carbon source becomes
limiting. Conversely, at the highest glucose
concentration (60 g-L™), the plateau in
solvent concentration is primarily attributed
to metabolic inhibition. Excessive acid
accumulation and prolonged low pH
conditions likely hinder the metabolic shift
from acidogenesis to solventogenesis, while
osmotic stress further suppresses solvent
production despite the presence of residual
glucose.

In contrast, intermediate glucose
concentrations (40 and 50 g-L™") provide a
more favorable balance between substrate
availability and metabolic stress, enabling
continued acid reassimilation and
solventogenesis at later fermentation stages.
This results in the observed increase in
solvent concentrations after approximately
20-24 hours, with 40 g-L™" appearing to be
the most favorable condition for sustained
solvent production.
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ABE Batch Kinetics Modelling

ABE fermentation kinetics were modeled
using the inhibited Monod equation, which
accounts for substrate inhibition of microbial
growth rates. The parameters for this model
were derived using an optimization tool that
adjusts variables to minimize the sum of
squared errors between observed and
predicted values. After determining the
optimal parameters, the model was visualized
graphically to illustrate the fermentation
dynamics. The specific results for these
parameters, reflecting the influence of
substrate concentration and inhibition on
fermentation, are detailed in Table 2.

Table 2. Parameter of Monod-Inhibited

Model
Parameter Value
Hmax 0.18 h™
Ks 14.1 g/L
Prax 51¢g/L
n 0.5
SSE 0.0165
R? 0.66

In kinetic modeling of ABE fermentation,
the Ks value represents the substrate
concentration at which the microbial growth
rate is half of its maximum potential. This
value is critical, as it indicates the
microorganism’s affinity for the substrate; a
lower Ks suggests a higher substrate affinity,
leading to a rapid reduction in growth rate
due to substrate depletion. Conversely, a
higher Ks implies that the growth rate
declines more gradually as the substrate
concentration decreases. From our modeling
using the Monod-Luedeking-Piret equation,
the Ks for glucose was determined to be 10.6
g-L™". Comparative studies in the literature
have shown that when using glucose and
xylose substrates at various concentrations (5,

10, 15, and 20 g-L™), glucose consistently
exhibits a lower Ks value (3.0 g-.L™") compared
to xylose (56 gL7), underscoring
Clostridium's greater affinity for glucose
(Chalhoub et al.,, 2023).

In ABE fermentation kinetics, the Pmax
value represents the maximum product
concentration at which the microbial growth
rate is zero, indicating complete inhibition of
fermentation. In this study, a Pmax of 5.1 g-L™
was determined, consistent with observed
fermentation behavior. Specifically, at a
glucose concentration of 40 g-L™", where the
ABE concentration reached 6.3 gL, a
significant drop in biomass concentration
was noted at 40 hours, indicating severe
inhibitory effects likely due to surpassing the
Pmax threshold (Chalhoub et al, 2023).

Additionally, the reliability of the
fermentation model was evaluated using the
R? (coefficient of determination) and SSE
(Sum of Squares for Error) parameters. The
findings suggest that the model exhibits
limited accuracy in representing the
fermentation dynamics observed in this
study. The R? value, which indicates the
proportion of variance in the dependent
variable that is predictable from the
independent variable, along with the SSE,
indicates  discrepancies  between  the
predicted and actual fermentation outcomes.
This suggests potential areas for model
refinement to enhance predictive accuracy
and better align with empirical data.

The discrepancy between model
predictions and experimental results raises
concerns about the model's accuracy. This
inaccuracy may stem from the model's
inadequate accounting for the substrate's
inhibitory effects. Moreover, the distinct
inhibitory impacts of each product—acetone-
ethanol, butanol, and ethanol—suggest that
a more complex model might be required to
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accurately capture the dynamics of the
fermentation process. This complexity is not
adequately addressed in the current model,
leading to less reliable predictions and
underscoring the need to refine the model to
incorporate  varying inhibitory  effects
(Shuttleworth et al., 2024).

Continuous ABE Fermentation

Continuous ABE fermentation was
conducted for 70 hours at a glucose
concentration of 20 g-L™, with no inactivation
phase. Sampling was performed
systematically from the reactor output faucet
at 10:00, 12:00, and 14:00 each day to ensure
consistent data collection throughout the
fermentation cycle. The growth profile of
Clostridium  acetobutylicum  and  the
corresponding glucose concentrations within
the reactor were meticulously monitored and
are detailed in Figure 6. This figure shows the
microbial dynamics and substrate utilization

over the course of the fermentation.

Table 3. Parameter of continuous
fermentation kinetics

Parameter Symbol Value Unit
Dilution rate D 0.015 h™
Steady-state specific growth rate [ 0.015 h™
Maximum specific growth rate*  Mmax 018 h™
Half-saturation constant* Ks 141 glL”

Maximum inhibitory product

Pmax 5.1 L7
concentration* ° 9

Inlet glucose concentration Sin 20 gl™
Steady-stat.e glucose S 169 glL”
concentration

Steady—stat.e biomass X 71 gL
concentration

Total ABE concentration P 46 gl™
Butanol yield Yers 023 gg”
Butanol productivity Qs 0.093 glL"h™

*Parameters adopted from batch

fermentation kinetic modeling.

Table 3 summarizes the kinetic
parameters and steady-state variables of the
continuous ABE fermentation, including the
imposed dilution rate, specific growth rate,
substrate concentration, biomass
concentration, and solvent production
metrics used to evaluate  system
performance.

The imposed dilution rate constrained
the steady-state specific growth rate in
continuous fermentation, while intrinsic
kinetic parameters were adopted from batch

fermentation to ensure model consistency.
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Figure 6 illustrates the dynamic changes
in the biomass concentration of Clostridium
acetobutylicum during continuous
fermentation. Initially, the dry weight of the
biomass increased significantly from 6.5 g-L™
at hour 0 to 12.4 g-L™ at hour 26, indicating a
robust growth rate that exceeded the rate at
which biomass was being removed from the
reactor. This phase of rapid growth aligns with

findings from similar studies, confirming the




N. Priharto, J. Christon 29

vigorous nature of Clostridium growth under
optimal conditions (Lim et al, 2019).
However, a subsequent decline to 7.1 g-L™" by
hour 50 was observed, which differs from
typical trends reported in the literature. This
decrease is speculated to result from
alterations in the reactor's output rate or in
the microbial growth rate, potentially due to
environmental stressors or nutrient depletion
that affect the culture’'s viability and
productivity.

During the continuous fermentation
process, the glucose concentration and pH
were carefully monitored. Initially, the glucose
concentration decreased from 20 g-L™ to 16.9
g-L™", primarily due to microbial consumption
and continuous glucose removal from the
reactor. Subsequently,  the  glucose
concentration stabilized, reaching a constant
value as the rate of glucose consumption by
Clostridium acetobutylicum decreased. The
pH profile, detailed in Figure 7, remained
stable overall but showed a noticeable
decrease between the 2" and 4" hours of
fermentation, likely due to acid production
during microbial metabolism of glucose
(Millat & Winzer, 2017). Despite these
fluctuations, significant changes in pH were
largely dampened. This stability can be
attributed to two factors: continuous feeding
of the fermentation medium at a neutral pH
of 6 and the potential buffering effects of
ammonium acetate and acetic acid, which
help moderate pH changes (Seo et al.,, 2024).

Following the HPLC analysis, yield and
productivity were calculated to assess the
fermentation  process's efficiency. The
dynamic profile of solvent production,
including the changes in concentration of
each component over time, is depicted in
Figure 8.

Figure 8 shows that the concentrations
of acetone-ethanol, butanol, and total ABE

did not increase significantly until the 48
hour of continuous fermentation. This pattern
aligns with the initial phase of acidogenesis,
during  which  biomass  growth s
predominant, and the metabolic focus is on
acid production. As biomass transitions into
the stationary phase, acidogenesis subsides,
and solventogenesis commences, marked by
an increase in solvent production, particularly

butanol, between the 26" and 70" hours.
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In continuous fermentation, the ABE
concentration eventually stabilized, reflecting
a balance between solvent production and
product release from the reactor (Chen et al,
2023).

The results of continuous fermentation
indicate that the butanol yield in this study
exceeded that reported in the literature.
Specifically, we achieved a vyield of 0.15 g
butanol/g glucose using a glucose
concentration of 60 gL in continuous
fermentation. In contrast, the butanol
productivity in this study was lower than that
reported in the literature, where a
productivity of 0.33 g-L™".hour™ was achieved
over a fermentation duration of just 10 hours
(Dolejs et al, 2014).

This discrepancy in productivity may be
attributed to the different operational
strategies employed. The referenced
literature study conducted continuous
fermentation only after 48 hours of
cultivation, which is a strategy used to
mitigate the inhibitory effects of butanol on
microbial activity. This preliminary cultivation
phase ensures that Clostridium
acetobutylicum has reached a stable
stationary phase, thereby enhancing solvent
production efficiency when continuous
fermentation is initiated. Extending the pre-
fermentation cultivation time in our process
could potentially improve the productivity of
butanol and ABE. By allowing Clostridium
acetobutylicum more time to adapt and enter
a stationary condition, the fermentation
process may become more robust, reducing
the impact of butanol inhibition and
increasing overall solvent output.

Batch and Continuous Fermentation
Comparison

To determine the optimal fermentation
mode for producing acetone, butanol, and

ethanol (ABE), a comparative analysis was
conducted between batch and continuous
fermentation processes. Theoretical
considerations suggest that continuous
fermentation might be preferable for ABE
production due to its potential to minimize
the inhibitory effects of butanol, which can
significantly impact microbial productivity
and solvent yield (Karstens et al, 2021).

For this comparison, batch fermentation
results obtained at an optimal glucose
concentration of 40 gL were juxtaposed
with those from continuous fermentation
(conducted at 20 g-L'1). The key parameters
compared included the yield and productivity
of acetone-ethanol, butanol, and total ABE.

Batch fermentation typically allows for
higher  substrate  concentrations and,
potentially, greater initial yields. However, it
may suffer pronounced inhibitory effects due
to butanol accumulation. Continuous
fermentation, on the other hand, by
constantly removing products and feeding
fresh  substrate, could alleviate these
inhibitory effects and maintain a more stable
production environment over time.
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Results indicate that continuous
fermentation significantly increased yields of
acetone-ethanol, butanol, and total ABE by
33.3%, 76.9%, and 40%, respectively.
However, the efficiency of continuous
fermentation is highly dependent on the
dilution rate; if set too high, it risks biomass
washout, thus hindering fermentation.
Conversely, too low a dilution rate may not
sufficiently reduce butanol concentrations to
avoid inhibition. This study used a dilution
rate of 0.015 h™", which is lower than those
reported in the literature (0.027 and 0.054 h™";
Chen et al, 2023). Optimizing the dilution
rate is therefore critical for maximizing the
effectiveness of continuous fermentation.
Compared to batch fermentation, continuous
operation resulted in a lower apparent
specific growth rate due to the imposed
dilution rate constraint (u=D). However,
continuous fermentation vyielded higher
solvent concentrations, particularly  for

butanol, due to reduced accumulation of
inhibitory products within the reactor. This
behavior is consistent with previous reports
indicating that continuous systems effectively
decouple growth and solventogenesis by
controlling residence time and product
concentration (Buehler and Mesbah, 2016).

Figure 10 also suggests that although
butanol and ABE productivity increased by
12.1% and 2.2%, respectively, in continuous
fermentation, acetone-ethanol productivity
did not follow this trend. This variance
suggests that productivity is influenced not
just by inhibitory effects but also by the
duration of the fermentation process. In
hindsight, batch fermentation may seem
advantageous over shorter periods due to
quicker startup times. However, continuous
fermentation demonstrates higher
productivity over extended durations,
especially for butanol, due to sustained
fermentation conditions.

CONCLUSIONS

This study explored ABE fermentation in
both batch and continuous modes, with
batch fermentation variations at initial
glucose concentrations of 30, 40, 50, and 60
g-L™". The optimal growth rate of 0.14 h™ was
achieved at a glucose concentration of 40
g-L™". Correspondingly, the highest yields and
productivity in batch fermentation were also
observed at this concentration, with yields of
0.09 g acetone-ethanol g glucose™, 0.13 g
and 0.22 g ABE g
glucose™, and productivity rates of 0.055
g:.L™".hour™, 0.083 g-.L™".h"", and 0.138 g-L™".h"
! for acetone-ethanol, butanol, and ABE,

butanol g glucose™,

respectively.
Using the inhibited Monod equation for
kinetic modeling, the batch fermentation
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results yielded pmax = 0.18 h™ and Ks = 14.1
g-L™", with a model accuracy of R? = 0.66 and
SSE = 0.0165.

In comparison, continuous fermentation
significantly  enhanced solvent yields:
acetone-ethanol by 33.3%, butanol by 76.9%,
and ABE by 40%. Productivity was also
greater in continuous mode for butanol and
ABE by 121% and 22%, respectively.
However, acetone-ethanol productivity was
higher in batch fermentation by 14.6%,
suggesting that while continuous
fermentation generally improves yield and
productivity for most solvents, batch
processes may still hold advantages for
specific solvent outputs due to differences in
operational dynamics and fermentation time.
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