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A B S T R A C T

Solid-state fermentation (SSF) is a promising approach for sustainable bioproduction production, particularly 
when using organic waste as a substrate. However, temperature gradients inherent to large-scale SSF often 
reduce process efficiency. This study developed a strategy for designing of a lipopeptide biosurfactant production 
process, scaling SSF in packed-bed bioreactors by thermophilic strains using winterisation oil cake (WOC) and 
sugarcane molasses (MOL) as nutrient sources. Fermentations at lab-scale (0.5 L) and pilot-scale (50 L) demon
strated a robust and reproducible process despite temperature changes from microbial activity. Among the 
strains tested, Bacillus subtilis CBI-7S1 was the highest producer, with optimal substrates amounts of 24 g of WOC 
and 12 g of MOL, producing 24.9 mg of crude lipopeptides per gram of dry matter (DM) at 0.5 L scale. These 
conditions were reproduced at pilot scale, with concentrations from 12 to 24 mg g− 1 DM. Moisture content 
strongly influenced biosurfactant production, while oxygen consumption was a reliable monitoring parameter. 
Surface tension was evaluated under different pH, temperature, and salinity, and mass spectrometry identified 
surfactin, iturin, and fengycin congeners. These findings provide insights into overcoming temperature gradients 
during scale-up and show that thermophilic strains enable biosurfactant production under SSF at pilot scale. This 
approach enhances SSF technological maturity, supporting its broader use in sustainable production of targeted 
metabolites across diverse bioprocesses.

1. Introduction

The production of biosurfactants involves the conversion of various 
organic substrates into surface-active compounds through microbial 
metabolism [1]. However, the high production costs, primarily due to 
the use of refined substrates, have limited the widespread adoption of 
biosurfactants in industrial applications.

Solid-state fermentation (SSF) is a process in which microorganisms 
grow on moist solid substrates without free-flowing water, using the 
substrate both as a physical support and a source of nutrients, and has 
been explored as an alternative for biosurfactant production [2]. This 
technology offers potential for large-scale implementation by utilising 
organic by-products as substrates [3]. Despite the economic and envi
ronmental advantages of reduced feedstock costs in an SSF process, 
challenges such as heat and mass transfer limitations, and heterogeneity 
inside the reactor remain significant obstacles for efficient large-scale 

production of any type of bioproduct, including biosurfactants [4,5].
One of the critical challenges in operating large-scale packed bed 

bioreactors for SSF is managing temperature gradients resulting from 
metabolic heat release, which is a common issue particularly at pilot and 
industrial scales [6]. High temperatures within the solid matrix can 
negatively impact microbial growth and targeted metabolite produc
tion. To address overheating, increasing the airflow rate could be a 
strategy for SSF. However, increasing airflow increases energy costs and 
may reduce the moisture content of the substrate to suboptimal levels, 
which can limit microbial activity and growth. Although complete 
drying is unlikely, even moderate moisture loss can affect the fermen
tation process by shifting the system away from the optimal range for 
microbial metabolism [7]. This, in turn, affects microbial activity and 
reduces metabolite yields, with moisture loss becoming a bottleneck for 
bioproduct production in SSF processes.

Overcoming these challenges requires strategic substrate selection 
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and the use of robust microbial strains. The use of thermotolerant or 
thermophilic microorganisms can enhance the feasibility of SSF by 
supporting growth at higher temperatures while tolerating local tem
perature variations within the substrate. These microorganisms main
tain metabolic activity despite these differences, making them suitable 
for SSF under elevated temperatures. While not a scale-up strategy per 
se, employing such strains is a microbiological design choice that fa
cilitates operation at larger scales, thereby supporting the commercial
isation of SSF technology [8–11].

Agro-industrial residues provide nutrient-rich materials that support 
microbial activity while reducing process costs and industrial waste to 
be treated, making them ideal candidates as SSF substrates. This 
approach aligns with waste management initiatives and the circular 
bioeconomy model policies outlined by the European Commission [12]. 
A wide range of agricultural residues and agro-industrial waste serve as 
suitable substrates for SSF. Oil cakes, known for their rich hydrophobic 
carbon content, are frequently reported as SSF substrates in bio
surfactant production [13–15]. Recently, we isolated several thermo
philic, biosurfactant-producing strains capable of utilising organic waste 
as a growth substrate. Among them, the most promising were identified 
as Bacillus species producing lipopeptides [16].

This study represents a further step toward enabling the scale up of 
SSF and, for the first time, applies the use of thermophilic microorgan
isms for biosurfactant production under these conditions. To this end, 
we will explore the use of different thermophilic biosurfactant producer 
strains in SSF using a mixture of agro-industrial residues as the nutrient 
source. The process was first studied and optimised at laboratory scale 
under controlled temperature conditions. Subsequently, the strategy 
was tested at pilot scale using a 50 L thermally insulated bioreactor. In 
this setup, temperature evolved naturally leading to the development of 
temperature gradients within the reactor.

2. Materials and methods

2.1. Fermentation strain and preparation of seed culture

Three thermophilic strains were used in this study: Bacillus subtilis 
(CBI-7S1 and TBCE-7S3) and Bacillus licheniformis (GFS-S3). These 
strains were previously isolated by our research group during a pre
liminary study aimed at identifying thermophilic microorganisms 
capable of producing biosurfactants [16]. They were isolated from a 
community composting system treating biowaste at a primary school in 
Barcelona, during the thermophilic phase of the composting process 
(50ºC). For the current experiments, the strains were cultivated using 
nutrient broth and malt extract agar media sterilised at 121◦C for 20 min 
[16]. Seed cultures were prepared in 500 mL Erlenmeyer flasks con
taining 100 mL of nutrient growth media and incubated at 50◦C and 
180 rpm for 20 h. The prepared seed solution was used as inoculum for 
SSF in subsequent experiments.

2.2. SSF substrates

The initial solid mix for each SSF experiment consisted of wheat 
straw, winterisation oil cake (WOC), sugarcane molasses (MOL), all 
sourced from local providers, or commercial glucose as a control in the 
strain screening (Fig. S1). Wheat straw, obtained from the Veterinary 
Faculty of the Autonomous University of Barcelona (UAB), was used as 
the solid support and had a moisture content of 5.6 % (wet matter basis). 
MOL, a byproduct of the sugar refining industry, was provided by AB 
Azucarera Iberia S.L.U. (Madrid, Spain) and had a moisture content of 
17.1 % (WM basis) and a sugar content of 44 % (g sugar per g sample). 
WOC, produced by crystallising waxes from sunflower oil at tempera
tures below − 5◦C and filtering with perlite, was supplied by Lípidos 
Santiga, S.A. (Barcelona, Spain). WOC had a moisture content of 4.4 % 
(WM basis) and a fat content of 44 % (dry matter basis). Wheat straw, 
WOC and MOL were sterilised at 121◦C for 20 min before reactor 

loading.

2.3. Screening of carbon source for thermophilic strains

A screening was conducted to evaluate whether the three strains 
could grow and produce crude lipopeptide biosurfactant (LPc) using 
molasses as an alternative carbon source to glucose. To maintain aerobic 
conditions without forced aeration, cultures were grown in 0.5 L 
Erlenmeyer flasks filled to one-third of the total volume, preventing bed 
compaction and providing ample headspace for passive oxygen diffu
sion. Flasks were closed with breathable plugs and incubated at 50◦C for 
4 days [16]. The total weight of the solid substrate was approximately 
55.1 ± 0.2 g, with a dry matter content of 19.2 % of the total weight. The 
solid matrix comprised 7.28 g of wheat straw as a support material, 5.4 g 
of WOC, as a hydrophobic carbon source, and 20 mL of molasses or 
glucose solution as a hydrophilic carbon source (equivalent to 0.4 g of 
total sugars in the initial mixture) [17]. Minimal salt medium (MSM) 
was used according to [16], consisting of yeast extract (1 g L− 1), 
NH4NO3 (1 g L− 1), MgSO4 (0.2 g L− 1), KH2PO4 (1 g L− 1), K2HPO4 
(1 g L− 1), FeCl3 (0.05 g L− 1), NaCl (0.05 g L− 1) and glucose (2 g L− 1). A 
total of 16 mL of this medium was added, resulting in an initial moisture 
content of approximately 65 %. The medium was supplemented with 
6.6 mL of inoculum, prepared to an optical density of 1.5 at 600 nm, 
corresponding approximately to total 106 initial colony formation units 
(CFU), to initiate the fermentation process.

2.4. Solid-state fermentation system at laboratory scale

SSF experiments were done in 0.5 L packed-bed reactors under sterile 
conditions. All reactors were filled with 14 g of wheat straw, 30.7 mL of 
MSM, 12.7 mL inoculum, WOC and MOL in different proportions ac
cording to the experiment (Table 1). Purified water was added to adjust 
the moisture content to 65.7 % (corresponding to 75 % of the water 
holding capacity of the mixture, water basis). The average initial weight 
across all conditions was 102.8 ± 0.5 g. The experimental setup is 
depicted in Fig. 1. The fermentation reactors were incubated in a ther
mostat water bath at 30, 40, 50, or 60◦C for 4 days.

A continuous humidified airflow was supplied from the base of each 
reactor using a mass flow controller (Bronkhorst, Netherlands), ensuring 
that the solid matrix remained moist throughout the fermentation. The 
air passed upwards through the solid bed and exited at the top. The 
airflow rate was set at 30 mL min− 1, equivalent to 35.3 L h− 1 kg− 1 DM. 
Oxygen levels in the exhaust gases were monitored using an electro
chemical oxygen sensor (Alphasense, UK). An Arduino®-based system 
connected to the sensors recorded oxygen concentrations in real time 
and calculated the specific oxygen uptake rate (sOUR) using the 
following equation (Eq.1): 

Table 1 
Factorial design matrix and response (lipopeptide crude, LPc) values for varying 
ratios and quantities of sugarcane molasses (MOL) and winterisation oil cake 
(WOC) as substrates.

Run Variables Bacillus 
growth

LPc production

MOL 
(g)

WOC 
(g)

(ΔlogCFU) (total 
g)

(mg g− 1 

substrate)
(mg g− 1 

DM)

1 24 6 2.96 0.62 20.7 17.6
2 12 12 3.53 0.52 21.7 17.1
3 12 6 3.14 0.45 25.0 11.3
4 12 12 3.52 0.52 21.7 14.1
5 12 12 3.49 0.54 22.5 16.5
6 24 6 3.11 0.60 20.0 16.5
7 12 6 3.18 0.67 37.2 18.1
8 24 12 2.81 0.88 24.4 23.9
9 12 6 3.20 0.80 44.4 21.0
10 24 12 2.91 1.08 30.0 30.6
11 24 12 2.78 1.10 30.6 28.6
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sOUR =
ΔO2 ⋅ F ⋅ 31.98 ⋅ 60 ⋅ 1000a

1000b ⋅ 22.4 ⋅ DM
(1) 

where sOUR represents the oxygen uptake rate (mg O2 g− 1 DM h− 1); ΔO₂ 
is the difference in oxygen concentration between the inlet and outlet 
air, expressed as a volumetric fraction; F is the airflow rate (mL min− 1); 
31.98 is the molecular weight of O2 (g mol− 1), and 60 converts minutes 
to hours. The terms (1000a) and (1000b) adjust units from mg to g and 
mL to L, respectively. The constant 22.4 refers to the molar volume of an 
ideal gas under standard conditions (L), and DM is the dry matter weight 
of the substrate in the reactor (g).

The cumulative oxygen consumption (COC), expressed in g O2 per g 
DM, was calculated by integrating the oxygen consumption curve. This 
metric provided insights into the overall biological activity within the 
reactors [18].

To optimise the ratio and quantity of hydrophobic (WOC) and hy
drophilic (MOL) carbon sources, a factorial experimental design 
comprising eleven runs was conducted at 50ºC. The substrate pro
portions (w w− 1) tested were 4:1, 2:2, 2:1, and 4:2 (WOC:MOL), where 
one unit corresponded to 6 g of substrate. Data were analysed using the 

statistical software Design-Expert 12® program (Stat-Ease, Inc., United 
States). The program was used to predict the optimal conditions for 
maximising crude biosurfactant production. Validation experiments 
were subsequently carried out in triplicate under the predicted optimum 
conditions.

The influence of temperature on microbial growth and lipopeptide 
production was also investigated under the optimised substrate mixture. 
A total of twelve reactors were prepared and operated under optimised 
conditions and distributed into four triplicate sets, each incubated at 30, 
40, 50, or 60◦C in separate controlled water baths.

2.5. Solid-state fermentation at pilot scale

A thermally insulated reactor with a 50 L working volume was used 
in this study, as illustrated in Fig. 2 A. The fermenter is a cylindrical, 
stainless-steel vessel. A perforated metal plate at the bottom of the 
reactor both supports the solid matrix and separates it from the air 
distribution chamber (Fig. 2B). This design prevents obstruction at the 
air inlet and helps for a uniform air distribution throughout the solid 
matrix [19]. This reactor features a diameter-to-height ratio of 0.612, 
and its lateral wall is thermally insulated, minimising heat dissipation 
and helping to maintain temperature conditions similar to those that 
could occur at the centre of the mixture in a large-scale bioreactor.

The composition of the solid matrix followed the same proportions as 
the laboratory-scale experiments and was based on the results of the 
optimised conditions, with a slight modification. Wheat straw (1 kg) was 
used as the support material, together with wood chips (2.3 kg) as a 
bulking agent to prevent excessive compaction of the mixture, along 
with 1.7 kg of WOC, 3 L of MSM, 0.9 L of molasses, and 3.8 L of water 
(all sterilised) and 0.9 L of inoculum. This mixture reached a height of 
42.5 cm inside the reactor, with a diameter of 35 cm. At the end of 
fermentation (4 days), the mixture was manually collected from the 
reactor at specific locations for subsequent analyses.

Forced aeration was used, with the airflow adjusted to maintain a 
flow of 20.4 L kg DM− 1 h− 1, ensuring aerobic conditions. The airflow 
was humidified by passing it through a humidifier set at 60◦C. This 
prevented a temperature drop inside the reactor caused by cooler 
ambient air. Air was supplied through a flowmeter (Bronkhorst, 
Netherlands), exiting through the top, and then directed to an oxygen 
sensor. Temperature was monitored using button sensors (standard 
Thermochron iButton device, Maxim Integrated, U.S.) positioned 
throughout the reactor. These sensors were placed within the solid mix 

Fig. 1. Schematic 0.5 L packed-bed reactor system.

Fig. 2. (A) Photograph of the 50 L reactor. (B) 3D representation of the 50 L packed-bed reactor. 1. Airflow outlet; 2. Fermentation chamber; 3. Metallic mesh; 4. Air 
chamber; 5. Airflow inlet; 6. Thermally insulated wall. (C) Distribution of temperature sensors in the reactor.
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to measure the temperature inside the packed bed. They were set at 
heights of 0, 8, 21, 35, and 42.5 cm at the centre, at 14 and 18 cm near 
the wall (Fig. 2 C).

Oxygen consumption was monitored using the same system used at 
laboratory scale. A portable multisensor (POLI Multi-gas detector, 
mPower Electronics) was used for gaseous compounds measurement, 
equipped with an electrochemical sensor for NH3 measurement (detec
tion range from 0 to 500 ± 1 ppmv), an electrochemical sensor for H2S 
measurement (detection range from 0 to 100 ± 0.1 ppmv) and a 
photoionization detector for total total volatile organic compounds 
(VOC) measurement (detection range from 0 to 2000 ± 0.1 ppmv). All 
concentrations are reported as ppmv (parts per million by volume, µmol 
of gas per mol of air).

2.6. Analytical methods

The number of viable cells was estimated through colony-forming 
unit (CFU) counts, following the method described by [20]. Briefly, 
10 g of fermented solid was mixed with 90 mL of Ringer® sterile saline 
solution in an orbital incubator at 200 rpm, 25ºC for 20 min. Serial di
lutions were carried out (1:10, w v− 1) and 100 μL of each dilution was 
inoculated and spread on agar plates and incubated at 50ºC for 48 h. 
After incubation, the CFU were counted using the Schuett counter 
(Göttingen, Germany). The parameters such as moisture content and pH 
were characterised according to standard procedures [21].

LPc extraction was performed using water as the extraction solvent 
to avoid organic compounds, following the acid precipitation method 
described by [22,23], with slight modifications. 10 g of fermented solid 
was mixed with distilled water (1:10, w v− 1) and adjusted to pH 8 with 
NaOH solution. The mixture was incubated at 25◦C for 1 h at 180 rpm, 
then centrifuged at 10,000 rpm and 4 ◦C for 20 min. The pH of the liquid 
extract was adjusted to 2 by adding 3 M hydrochloric acid, and the 
acidified mixture was stored overnight at 4◦C. The precipitated bio
surfactant was separated from the liquid phase by centrifugation under 
the same conditions, resuspended in distilled water, and lyophilised for 
further analysis. After extraction, the residual solid phase remained 
suitable for further valorisation, such as anaerobic digestion or com
posting, thus integrating the process within a circular bioeconomy 
framework.

For UHPLC–ESI–MS analysis (Agilent 1200 UHPLC coupled to a 
Bruker timsTOF Pro 2, positive ion mode), lyophilised LPc was diluted 
1:10 (w v− 1) in methanol, mixed, and centrifuged (10,000 rpm, 15 min, 
4◦C) [24]. Then, 10 µL were injected onto a C18 column (4.6 × 100 mm, 
120 Å). Isocratic elution was performed at 30◦C and 1 mL min− 1 with 
70 % acetonitrile in 1 % formic acid and 30 % water in 1 % formic acid 
for 30 min.

The surface tension (ST) of LPc extracts from the central upper area 
of the 50 L reactor was determined using the Wilhelmy Plate method 
with a Krüss tensiometer (Hamburg, Germany) at room temperature. To 
evaluate the surface activity of the liquid extract, 30 mL of the sample 
was collected and diluted in various proportions with distilled water. 
The critical micelle concentration (CMC) was determined by plotting the 
ST values against the concentration of LPc resuspended in water, iden
tifying the point where further dilution no longer reduced the ST. The 
LPc stability was evaluated through ST measurement at different pH 
(2− 12), temperatures (4, 37, 58, 83, 105ºC) and NaCl concentrations 
(5–20 w v− 1). All measurements were performed at 23◦C and near- 
neutral pH, except during the respective temperature and pH experi
ments. The ST measurements for the characterisation of LPc correspond 
to the mean of 10 experimental readings per sample.

2.7. Statistical analysis

Means were compared using Tukey’s test with 95 % confidence by 
SigmaPlot 12.5 (Systat Software Inc., San Jose, California, United 
States). Results from the strain screening were obtained in duplicate 

fermentations, while those from the temperature evaluation experiment 
were obtained in triplicate. A factorial randomised design was imple
mented to optimise the amount of WOC and MOL for biosurfactant 
production. Analysis of variance (ANOVA) was used to evaluate the 
significance of fit for the model equations. The experimental results 
were fitted to a factorial model, and ANOVA was performed to deter
mine the statistical significance of the model terms. Moisture content, 
pH, CFU and LPc are presented in the manuscript as mean and standard 
deviation of the means for triplicate.

3. Results and discussion

3.1. Thermophilic strain selection for lipopeptide production by SSF

Initially, we evaluated the ability of the three isolated thermophilic 
Bacillus strains to produce biosurfactants in SSF. Two hydrophilic car
bon sources, glucose and MOL, were compared in duplicates. Fig. 3
shows higher growth and lipopeptide production when using MOL over 
glucose. This is probably due to the presence of additional trace ele
ments and vitamins in this residue, as well as the sugar profile. The 
presence of other sugars, such as fructose, may enhance Bacillus’ effi
ciency in nutrient uptake [25,26].

Although GFS-S3 showed higher cell growth, the CBI-7S1 strain was 
selected for subsequent experiments due to its higher production under 
the same conditions as the other strains.

3.2. Solid-state fermentation process in 0.5 L packed-bed reactors

3.2.1. Effect of carbon source ratio and load
Biosurfactant production was evaluated in eleven 0.5 L solid-state 

packed-bed reactors at 50ºC. Hydrophilic (MOL) and hydrophobic 
(WOC) carbon sources were tested in various ratios, which were previ
ously shown to significantly affect biosurfactant production in SSF [20]. 
Table 1 presents the experimental data obtained from the fermentation 
processes.

After 4 days of fermentation, CFUs increased between 2- and 3.5- 
fold. The final pH values of the cultures ranged from 6.6 to 7.7. Bio
surfactant production ranged from 11.3 to 30.6 mg LPc g− 1 DM, with 
most values exceeding the maximum concentration obtained during the 
initial screening (15 mg LPc g− 1 DM), probably due to more favourable 
aeration conditions in packed bed bioreactors used herein compared to 
Erlenmeyer flasks used by [16]. The highest LPc production was 
observed in runs 8, 10 and 11, achieving an average of 1.0 ± 0.1 g, 
corresponding to a mixture of 24 g of MOL and 12 g of WOC. In contrast, 
the lowest production was recorded in the triplicate corresponding to 

Fig. 3. Preliminary screening results for strain growth and LPc production after 
4 days of fermentation at 50ºC. The dashed line indicates the initial CFU per 
gram of DM. a, b, c, d Means that do not share a letter differ signifi
cantly (p > 0.05).
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12 g of MOL and 12 g of WOC. The difference in LPc production between 
these conditions may be attributed to the higher total substrate avail
ability (36 g vs 18 g), providing more assimilable carbon and nutrients 
to support cell growth and secondary metabolite production. Given that 
LPc represents a significant product in this fermentation system, its 
production likely depends, at least in part, on the availability of sub
strates that can be converted into precursors for LPc biosynthesis, 
although regulatory factors in the biosynthetic pathway may also 
contribute.

The variables were analysed using multiple regression analysis to 
derive a regression equation capable of predicting the response within 
the specified range [27]. Analysis of variance (ANOVA) was used to 
evaluate the significance of fit for the model equations. As the focus of 
this study is the production of biosurfactant, the following discussion 
centres on this aspect; statistical analysis applied to viable cells is 
available in the supplementary information.

The experimental results were fitted to a factorial model. The 
ANOVA presented in Table 2 indicated that the regression model was 
significant (p < 0.05) and a non-significant lack of fit (p > 0.05). 
Consequently, the model demonstrated a good fit with the experimental 
data. The parameter WOC and the interaction term AB (the effect of 
WOC:MOL combination) exhibited significant effects. Based on the R2 

value, which measures the degree of fit, the model explained 82.3 % of 
the variability in the response.

Eq. (2) shows the regression model for LPc under the studied con
ditions, where A, B and AB represent the amount of WOC (g), MOL (g) 
and interaction between them, respectively. 

LPc (total g) = 1.440 – 0.052 A – 0.121B + 0.008AB                       (2)

Using this model, the Design-Expert® software predicted the opti
mum LPc production at 24 g of WOC and 12 g of MOL. The optimal 
conditions predicted by the model are consistent with the experimental 
trends, confirming that higher substrate concentrations, combined with 
a balanced ratio of WOC and molasses, increase LPc production. How
ever, further increases in substrate loading are limited by the physical 
properties of the system. Wheat straw can absorb up to 4.5 g of water per 
gram of dry straw under the conditions used, restricting additional 
moisture uptake when more substrate is added. The straw’s structure, 
including its rigidity and porosity, also affects how well nutrients and 
moisture are distributed, which influences microbial access during 
fermentation.

The data (Table 1) and the 3D plot in Fig. S2 show that increasing the 
total amount of substrate leads to higher overall LPc production. How
ever, when the results are expressed as production per gram of initial 
substrate, the highest production were achieved in the triplicate using 
12 g of WOC and 6 g of molasses. This suggests that beyond a certain 
point, additional substrate is not fully utilised under these conditions, 
likely due to limited accessibility within the solid matrix. Therefore, the 
tested substrate loading represents a practical optimum for maximising 
LPc production while ensuring effective substrate use under the current 
process conditions.

The optimal conditions were experimentally validated in triplicate, 
resulting in 2.85 ± 0.04 Δlog CFU and 0.94 ± 0.02 g of total LPc 
(equivalent to 24.9 mg LPc g− 1 DM). The model prediction was 1.03 g 

LPc, with a 95 % confidence interval of 0.89–1.17 g, which includes the 
experimental value, and validates its predictive capacity.

3.2.2. Effect of temperature
The effect of the temperature on biosurfactant and CFU production 

was also tested in 0.5 L SSF reactors set to isothermal operation at 30, 
40, 50 and 60ºC. Figs. 4A and 4B show the sOUR and COC. The 
maximum sOUR values occurred at approximately 24 and 48 h for 40, 
50 and 60ºC. The fermentation at 50◦C exhibited the highest sOUR (2.1 
± 0.1 mg O2 g− 1 DM h− 1), followed by 40◦C (1.9 ± 0.2 mg O2 g− 1 DM 
h− 1) and 60◦C (1.0 ± 0.1 mg O2 g− 1 DM h− 1), respectively. The corre
sponding COC values were 99.6, 66.4, and 46.3 mg O2 g− 1 DM, 
respectively, with a minimum oxygen concentration of 18 % in the 
exhausted airflow.

At 30◦C, the fermentation showed a long lag phase (48 h) and very 
low sOUR values (below 0.6 ± 0.1 mg O2 g⁻1 DM h⁻1), indicating that 
mesophilic temperatures are less favourable for this thermophilic strain, 
which was originally isolated at 50◦C. This low metabolic activity at 
30◦C is consistent with the known temperature sensitivity of thermo
philes. The sOUR profiles at 40◦C and 50◦C were very similar, with both 
showing their maximum values within less than one day of difference. 
The slightly higher sOUR at 50◦C likely reflects the optimal temperature 
for enzymatic activity and metabolism of B. subtilis CBI-7S1. Maintaining 
fermentation temperatures between 40◦C and 50◦C supports higher 
microbial activity, as reflected by higher sOUR values under these 
conditions.

A modified Gompertz model was successfully fitted to the experi
mental COC data at the different incubation temperatures (Fig. S3). The 
fits showed excellent agreement with the observations, with coefficients 
of determination (R2) exceeding 0.99 in all cases. Nevertheless, the 
estimated COCₘₐₓ values should be interpreted with caution due to the 
limited availability of experimental data at longer incubation times, 
preventing full characterisation of the plateau phase.

The adjusted parameters are presented in Table 3. The lag phase was 
markedly longer at 30◦C (61.8 h) compared to higher temperatures, 
indicating a slower microbial adaptation under milder thermal condi
tions. Conversely, the shortest lag was observed at 60◦C (17.6 h). The 
maximum oxygen consumption rate (Rateₘₐₓ) increased with tempera
ture up to 50◦C, where it reached the highest value (1.87 mg O2 g− 1DM 
h− 1), suggesting an optimal temperature for microbial activity near this 
level. At 60◦C, both the maximum rate and COC declined, possibly 
reflecting thermal inhibition effects, despite the shorter lag phase.

Fig. 4C shows the LPc production, CFU counts, and pH after 4 days of 
SSF. The pH remained stable around 6.5–7.0 across all temperatures, 
consistent with values reported for Bacillus in SSF [28]. Viable cell 
counts (Δlog CFU) were significantly lower at 30◦C, while there were no 
significant differences between 40, 50, and 60◦C, suggesting that the 
process can be scaled within this temperature range without significant 
loss of viability. The highest biosurfactant production occurred at 50◦C 
(25 mg LPc g− 1 DM) with comparable concentration at 40 and 60◦C 
(around 23 mg g− 1 DM), and the lowest concentration at 30◦C. These 
concentrations fall within the expected range for Bacillus strains in SSF 
[29–31], supporting the viability of using agro-industrial residues, with 
production comparable to those obtained using refined substrates but at 
significantly lower material cost.

3.3. Thermophilic solid-state fermentation at pilot scale

3.3.1. Temperature evolution during the SSF
The temperature was continuously monitored during the SSF using 

sensors placed throughout the solid matrix. The results are plotted in 
Fig. 5A. In general, the sensors located at the upper part of the bed 
(sensors 7, 8, and 9) recorded lower temperatures than those placed in 
other regions. This may be attributed to the reactor’s design, where the 
presence of an air gap between the surface of the mixture and the un
insulated lid could enhance convective heat loss. However, the middle 

Table 2 
ANOVA results for the model when LPc production was used as outcome.

Source Sum of Squares df Mean Square F-value p-value

Model 0.4463 3 0.1488 10.86 0.005*
A-WOC 0.1557 1 0.1557 11.37 0.012*
B-MOL 0.0510 1 0.0510 3.73 0.095*
AB 0.1968 1 0.1968 14.37 0.007*
Pure Error 0.0959 7 0.0137 ​
Cor Total 0.5422 10 ​

* Significant parameters (p < 0.05).
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and lower sections of the reactor maintained relatively stable tempera
tures between 35◦C and 45◦C after the first 24 h. These temperature 
trends align with previously reported profiles in SSF [32,33].

Although the process temperature did not reach thermophilic con
ditions (45–60◦C), for most of the time, it remained around 40◦C, which 
is still within the range where the microorganism could grow effectively 
at a laboratory scale. In fact, temperatures above 40◦C were recorded for 
47 % of the fermentation duration in the middle and lower sections of 
the reactor

Fig. 5B shows the temperature profiles along the height of the reactor 
at three different fermentation times. At the start of the fermentation, 
the mixture was approximately 35◦C throughout the bed, with a slight 
increase in temperature observed in the lower section, likely due to the 
inflow of warm air into the reactor. Subsequently, due to the microor
ganism’s metabolic activity, the temperature across almost the entire 
solid-packed bed increased over 40◦C, reaching its maximum at 48 h, 
which coincided with the maximum oxygen consumption rate (Fig. 6). 
Finally, at 96 h, as biological activity declined, heat gradually dissi
pated, with the mixture evidently cooling, particularly in the top 

section.

3.3.2. Fermentation performance
Figs. 6 and 7 show the evolution of process parameters in B. subtilis 

CBI-7S1 SSF using MOL and WOC wastes as nutrient sources. During the 
first 10 h, there is no significant change in O2 consumption, which 
corresponds to the microorganism’s lag phase. Subsequently, oxygen 
consumption progressively increases, reaching a maximum of 3.1 mg O2 
g− 1 DM h− 1 at approximately 48 h. Since oxygen uptake is closely linked 
to microbial metabolic activity, monitoring sOUR can provide an indi
rect indication of microbial growth in the reactor.

The maximum values of sOUR and COC were slightly higher at the 
pilot scale than at the 0.5 L scale. At the end of the laboratory-scale 
fermentation at 40◦C, the moisture content was about 40 %, while at 
the pilot scale it exceeded 50 %. This higher moisture content at the pilot 
scale likely increased water activity and enhanced nutrient diffusivity 
within the substrate, factors that can support higher microbial activity 
under SSF conditions.

In large-scale reactors, water distribution is often uneven due to 
evaporation, condensation, and airflow patterns, potentially leading to 
localised drying or excess moisture in certain zones. In this case, some 
heterogeneity was observed across the fermented solid (Fig. 7A). The 
50 L reactor maintained a stable and even higher moisture content in the 
upper half of the matrix compared to both the initial and lab-scale 
moisture levels. This was probably due to lower water evaporation in 
the upper region of the packed bed and condensation on the reactor lid, 
causing water droplets to fall back onto the bed surface. This likely 
enhanced metabolic activity and oxygen consumption. However, 

Fig. 4. (A) Specific oxygen uptake rate (sOUR) of CBI-7S1 in SSF and (B) cumulative oxygen consumption (COC) profiles, for the fermentations at the different 
temperatures tested. (C) Effect of fermentation temperature (30–60◦C) on viable cell counts, pH, and biosurfactant production. Means that do not share a common 
letter are significantly different (p < 0.05) for each fermentation temperature, A, B indicate differences in LPc production and a, b indicate differences in CFU.

Table 3 
Modified Gompertz model parameters at different fermentation temperatures.

60ºC 50ºC 40ºC 30ºC

COC max (mg O2 g− 1DM) 48,71 118,65 67,80 63,93
Rate max (mg O2 g− 1DM h− 1) 0,84 1,87 1,42 0,67
Lag phase (h) 17,59 29,13 24,73 61,80
R2 0,9970 0,9995 0,9968 0,9992
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moisture levels seemed adequate to maintain oxygen diffusion and 
aerobic conditions in the SSF system, as the substrate near the top was 
still soft and granular when the bioreactor was opened [6]. Additionally, 
an increase in moisture was observed along the lateral sections, likely 
caused by condensed water running down the reactor walls, thereby 
humidifying the solid.

A reduced airflow rate per kilogram of dry matter was supplied to the 

larger reactor 20.4 L h− 1 kg− 1 DM compared to the lab scale 35.3 L h− 1 

kg− 1 DM to avoid excessive water evaporation and drying of the solid 
bed. Despite the lower specific airflow rate, the process remained under 
aerobic conditions throughout the entire operation period, with oxygen 
levels in the exhausted air ranging between 19.2 % and 20.9 %. 
Nevertheless, the results remain consistent with previous studies, rein
forcing the idea that maintaining optimal moisture levels and carefully 
adjusting aeration strategies with humid air are crucial factors in SSF 
scale-up [16].

In parallel, ammonia, H2S and total VOCs were analysed to provide 
insights for further inventories needed to techno-economic analysis and 
life cycle assessment of the process. No NH3 or H2S were detected. VOCs 
were present, as previously reported in the literature for Bacillus strains, 
such as Bacillus subtilis [34,35]. The emission of these VOCs follows a 
similar trend to oxygen consumption, suggesting a potential correlation 
with metabolic activity as primary metabolites. The presence of these 
compounds in the solid matrix – including acids, alcohols, ketones, 
benzothiazoles, and others [34–36] – could be evaluated to increase the 
potential of the fermented solid at the end of the fermentation process 
for the agricultural sector. It has been reported that these compounds 
exhibit antifungal properties and can act as plant growth stimulants 
[37–39].

As expected from the oxygen consumption profile, a significant in
crease in viable B. subtilis cells was observed at the end of the fermen
tation. At the pilot scale, CFU increased by two orders of magnitude 
(Fig. 7B), which was slightly lower than the 2–3.5 orders observed at the 

Fig. 5. Temperature profiles of the solid mix in the pilot scale reactor. (A) Temperature evolution during fermentation at different points in the reactor, (B) Heatmap 
of the solid matrix inside the reactor at different fermentation times.

Fig. 6. Analysis of oxygen consumption and VOCs emissions at the outlet of the 
50 L reactor during fermentation. Specific oxygen uptake rate (sOUR) and 
volatile organic compounds (VOCs) concentration are shown.
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lab scale. This difference likely reflects suboptimal conditions in the 
pilot-scale bioreactor compared to the laboratory-scale bioreactors. 
Specifically, the pilot-scale system likely exhibited less uniform moisture 
content, temperature, and oxygen concentrations throughout the reactor 
volume, leading to localised microenvironments that were further from 
optimal values for microbial growth. A positive correlation between 
final CFU and final moisture content was observed, particularly in the 
reactor upper section, where higher moisture retention favoured mi
crobial growth. In contrast, the lower section, more exposed to airflow, 
showed reduced CFU counts due to drying. Optimal growth was 
observed around 40◦C, particularly in the middle and upper regions. To 
improve microbial performance at scale, future efforts should focus on 
better humidifying the incoming air, ensuring uniform moisture distri
bution across the reactor bed.

pH values generally shifted from 5.8 to 6.5–7 by the end of 
fermentation (Fig. 7C), in agreement with laboratory-scale trends and 
previous SSF studies involving Bacillus. However, the lower section 
became more acidic, likely due to limited microbial activity and late- 
stage fungal contamination observed during reactor disassembly. 
Nonetheless, Bacillus CFUs remained detectable in that zone. The 
elevated temperatures registered during fermentation likely inhibited 
the growth of opportunistic mesophilic microorganisms. This thermo
philic environment may offer a competitive advantage for industrial 
applications by naturally limiting contamination risks and reducing the 
need for strict sterility measures.

In the upper section, a qualitative correlation emerged between 
moisture content, CFU levels, pH, and LPc production (Fig. 7). Higher 
moisture likely promoted Bacillus growth, increasing alkalinity and 
enhancing biosurfactant production. Oxygen availability may have 
further supported this effect. In contrast, lower LPc concentration in the 
central-lower region may be attributed to less moisture content and 
possible compaction observed at the end of the fermentation [33]. In any 
case, the range of LPc concentration achieved in the reactor was be
tween 15 and 25 mg LPc g− 1DM, consistent with the concentration 
achieved previously at lab scale.

3.4. Biosurfactant characterisation

The relative amounts of the different biosurfactants were calculated 
according to the area of peaks identified, considering the sum of the 
areas of all peaks detected. As shown in Table 4, the LPc content a 
mixture of different congeners of surfactin, iturin and fengycin, all of 
them previously reported by Bacillus strains [38–41]. The possible 
sequence associated with each mass was estimated according to the 
literature. The most abundant congeners were C14 surfactin 
[Leu/Ile-Val-Val] (27.3 %) and C15 fengycin [Glu-Om-Tyr-Thr-Glu- 
Ala-Pro-Gln-Tyr-Ile] (27.4 %).

Surface tension properties of LPc were tested under varying con
centrations, pH, temperature, and NaCl levels. The relationship between 
LPc concentration and ST (Fig. 8 A) revealed a characteristic trend 
where ST decreased as the concentration increased. CMC of 0.16 g L-1 

was determined, with a corresponding ST of 46.9 mN m-1, This is similar 
to LPc produced by Bacillus rugosus strains, where CMC of 0.1 g L-1 has 
been reported [43]. Above this concentration, surface tension decreased 
less sharply, indicating micelle formation and interface saturation. 
Beyond the CMC, the ability of biosurfactants to reduce surface tension 
typically stabilises, as reported previously [44,45]. Despite reducing the 
ST of water from 72.26 mN m-1 to 46.89 mN m-1 at a relatively low 
concentration, other reports have achieved even lower TS values. This 
could be attributed to the LPc not being fully purified, potentially con
taining other proteins or molecules that influence the measurement. 
However, the product obtained in this process has a higher sustainability 
potential than other biosurfactants, as it uses only waste materials as 
substrates and avoids organic solvents during extraction. This signifi
cantly reduces the environmental impact typically associated with bio
surfactant production. The environmental benefits of this process will be 
evaluated in future studies.

In the following measurements, ST measurements were performed at 
an LPc concentration over 15 % above the estimated CMC. In Fig. 8B, the 
highest ST values were observed at pH 5–6, indicating reduced bio
surfactant efficiency. This behaviour is characteristic of lipopeptides 

Fig. 7. Spatial distribution of the parameters analysed at the end of fermentation (4 days) in the 50 L reactor. A longitudinal section of the reactor is shown with 
extrapolated experimental data for (A) moisture content %, (B) Δ log CFU, (C) pH and (D) LPc production. The black arrows indicate the parameter value at the 
beginning of the fermentation.

Table 4 
Detected congeners of lipopeptide biosurfactants produced at 50 L reactor by SSF using B. subtilis CBI-7S1.

Lipopeptide 
biosurfactants

[M + H]+ Reported m/z Possible 
sequence

Relative quantity (%) Ref.

Surfactin 1055.5397 1055.53 C15 [Glu–Leu/Ile–Leu–Val–Asp–Leu–Leu/Ile] 8.5 [24]
​ 1008.6588 1008.66 C13 [Leu/Ile-Val-Leu/Ile] 13.0 [40]
​ 1022.6741 1022.67 C14 [Leu/Ile-Val-Val] 27.3 [40]
​ 1036.6899 1036.72 C15 [Glu-Leu/Ile-Leu/Ile-Val-Asp-Leu/Ile-Leu] 17.3 [41]
Iturin 1113.5813 1112.60 C19 [Asn–Tyr–Asn–Gln–Pro–Asn–Ser] 6.5 [42]
Fengycin 1468.6420 1468.40 C15 [Glu-Om-Tyr-Thr-Glu-Ala-Pro-Gln-Tyr-Ile] 27.4 [24]
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such as surfactin, which has a net zero charge near pH 5. At this pH, its 
solubility decreases, and adsorption at the air-water interface is reduced 
[46]. Minimal electrostatic repulsion at this pH favours micelle aggre
gation in bulk, thus increasing ST. Under more acidic (pH < 5) or 
alkaline (pH > 7) conditions, surfactin gains a positive or negative 
charge, enhancing solubility and interfacial activity, leading to lower 
ST. Notably, ST remained low even at highly alkaline pH (≥10), possibly 
due to stabilisation of its amphipathic structure. In any case, ST 
remained lower than pure water ST at every pH tested.

As temperature increased from 4◦C to 105◦C (Fig. 8 C), ST progres
sively decreased, in line with the expected thermal behaviour of aqueous 
systems. This reduction may be further enhanced by improved molec
ular mobility and dispersion of the biosurfactant at higher temperatures. 
[47]. Notably, ST remained low even at 105◦C, due to biosurfactant 
retaining its surface activity under thermal stress, which supports its 
potential for industrial applications at elevated temperatures [48]. The 
LPc also showed salt tolerance (Fig. 8D), as ST remained nearly constant 
across a wide range of NaCl concentrations (5–20 % w/v). The possi
bility of keeping surface activity under high salinity conditions high
lights its potential application in environments such as marine 
biotechnology [49], enhanced oil recovery [50,51], and bioremediation 
in saline-contaminated sites [52]. Also, this extract could be a promising 
candidate in oil production for long-term chemical injection in 
high-temperature high-salinity reservoirs, where tens of tons of surfac
tant may be required per well, depending on the reservoir characteristics 
and operational conditions [48,53].

4. Conclusions

The feasibility of scaling up lipopeptide biosurfactant production 

using a thermophilic microorganism in SSF packed-bed bioreactors was 
successfully demonstrated. The process was effectively reproduced at 
both 0.5 L and 50 L scales using MOL and WOC as substrates, showing a 
robust and reproducible performance despite temperature gradients. 
Moisture content was identified as a critical factor influencing fermen
tation, while oxygen consumption proved a reliable monitoring 
parameter. The 50 L experiment showed that the thermophilic operating 
conditions could minimise contamination risks and mitigate heat- 
related inhibition during fermentation. In addition, surface tension 
was evaluated under different pH, temperature, and salinity conditions, 
highlighting its potential for industrial applications. UHPLC–ESI–MS 
analysis further revealed the presence of surfactin, fengycin, and iturin 
congeners, demonstrating the diversity of lipopeptides produced.

This study contributes to demonstrating the potential of thermo
philic microorganisms for scalable SSF biosurfactant production, 
providing a practical step towards industrial implementation of sus
tainable bioprocesses.
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