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Acetone—butanol-ethanol (ABE) fermentation is the primary method for producing butanol from renewable
feedstocks. Butanol is used in several applications, notably as a precursor for acrylates and as an automotive
fuel. Clostridium species perform ABE fermentation using a variety of carbon sources. A kinetic model that
predicts butanol production dynamics is valuable for assessing industrial feasibility and for gaining insights that
can guide future process improvements. This study adjusts kinetic models of butanol production using two
carbon sources (glucose or xylose) and two Clostridium species (C. saccharobutylicum DSM 13864 and C.
pasteurianum DSM 525). Six fermentations were performed (in triplicate) in synthetic P2 medium at 35°C with
an initial sugar concentration of 60 g/L. For each sugar, three conditions were tested: monocultures of each
Clostridium strain and a coculture. The predictive models (mass balances and reaction rates) were taken from
the literature. Parameter fitting was performed using the library SciPy (function scipy.optimize.least_squares).
The coculture results were not statistically different from the C. saccharobutylicum monoculture (Tukey test, p
= 0.05), suggesting that C. saccharobutylicum dominates the fermentation and does not show a significant
improvement with the coculture under the tested conditions. The adjusted kinetic models presented the best
results in modeling the sugar consumption values (R? > 80 %); however, further modification of the equation will
be investigated to improve the fit on the butanol concentration.

1. Introduction

Biobased products are becoming more present and valorized with the global awareness about the sustainability
and environmental impact of the compounds used in different segments, such as bioplastics, biomaterials, and
biofuels (Gupta et al., 2022). In that global context, the butanol produced from renewable resources, also called
biobutanol, stands out as a prominent substance due to its multiple uses, most commonly applied as solvents,
coatings, but also could be used as biofuels, as an alternative to bioethanol, and as an ingredient in the
pharmaceutical and cosmetics industries. These diverse uses have driven a projected growth of 5.44 % CAGR
(Compound Annual Growth Rate) until 2035 (Market Growth Reports, 2026; Coherent Market Insights, 2025).
Biobutanol is usually obtained through an anaerobic fermentation called ABE (Acetone-Butanol-Ethanol), in
which the principal product is the C4 alcohol. In most cases, this process is conducted with Clostridium bacteria
species, which are able to use different kinds of carbon sources (such as glucose, xylose, and glycerol) to grow
and generate butanol (Zetty-Arenas et al., 2019).

A strategy explored to improve the butanol production in ABE fermentations is co-culturing, which can be with
microorganisms of different species or between two strains of Clostridium (Pinto et al., 2021). An approach to
improve the understanding of the behavior of the bacteria during the coculture is to adjust mathematical models,
whether phenomenological (Rodrigues et al., 2016) or constructed from data (Kumar et al., 2024). This work
aims to investigate the possible gains from the coculture of two Clostridium species, C. saccharobutylicum and
C. pasteurianum, and adjust the parameters of kinetic models for mono- and coculture fermentations.
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2. Methodology
2.1 Fermentation

Clostridium saccharobutylicum DSM 13864 and C. pasteurianum DSM 525 were obtained from the German
Collection of Microorganisms and Cell Cultures (DSMZ) in Braunschweig, Germany. Their inoculum was
prepared from a 400-uL aliquot of the spores’ suspension, stored at -4 °C, and added to a 10-mL anoxic pre-
sterilized TGY medium (30 tryptone, 20 glucose, and 10 yeast extract [g-L-"]). The pre-inoculum mixture was
incubated in an anaerobic chamber (COY Type A vinyl chamber) at 35 °C under an atmosphere of 98% nitrogen
and 2% hydrogen, for 16 h (C. saccharobutylicum DSM 13864) and 20 h (C. pasteurianum DSM 525). Then,
the pre-inoculum was transferred to 90 mL of TGY medium under the same conditions for 6 h (C.
saccharobutylicum DSM 13864) and 12 h (C. pasteurianum DSM 525). Fermentation experiments (Table 1)
were conducted in 250-mL loosely capped bottles (in triplicate), with a total working volume of 100 mL per bottle,
using the P2 medium (Vieira et al., 2020) with 60 g-L™" of sugar (glucose or xylose) as initial concentration
(sterilized using autoclave (121 °C; 15 min) or filtered with a 0.22 pm filter). The experiments were conducted
under the same conditions as the inoculum, with 10 % (v/v) inoculum in the monoculture or 5 % (v/v) inoculum
of each species in the co-culture. Samples were collected at 0 h, 2 h, 4 h, 6 h, 9 h, and 12 h, then every 12 h
up to 96 h for analysis.

Table 1: Codes for the various conditions of fermentation (a - C. saccharobutylicum DSM 13864, b - C.
pasteurianum DSM 525; ¢ — co-culture)

Carbon source (initial concentration [g-L™"]) ID

Glucose (60) 012, 03°, 05°
Xylose (60) 022, 04°, 06°
2.2 Modeling

For the modeling, the reaction rate and mass balance equations were obtained based on the equations
presented by Rochén et al. (2017) and Plaza et al. (2022), using ODEs to predict the cell growth (EQ.(3)),
substrate consumption (EQ (2)), and the main products generation (EQ (4-6)). Parameters were adjusted using
the library SciPy (function scipy.optimize.least_squares, v1.16.2) in the Google Colaboratory environment (with
Python v.3.10). Two approaches were tested, both using the same equations for the cell growth rate (Eq (1)),
with a butanol inhibition and death cells parameter modifying the Monod Kinetic equations, and the substrate
consumption. Model 1 (M1) only predicted the butanol formation (Eq (4)), while Model 2 (M2) added the mass
balance equations for the acetone (EQ (5)) and ethanol (EQ (6)) production.
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where X is concentration of cell (g-L™"), u is the specific growth rate (h™"), umax is the maximum specific growth
rate (h™"), Sis the substrate concentration (g-L™"), ks is the substrate saturation constant (g-L™"), ks is the specific
cell death rate (h™"), B is the butanol concentration (g-L™), kis is the butanol concentration that limited the cell
growth (g-L"), a is the degree of product inhibition, Yxs is the biomass yield coefficient (g-g™'), Yass is the butanol
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yield coefficient (g-g™"), A is the acetone concentration (g-L*"), Yas is the acetone yield coefficient (g-g™'), E is
the ethanol concentration (g-L™"), and Yess is the ethanol yield coefficient (g-g™).

2.3 Analysis

The concentrations of substrates and products were measured throughout the fermentation using High-
Performance Liquid Chromatography (HPLC - Agilent 1260 Infinity) (Chacén et al. 2020). Cell concentration
was monitored by optical density (600 nm) using a spectrophotometer (LGI-VS0721N) and converted to
concentration in g/L and mol/L using the correlations presented by Raganati et al. (2015) and Shinto et al.
(2007). To evaluate the fermentation, the fermentation productivity parameters (g-(L-h)™"), product yield (g-g™"),
and sugar conversion (%) were calculated, and the difference between the mean values of the treatments was
compared using the Tukey test (p < 0.05). Regarding the accuracy of the model and the parameters adjusted
for the co-culture, they were evaluated using the root mean squared error (RMSE) and the coefficient of

determination (R?).

3. Results and Discussions

3.1 Fermentation

Analyzing the cells’ growth (Figure 1), all the fermentations had their exponential phase after 4 h, except for
experiment 05, which also had the lowest maximum cell concentration (Table 2). Also, comparing monocultures
with C. pasteurianum (Figure 1 C-D), the one with glucose consumption was faster; however, the xylose
utilization was over 70 % higher. Although both sugar consumptions were lower than 40 %, this is reflected in
the ABE production (Table 2). The behavior of the co-culture experiments (Figure 1 E-F) was similar to that of
monoculture with C. saccharobutylicum (Figure 1 A-B), indicating that this species was predominant (further
investigation will be necessary to confirm).
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Figure 1: Sugars, products, and cell concentration through the fermentations (OD — Optical Density).

As expected, the butanol concentration plays an important role in carbon source consumption and cell growth.
Comparing the butanol yield and productivity (Table 2), no difference was observed comparing the C.
saccharobutylicum and the co-culture experiments, indicating that the coculture under the test conditions did
not provide a significant gain to the process. Meanwhile, other conditions for this co-culture could be tested
(such as varying inoculation times, mixing the carbon sources, raising the temperature to 37 °C, and
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supplementing the medium with a calcium source to favor C. pasteurianum), aiming to explore the maximum
potential of this co-culture.

Table 2: Main parameters calculated from the data collected from the fermentations (fermentation time 96 h,
except for Xmax)

Experiments

01 02 03 04 05 06
ABE final [g-L"] 12.962 12762 454> 333> 11.05%2 9.95°
Butanol final [g-L"] 7492 7.712 0.24 1.28 7.40% 7.032
Ethanol final [g-L™"] 3.112  3.06° 2832 203 1.99% 1.66°
Acetone final g-L"] 2.642  2.308bc  1.375¢ (.02 1.80b¢ 1.32°
Sugar utilized [g-L"] 35.812 37.637 12.44 2237 40.382 35.99°
Residual sugar [g-L"] 20.072 20.442 4385 36.15 16.43 20.942
% substrate utilized 64.082 64.802 2210 38.23 71.082 63.212
Maximum cells (Xmnax) [g-L"] 2818 2.742 2.26 1.62 2.75% 2592
ABE vyield (Yasess) [9-97"] 0.362 0.34° 0.362 0.152 0.272  0.28°
Butanol yield (Ygss) [9-97"] 0.212  0.20° 0.02> 0.06® 0.182 0.20°
Ethanol yield (Yess) [9-9] 0.092® 0.082 0.23> 0.092® 0.058 0.052
Acetone yield (Yas) [g-g"] 0.072  0.062 0.11 0.008  0.042 0.04°
ABE productivity [g-(L-h)™] 0.13@ 0.132 0.05> 0.03° 0.122 0.10°
Butanol productivity [g-(L-h)"] 0.0782 0.080® 0.002 0.013 0.0772 0.073%

a, b, c — Means followed by different letters are significantly different from each other - Tukey test (p-
value < 0,05)

3.2 Modeling

For both models, the highest fitting results (Table 4) were obtained for the glucose values (Table 3), indicating
that the butanol inhibition terms chosen for EQ (1) were adequate for the fermentation conditions. For
experiment 03, the models adjusted for X and butanol concentration prediction had the worst results, with R? <
55 %. Itis probably associated with the low butanol production, making the model inadequate for the experiment,
and indicating that, for this monoculture, another set of mass balance ODEs must be explored in future works.
For the other experiments, the butanol concentration prediction has an R? value above 70 %, indicating that the
models are able to predict product formation behavior; however, they still need improvement for practical
application. Another interesting point is that including the ODE equations to predict acetone and ethanol
generation did not lead to significant losses in fitting performance (Table 3).

Table 3: Performance results for the models M1 and M2 for the fermentation with the adjusted kinetic
parameters.

Experiments

Criteria Compound Model 01 02 03 04 05 06
R? Sugar M1 0.984 0.981 0.911 0.968 0.847 0.250
M2 0.977 0.920 0.962 0.965 0.958 0.955
X M1 0.797 0.780 0.280 0.867 0.880 0.652
M2 0.838 0.459 0.215 0.962 0.696 0.373
Butanol M1 0.811 0.92 0.476 0.883 0.752 0.711
M2 0.793 0.82 0.534 0.843 0.899 0.877
Acetone M1 - - - - - -
M2 0.793 0.82 0.969 0.229 0.220 0.877
Ethanol M1 - - - - - -

M2 0.572 0.525 0.677 0.342 0.497 0.444
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Although in some cases the parameters changed significantly (Table 4), this could indicate overfitting and should
be evaluated in future work using more experimental data. The variations, in addition to R2 values below 80 %,
indicate that the models need to be improved before being applied in other studies, such as technical-economic
analysis, to provide more reliable information about the microorganism’s behavior.

Table 4: Kinetic parameters adjusted for each experiment using both models.

Kinect parameters

ID Model pmax ks ki a Kd Yxis Yers Yas  Yes
01 M1 0.50 14.87 20.00 0.01 0.35 0.08 0.04 - -

M2 1.29 1199 643 15 0.0001 0.71 0.173 0.398 0.029
02 M1 0.60 6.00 7.50 1.70 1.00E-05 0.06 0.20 - -

M2 1.27 11991 6.36 1.49 0.0001 0.07 0.201 0.056 0.079
03 M1 0.79 11.62 0.50 0.62 0.50 0.14 0.01 - -

M2 0.42 9.06 0.196 0.12 0.369 0.1164 0.014 0.112 0.183
04 M1 0.50 14.87 20.00 0.01 3.52 0.08 0.04 - -

M2 0.63 8.0 25.0 0.10 0.510 0.7 0.05 0.02 0.08
05 M1 0.70 19.93 7.50 1.90 3.44E-04 0.07 0.23 - -

M2 1.06 119.98 785 1.5 0.0001 0.07 0.20 0.047 0.041
06 M1 0.69 5.00 550 0.24 0.30 0.06 0.18 - -

M2 1.02 119.57 598 1.4991 0.0001 0.51 0.18 0.036 0.031

4. Conclusions

This study evaluated cocultures of two Clostridium species to determine whether coculturing increases butanol
production compared with monocultures. When either glucose or xylose was used as the carbon source,
cocultures did not produce significantly more butanol and behaved similarly to the C. saccharobutylicum
monoculture. Fermentation conditions likely favored dominance by C. saccharobutylicum rather than a
synergistic interaction between the species. Kinetic modeling was performed for mono- and cocultures using
two models. The second model only predicted acetone and ethanol concentrations from the initial values and
did not substantially reduce prediction errors for substrates, biomass, or butanol. Overall, sugar consumption
was predicted best (R? > 84%), while experiment 03 (glucose — monoculture - C. pasteurianum) showed the
poorest fit for biomass and butanol (R? < 50%), likely because its low butanol production made the model
unsuitable. Future work will test modified fermentation conditions (e.g., temperature and inoculation timing) to
determine whether coculture performance can be improved, and will explore alternative model equations to
enhance predictive performance on both current and new coculture data.

Data availability

The codes used on the adjustment of the models’ parameters and their values are available at the GitHub page
(https://github.com/FerreiraBX95/Ferreira-et-al.---IConBM_2026.git)
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