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A B S T R A C T   

Efficient management of sewage sludge from wastewater treatment plants (WWTPs) are crucial to obtain in
dustrial value-added products and reducing environmental impact. Thermal hydrolysis, coupled with surfactants 
to enhance solubilisation, offers a promising approach for sewage sludge treatment. This study assessed the 
impact of four surfactants: sodium dodecyl sulphate (SDS), sodium dodecylbenzenesulfonate (SDBS), cetyl tri
methyl ammonium chloride (CTAC), and tetraethylammonium chloride (TAC) on thermal hydrolysis of sewage 
sludge. The addition of anionic surfactants (SDS and SDBS) significantly increased biomolecule production, with 
proteins, humic-like substances, carbohydrates, and DNA concentrations reaching 6018 ± 28 mg/L (306 mg/ 
gVSSo), 2496 ± 103 mg/L (127 mg/gVSSo), 1822 ± 4 mg/L (93 mg/gVSSo), and 389 ± 3 mg/L (20 mg/gVSSo), 
respectively, after 155 min of thermal hydrolysis. Low levels of surfactants (10 and 50 mg/gVSSo) also led to a 
substantial increase in the readily biodegradable fraction of hydrolysed sewage sludge, reaching up to 90 %. 
Additionally, surfactant-assisted hydrolysed sewage sludge proved to be a favourable substrate for protease 
production using Bacillus licheniformis. The optimal enzymatic activity of 678 ± 14 U/mL was achieved when 
CTAC was added at a concentration of 10 mg/gVSSo. In summary, this study evaluated an innovative approach to 
enhance the solubilisation of biomolecules from sewage sludge using surfactant-assisted thermal hydrolysis. This 
methodology not only positively affected biodegradability but also proved to be suitable for potentially pro
ducing valuable industrial products like proteases through fermentation with B. licheniformis, thus offering a new 
strategy for the sustainable treatment of sewage sludge.   

1. Introduction 

The management of sewage sludge, a by-product of wastewater 
treatment plants (WWTP), poses significant challenges due to its costly 
disposal [1]. Current methods such as soil fertilisation, landfilling, and 
incineration [2] have limitations and do not fully exploit the potential 
for obtaining high-added value products from this resource. Hydro
thermal processes have emerged as an alternative for sewage sludge 
treatment, offering advantages such as improved dewaterability, 
enhanced digestibility for methane production, and the release of 
valuable biopolymers [3–6]. However, these processes generally require 
high energy consumption, involving temperatures and pressures of up to 
200 ◦C and 60 bar, necessitating the exploration of alternative ap
proaches to reduce these parameters [7–9]. To address this challenge, 
various chemical and oxidising promoters have been applied in the 
thermal hydrolysis process, including persulfate reagents [10], 
hydrogen peroxide [9], alkaline treatments [11], and surfactants [12]. 

Surfactants have emerged as a promising solution for the solubili
sation of sewage sludge by interacting with the solid-liquid interface, 
facilitating the release of biopolymers and thus improving other treat
ment methods [13,14]. Previous studies have assessed the potential of 
anionic surfactants, including sodium dodecyl sulphate (SDS) and so
dium dodecylbenzene sulfonate (SDBS), and cationic surfactants like 
cetyl trimethyl ammonium bromide (CTAB) and dodecyl trimethyl 
ammonium bromide (DTAB), to enhance the management and treat
ment of sewage sludge. However, the use of cetyl trimethyl ammonium 
chloride (CTAC) and tetraethylammonium chloride (TAC) has not been 
evaluated. Additionally, these studies mainly focused on dewaterability, 
organic release in terms of chemical oxygen demand (COD) and 
ammonium (NH4+-N), and its use as a substrate in anaerobic digestion 
[15–18]. Nevertheless, the impact of surfactants on the biodegradability 
of the hydrolysed sewage sludge and its potential toxicity was not 
assessed, nor was its direct suitability as a fermentation medium for 
producing high-value compounds [19,20]. In this regard, the 
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bioproduction of proteases was analysed due to their widespread 
application in various industries such as food, pharmaceuticals, tan
neries, textiles, and detergents since they are able to hydrolyse peptide 
bonds in proteins. Additionally, proteases constitute 60 % of the total 
enzyme market, with annual sales ranging from 1.42 to 1.8 billion euros, 
and the detergent industry stands as the largest consumer with sales 
reaching 0.95 billion euros [19,21]. Bacillus licheniformis, a 
Gram-positive bacterium, was selected as the model microorganism for 
obtaining proteases due to their technical and economic advantages, 
including its versatile enzymatic repertoire and its ability to efficiently 
break down various substrates, thriving under diverse nutrient condi
tions [22,23]. 

Thus, Moreno et al. [24] conducted a study on protease production 
using B. licheniformis with hydrothermally-treated sewage sludge as a 
substrate. Their focus was on evaluating fermentation inhibitors, initial 
pH under oxidising and inert atmospheres, and inoculum level on pro
tease production. However, there is still a gap in understanding how 
surfactants contribute to the solubilisation of biopolymers during the 
thermal hydrolysis of sewage sludge, especially under moderate oper
ating conditions, which are below the commonly reported ranges of 
160–200 ◦C and 40–60 bar [4,6]. Furthermore, the impact of these 
conditions on biodegradability and their potential utility as a fermen
tation medium for protease production requires further exploration. 

Therefore, this work aimed to evaluate the use of surfactant-assisted 
thermal hydrolysis at moderate conditions (125 ◦C and 20 bar) to sol
ubilise biopolymers from sewage sludge, including proteins, humic-like 
substances, carbohydrates, and deoxyribonucleic acid (DNA). These 
conditions were selected to ensure the sterilisation of the treated sewage 
sludge (> 121 ◦C) [25] and to prevent the formation of Maillard com
pounds, which are known to negatively affect the biodegradability of 
sewage sludge at temperatures exceeding 140 ◦C [26]. 

Four surfactants were analysed, including two anionic: SDS and 
SDBS, and two cationic: CTAC and TAC due to their capacity to reduce 
surface tension, thereby interacting with extracellular polymeric sub
stances (EPS) and cell walls within the sewage sludge [27–29]. Respi
rometry assays were conducted to evaluate the biodegradability and 
potential toxicity of surfactant-assisted hydrolysed sewage sludge. 
Additionally, the bioproduction of proteases from different 
surfactant-assisted hydrolysed sewage sludges using B. licheniformis was 
also examined. 

2. Material and methods 

2.1. Sewage sludge and surfactants 

For this study, a thickened sewage sludge from a WWTP in Asturias 
(Spain) was employed, with the following characteristics (referred in 
mean values): total chemical oxygen demand (TCOD): 37169 ± 438 mg 
O2/L, soluble chemical oxygen demand (SCOD): 490 ± 30 mg O2/L, 
soluble proteins: 21 ± 4 mg/L, soluble humic-like substances: 69 ±
6 mg/L, soluble carbohydrates: 16 ± 2 mg/L, DNA: 7 ± 1 mg/L, total 
suspended solids (TSS): 27.2 ± 0.1 g/L, volatile suspended solids (VSS): 
19.7 ± 0.1 g/L, colour number (CN): 0.013 ± 0.001, pH: 6.83 ± 0.01. 

Surfactants used to assist thermal hydrolysis are detailed in Table 1. 

2.2. Surfactant-assisted thermal hydrolysis experimental setup 

To carry out surfactant-assisted thermal hydrolysis experiments, a 
PARR 4520 series reactor with a propeller stirrer was employed. This 
reactor, with a capacity of 1 L, was filled to 70 % to ensure safety con
ditions. In order to maintain inert conditions, an N2 atmosphere with a 
flow rate of 2000 mL/min was used, passing through a humidifier before 
being introduced into the reactor. A proportional–integral–derivative 
(PID) controller was used to regulate the temperature of the reactor and 
the humidifier, as well as the gas flow. Pressure was controlled by a 
backpressure reducer. To ensure a homogeneous concentration of the 
surfactant, 100 mL of sewage sludge was centrifuged. The surfactant 
was then added to the liquid phase (supernatant) and mixed until 
completely dissolved. Subsequently, this solution was carefully mixed 
with the solid phase and the remaining sewage sludge (600 mL). The 
sewage sludge mixture was then introduced into the reactor and heated 
to 125 ◦C at 20 bar. Once these conditions were reached, the sewage 
sludge was left in the reactor for 4 h. This temperature was chosen to 
strike a balance between achieving sludge sterilisation (typically at 
121 ◦C [25,30]), preventing the formation of Maillard compounds that 
can hinder biodegradability [26], reduce energy consumption, and 
obtaining a sufficient amount of biopolymers for subsequent fermenta
tion and proteolytic enzyme production. Samples were collected over 
time to monitor the evolution of biopolymers. After collection, the 
samples were centrifuged at 10000 × g for 20 min, and the liquid phase 
was separated for further analysis. Each surfactant was used at a con
centration ranging from 10 to 150 mg/gVSSo (where VSSo represents the 
VSS content of the raw sludge, measured at 19.7 ± 0.1 g/L). Addition
ally, thermal hydrolysis in the absence of surfactants was performed as a 
control. 

2.3. Sewage sludge analytical methods 

For the measurement of soluble proteins and humic-like substances, 
a Lowry modified method was applied, using bovine serum albumin 
(BSA) and humic acid as standard compounds [31]. The phenol-sulfuric 
acid method was used to quantify soluble carbohydrates using D-glucose 
as the standard [32]. For DNA determination the diphenylamine method 
was employed, using DNA calf thymus as standard [33]. TCOD, SCOD, 
TSS, VSS and pH measurement was conducted following the Standard 
Methods [34]. To determine CN, spectral absorption coefficients (SAC) 
were measured at three different wavelengths: 436, 525, and 620 nm. 
Eq. 1 was then used to calculate the CN of the samples. 

CN =
SAC2

436 + SAC2
525 + SAC2

620
SAC436 + SAC525 + SAC620

(1) 

For the determination of soluble proteins, humic-like substances, 
carbohydrates, DNA and CN, a Thermoscientific Genesys 150 UV–visible 
spectrophotometer (Thermo Fisher Scientific, USA) was used. TCOD and 
SCOD quantification were performed using a DR2500 spectrophotom
eter (Hach Company, USA). pH determination was conducted with a 

Table 1 
Properties of the selected surfactants to assist thermal hydrolysis.  

Properties SDS SDBS CTAC TAC 

Chemical structure 

CAS number 151–21–3 25155–30–0 112–02–7 56–34–8 
Molecular weight (g/mol) 288.38 348.48 320.0 164.7 
Type of surfactant Anionic Anionic Cationic Cationic  
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Basic pH meter, Sension+ PH3 (Hach Company, USA). 
Biodegradability was determined using a BM-EVO analyser (SURCIS 

S.L., Spain), which measures the variation in readily biodegradable COD 
over time. Further details on the equipment setup can be found in Pola 
et al. [35], with the only modification being in the VSS concentration 
(3.5 g/L). 

All measurements were performed in triplicate and the data are 
shown as mean values. 

In order to examine if the addition of the surfactants can cause the 
precipitation of the biopolymers [15], a Fourier transform infrared 
spectroscopy (FTIR) was performed to the solid phase obtained after the 
surfactant-assisted thermal hydrolysis of the sewage sludge. A Varian 
670-IR spectrometer (Agilent Technologies, USA) was used with an 
attenuated total reflectance accessory (ATR) was placed in the sample 
compartment. Data spectra were recorded between 4000 and 600 cm− 1 

in the mid-infrared region. For the collection of the signals a total of 32 
scans were performed with a resolution of 4 cm− 1. 

2.4. Production of proteases from surfactant-assisted hydrolysed sewage 
sludge 

2.4.1. Microorganism 
B. licheniformis (CECT20) was maintained at − 20 ◦C (in glycerol at 

40 % [v/v]). Subcultures of this strain were subsequently streaked onto 
nutrient broth (NB) agar plates containing 5 g/L beef extract, 10 g/L 
peptone, 5 g/L NaCl and agar (2 % w/v) and then preserved at 4 ◦C for 
48 h. 

2.4.2. Inoculum 
The B. licheniformis was inoculated into a 500 mL Erlenmeyer flask 

containing 100 mL of NB medium (same components mentioned above, 
except agar) using a loopful from a fresh NB agar plate. During the in
cubation period, the flask was shaken at 150 rpm for 12 h at 37 ◦C in an 
orbital shaker. The growing cells were then used to inoculate shake 
flasks containing the surfactant-assisted hydrolysed sewage sludges for 
protease production. 

2.4.3. Batch fermentation from surfactant-assisted hydrolysed sewage 
sludge 

Batch fermentations were carried out in 250 mL Erlenmeyer flasks 
containing 50 mL of the surfactant-assisted hydrolysed sewage sludge 
inoculated with 10 % (v/v) biomass harvested from NB inoculum cul
tures by centrifugation at 12,500 rpm for 10 min. Incubation was per
formed at 37ºC with an orbital agitation speed of 150 rpm. Samples were 
performed periodically collected to determine bacterial growth and 
biomolecule concentration. Biomass was separated by centrifugation at 
12,500 rpm for 10 min, and the cell-free supernatants were stored at 
− 20 ◦C until further analysis. Duplicate fermentations were performed 
for these experiments. 

2.4.4. Analytical methods to monitor fermentation 
Bacterial growth was determined spectrophotometrically as optical 

density at 600 nm. For this, cultures were removed by centrifugation at 
8000 rpm for min. 

In order to measure the enzymatic activity of proteases, the azoca
sein method was employed [36]. One enzyme activity unit was defined 
as the amount required to increase absorbance by 0.1 at 420 nm within 
1 h. Biopolymers were also measured to determinate their consumption 
during the fermentation process. Thus, soluble protein, humic-like 
substances and carbohydrates were measured according to the meth
odology described in Section 2.3. 

2.5. Statistical analysis 

Significant differences in solubilised biomolecules after thermal hy
drolysis and surfactant-assisted thermal hydrolysis, as well as protease 

activity after batch fermentations were analysed using a one-way anal
ysis of variance (ANOVA) at a significance level of 5 % in Excel software. 
If the ANOVA coefficient (F) value exceeded the critical F-value, indi
cating significant differences between groups (p < 0.05), a post-hoc test 
(Tukey’s HSD) was applied to evaluate significant differences between 
group pairs. 

3. Results and discussion 

Preliminary assays were performed to evaluate the effect of the 
surfactants at a concentration of 100 mg/gVSSo on the solubilisation of 
biopolymers from sewage sludge in the absence of thermal hydrolysis 
(Figure S1 in the Supplementary Information). The mixtures of sewage 
sludge and surfactants were left to interact for 60 min. The results 
showed that the surfactants favoured the release of biopolymers, with 
the highest solubilisation of these achieved when SDS and SDBS were 
used, resulting in biopolymer concentrations of 4140 ± 188 mg/L 
(210 mg/gVSSo) and 3980 ± 96 mg/L (202 mg/gVSSo), respectively. 
Besides, these anionic surfactants were particularly effective in the 
solubilisation of proteins compared to humic-like substances, carbohy
drates and DNA. Thus, the concentration of proteins obtained with SDS 
were around 3, 10.1 and 16.4 times higher than those obtained for 
humic-like substances, (925 ± 72 mg/L; 45 mg/gVSSo), carbohydrates 
(272 ± 38 mg/L; 14 mg/gVSSo) and DNA (169 ± 5 mg/L; 9 mg/gVSSo). 
This can be explained considering the strong denaturing effect of SDS on 
proteins through a combination of hydrophobic and electrostatic in
teractions, thus enhancing their release compared to the other bio
polymers [37,38]. 

Besides, the anionic surfactants were particularly effective in the 
solubilisation of proteins compared to the cationic ones. Thus, the 
concentration of proteins obtained with SDS and SDBS were around 2.7 
and 3.1 times higher than those obtained when CTAC (979 ± 37 mg/L; 
50 mg/gVSSo) and TAC (870 ± 28 mg/L; 44 mg/gVSSo) were used. This 
can be explained considering that the binding of SDS and SDBS with 
proteins were stronger compared to that of CTAC and TAC and the 
formation of micelle-like aggregates was not as clear as with anionic 
surfactants [39,40]. 

Regarding humic-like substances and carbohydrates, SDS and SDBS 
were also more effective than CTAC and TAC, but the differences were 
less marked. Thus, for humic-like substances, the concentrations 
attained with SDS and SDBS were approximately 1.2 times and 1.8 times 
higher than those obtained with CTAC (789 ± 42 mg/L; 40 mg/gVSSo) 
and TAC (517 ± 38 mg/L; 26 mg/gVSSo). In the case of carbohydrates, 
the concentrations obtained with SDS and SDBS were approximately 1.3 
times higher than those obtained with CTAC (190 ± 20 mg/L; 10 mg/ 
gVSSo) and TAC (190 ± 6 mg/L; 10 mg/gVSSo). These differences in the 
solubilisation of humic-like substances and carbohydrates may stem 
from structural differences within these biopolymers [15,41]. It was 
reported that CTAC neutralized charges on EPS, facilitating the release 
of enclosed biopolymers [42]. However, unbound micelles and mono
mers of CTAC interact with functional groups on humic-like substances 
and carbohydrates of opposite charge, potentially forming complexes 
and precipitating onto the solid phase of sewage sludge [15,43]. This 
phenomenon will be further discussed in subsequent sections focusing 
on surfactant-assisted thermal hydrolysis. 

Additionally, a one-way ANOVA was conducted to assess whether 
there were statistically significant differences among the concentrations 
of solubilised biomolecules (dependent variable), with each of the sur
factants used (4 levels) as a factor. Since the ANOVA indicated signifi
cant differences (p < 0.05), a Tukey’s test was performed, obtaining 
statistically significant differences between all pairs of surfactants. 

3.1. Surfactant-assisted thermal hydrolysis 

3.1.1. Anionic surfactants (SDS and SDBS) 
Figs. 1 and 2 illustrate the solubilisation of proteins (a), humic-like 
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substances (b), carbohydrates (c), and DNA (d) using anionic surfactants 
(SDS and SDBS, respectively) as assisting agents in thermal hydrolysis of 
sewage sludge, at concentrations ranging from 10 to 150 mg/gVSSo, 
together with the evolution of biopolymers in non-assisted thermal hy
drolysis (control). 

The solubilisation of proteins showed significantly higher levels 
compared to the control. SDS-assisted and SDBS-assisted thermal 

hydrolysis resulted in a substantial increase in protein concentration up 
to 95 min, with enhancements ranging from 40 % to 68 % (3293 ±
64 mg/L; 173 mg/gVSSo) at SDS and SDBS concentrations of 100 and 
150 mg/gVSSo, respectively. This observation is consistent with the 
findings reported by Deo et al. [44], who suggested that SDS concen
trations exceeding 4 mM (which corresponded to 59 mg/gVSSo in this 
study) created small hydrophobic microdomains within globular zein 

Fig. 1. Evolution of proteins (a), humic-like substances (b), carbohydrates (c) and DNA (d) using SDS-assisted thermal hydrolysis at different concentrations, and in 
non-assisted thermal hydrolysis (control). 

Fig. 2. Evolution of proteins (a), humic-like substances (b), carbohydrates (c) and DNA (d) using SDBS-assisted thermal hydrolysis at different concentrations, and in 
non-assisted thermal hydrolysis (control). 
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proteins, thereby improving their solubility. This interaction involves 
the hydrophobic backbone of the proteins and the hydrophobic chain of 
SDS, resulting in the unfolding of insoluble proteins. Additionally, SDS 
disrupts hydrophobic interactions between amino acid residues in pro
teins, leading to denaturation and unfolding of the proteins into a linear, 
rod-like shape with a uniform negative charge [44,45]. 

However, SDS concentrations of 10 and 50 mg/gVSSo did not lead to 
an improvement in proteins solubilisation. In contrast, a SDBS concen
tration of 50 mg/gVSSo increased protein concentration by 17 %, but 
this was not effective at 10 mg/gVSSo. 

Humic-like substances exhibited consistent increases until 275 min 
into the experiment, with solubilisation enhancements of approximately 
6 %, 15 %, 28 %, and 29 % when SDS was added at concentrations of 
10, 50, 100, and 150 mg/gVSSo, respectively, compared to the control 
(1407 ± 20 mg/L; 72 mg/gVSSo). With SDBS assistance, humic-like 
substances reached their peak concentration (2496 ± 103 mg/L; 
127 mg/gVSSo) at 275 min with the addition of 150 mg/gVSSo of SDBS. 
This concentration was 75 % higher than the control and 37 % higher 
than that observed with SDS-assisted thermal hydrolysis at the same 
reaction time. This suggested that the presence of a phenyl ring linking 
the hydrocarbon chain and hydrophilic group in SDBS enhanced the 
hydrophobicity of the surfactant, effectively weakening the binding 
between EPS and cells compared to SDS. This led to improved solubili
sation of humic-like substances, which were predominantly founded in 
EPS [18,46]. 

Carbohydrates exhibited a similar trend to soluble proteins, showing 
increases of up to 12 % and 28 % across SDS concentrations ranging 
from 10 to 150 mg/gVSSo, compared to the control concentration which 
was 1155 ± 68 mg/L (59 mg/gVSSo) at 95 min into the assay. For SDBS, 
the carbohydrates concentration reached a maximum value of 1829 ±
44 mg/L (93 mg/gVSSo) with the addition of 150 mg/gVSSo of SDBS at 
150 min. This value represented a 53 % increase over the control and 
was 19 % higher than that observed with SDS-assisted thermal hydro
lysis at the same time. 

For SDS-assisted and SDBS-assisted thermal hydrolysis, DNA con
centration initially rose rapidly within the first 37 min of treatment and 
then remained stable. The concentrations obtained were from 1.7 to 3.5 
times higher than that of the control (97 ± 7 mg/L; 5 mg/gVSSo) for SDS 
and SDBS additions between 10 and 150 mg/gVSSo, respectively. 

On viewing the results, a synergistic effect between anionic surfac
tants and thermal hydrolysis in the solubilisation of sewage sludge 
biopolymers can be suggested. While SDS facilitated the solubilisation of 
all biomolecules, particularly proteins, SDBS demonstrated a more 
consistent enhancement for all biopolymers present in sewage sludge. 

In this context, the solubilisation of sewage sludge can be divided 
into two steps: firstly, anionic surfactants weakened the binding of EPS 
to sewage sludge flocs, and subsequently, thermal hydrolysis promoted 
cell lysis, releasing intracellular materials such as proteins, carbohy
drates, and primarily DNA [8]. 

This synergistic effect was further supported by the decrease in VSS 
and pH, and the increase in CN (Figures S2 to S4 in the Supplementary 
Information). Thus, the CN value was approximately 2.7 times higher 
than that of the control with a SDBS concentration of 150 mg/gVSSo at 
95 min (Figure S3b in the Supplementary Information). This increase 
correlated with the higher concentration of humic-like substances 
observed, characterized by a dark brown colour due to the presence of 
moderate molecular weight carboxylic and phenol groups [46]. 

In terms of biopolymer production, anionic surfactant-assisted 
thermal hydrolysis of sewage sludge proved to be suitable when 
compared with other studies using hydrothermal techniques. Thus, the 
maximum values obtained in this study, corresponding to 6017 ± 28, 
2495 ± 107, 1821 ± 4, and 389 ± 4 mg/L (306, 127, 93, and 20 mg/ 
gVSSo) for proteins, humic-like substances, carbohydrates, and DNA, 
respectively, were from 1.1 to 4 times higher than those obtained by 
Urrea et al. [8] when using wet oxidation at 190ºC and 65 bar. These 
values were similar to those obtained by García et al. [4], albeit under 

higher thermal hydrolysis conditions (160ºC and 40 bar). Therefore, the 
combination of moderate conditions (125◦C and 20 bar) with surfac
tants promoted the disruption of EPS and cells, leading to the release of 
biopolymers and potentially resulting in energy savings. 

Additionally, a one-way ANOVA was performed with anionic sur
factants (SDS and SDBS) concentration considered as a factor (with 5 
levels) and the solubilisation of biopolymers after 4 h of treatment as the 
dependent variable. The analysis revealed significant differences (p <
0.05). Subsequently, post hoc analysis using Tukey’s test confirmed 
differences between pairs of concentrations groups across SDS (Table S1 
in the Supplementary Information) and SDBS (Table S2 in the Supple
mentary Information) treatments. For proteins, significant differences (p 
< 0.05) were found in all SDS pair groups except for the pairs of 
10–50 mg/gVSSo, and the control. For humic-like substances and DNA, 
only the pairs of 100–150 mg/gVSSo, and 10–50 mg/gVSSo, and the 
control did not exhibit significant differences (p < 0.05) between them. 
Carbohydrates pairs showed significant differences, except for the pairs 
100–150 mg/gVSSo, and 10–50–100 mg/gVSSo, and the control. 

With SDBS-assisted treatment, proteins concentration levels were 
grouped differently, except for the pairs 50–100 mg/gVSSo, as well as 
10 mg/gVSSo and the control, that showed no significant differences 
between them. For humic-like substances statistically significant dif
ferences (p < 0.05) were observed between all pairs, except for 
50–100 mg/gVSSo and 10–50 mg/gVSSo. In the case of carbohydrates, 
only 50–100 mg/gVSSo pair did not show significant differences. For 
DNA, only the pair of 10 mg/gVSSo and the control did not show sig
nificant differences. 

Thus, this analysis proved the effect of anionic surfactants on the 
solubilisation of biopolymers in the thermal hydrolysis treatment of 
sewage sludge. 

3.1.2. Cationic surfactants (CTAC and TAC) 
Figs. 3 and 4 show the evolution of biomolecules: proteins (a), 

humic-like substances (b), carbohydrates (c), and DNA (d) during 
cationic surfactant-assisted thermal hydrolysis using CTAC and TAC at 
concentrations ranging from 10 to 150 mg/gVSSo alongside the control 
experiment (without surfactant). 

Proteins and DNA exhibited higher concentrations in the presence of 
CTAC compared to the control. Specifically, proteins and DNA solubi
lisation increased by 22 % and 19 %, respectively, with a CTAC con
centration of 10 mg/gVSSo over 275 min. However, higher CTAC 
concentrations (100 and 150 mg/gVSSo) had a detrimental effect on 
proteins solubilisation, decreasing by 7 % and 21 %, respectively, over 
the same period. Similarly, DNA solubilisation decreased by 27 % and 
39 % at these higher concentrations. 

The observed behaviour of proteins at low concentrations of CTAC 
suggested that the hydrophobic tail of this surfactant interacted with the 
hydrophobic side chains of the proteins, disrupting hydrogen-bond in
teractions and forming CTAC-protein micelles, which led to protein 
denaturation and subsequent solubilisation [15]. However, at higher 
concentrations of CTAC, these mixed micelles may adsorb or precipitate 
onto the surface of the surfactant-assisted hydrolysed sewage sludge, as 
further evidenced by the FTIR results (Section 3.2). 

In contrast, carbohydrates showed greater levels of solubilisation 
compared to the control at lower CTAC concentrations, with a 44 % 
improvement with a CTAC addition of 10 mg/gVSSo for 275 min. 
However, as the CTAC concentration increased, the improvement in 
solubilisation gradually decreased, with only an 8 % improvement 
achieved at a CTAC concentration of 150 mg/gVSSo. This decrease in 
carbohydrate solubilisation may result from the formation of potential 
complexes between these compounds and CTAC. This phenomenon is 
likely due to the combined effects of electrostatic and hydrophobic in
teractions, consistent with findings from other studies involving ionic 
surfactants. These studies indicated the ability of such surfactants to 
interact with polysaccharides of opposite charges [47]. 

Additionally, there were no significant variations in the 
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solubilisation of humic-like substances compared to the control when 
CTAC was used as an assisting surfactant for thermal hydrolysis. This 
can be attributed to the complex nature of these compounds. Humic-like 
substances are amphiphilic, containing both hydrophilic (e.g., phenolic 
and carboxyl groups) and hydrophobic (e.g., carbonyl group) groups. 
When CTAC is added, the ionisation of the phenolic and carboxyl groups 

resulted in electronegative characteristics, allowing them to be adsorbed 
onto the electropositive CTAC micelles through electrostatic in
teractions. Furthermore, this dual nature may lead to the formation of 
aggregates between humic-like substances and CTAC micelles, conse
quently reducing their solubility [48]. These findings are consistent with 
the results obtained in the FTIR analysis. 

Fig. 3. Evolution of proteins (a), humic-like substances (b), carbohydrates (c) and DNA (d) using CTAC-assisted thermal hydrolysis at different concentrations, and in 
non-assisted thermal hydrolysis (control). 

Fig. 4. Evolution of proteins (a), humic-like substances (b), carbohydrates (c) and DNA (d) using TAC-assisted thermal hydrolysis at different concentrations, and in 
non-assisted thermal hydrolysis (control). 
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For TAC-assisted thermal hydrolysis, higher concentrations 
enhanced the solubilisation of biopolymers, particularly humic-like 
substances and carbohydrates, which exhibited improvements of 71 % 
and 35 %, respectively, when using a dosage of 150 mg/VSSo of TAC. 
The impact was less pronounced for proteins and DNA, with enhance
ments of approximately 11 % and 33 %, respectively. These results 
suggested that this surfactant facilitated the neutralisation of negative 
charges within the sewage sludge matrix, potentially leading to the 
liberation of EPS, primarily composed of humic-like substances and 
carbohydrates [8]. Therefore, increased addition of TAC may induce 
greater destabilisation of the bonds between EPS and cells, consequently 
resulting in the release of intracellular components under the influence 
of thermal energy during thermal hydrolysis. 

The marked difference in the solubilisation of sewage sludge be
tween TAC and CTAC can be attributed to the presence of the hydro
carbon chain in the latter [16]. 

The results of VSS and CN (Figure S2 and S3 in the Supplementary 
Information) indicated that low CTAC concentrations assisted in the 
solubilisation of sewage sludge by neutralising its negative surface 
charge. However, at higher concentrations of CTAC, a lesser reduction in 
VSS and even an increase compared to the control were observed. This 
suggested the complexation and precipitation of biomolecules [12,15, 
49]. 

In contrast, for TAC-assisted thermal hydrolysis, the decrease in VSS 
and the increase in CN with increasing surfactant concentration 
confirmed the charge neutralisation of EPS as discussed earlier. 

Furthermore, a one-way ANOVA was conducted with the concen
trations of the cationic surfactants (CTAC and TAC) as a factor (each 
with 5 levels), and the concentrations of biopolymers after 4 h of 
treatment as dependent variable. This analysis revealed statistically 
significant differences (p < 0.05), except for DNA concentration in CTAC 
treatment, where no significant differences were observed. Subsequent 
Tukey’s test confirmed these findings, with designated letters (a > b > c 
> d) indicating distinct pairs of concentration groups in the CTAC and 
TAC treatments. 

The results indicated variability in protein concentration with CTAC 
treatment (Table S3 in the Supplementary Information). Most pairs 
showed significant differences, except for 50 mg/gVSSo and the control. 
For humic-like substances, the pairs 50–100–150 mg/gVSSo, and the 
control were grouped together, indicating no significant differences 
among them. However, 10–50–100 mg/gVSSo, and the control pairs 
formed a separate group. Similarly for carbohydrates, the pairs at 
10–50 mg/gVSSo were in distinct groups, while those at 100–150 mg/ 
gVSSo, and the control were grouped together. 

TAC (Table S4 in the Supplementary Information) treatment also 
revealed distinct protein concentration groups between the pairs: 
10–150 mg/gVSSo, 50–100 mg/gVSSo, 50–150 mg/gVSSo, control- 
50 mg/gVSSo and control-150 mg/gVSSo. For humic-like substances, 
each concentration level showed significant differences except for the 
10–50 mg/gVSSo pair. Carbohydrates and DNA showed significant dif
ferences between control-50 mg/gVSSo, control-100 mg/gVSSo and 
control-150 mg/gVSSo pairs. 

This analysis confirmed the influence of CTAC and TAC on biomol
ecule solubilisation of hydrolysed sewage sludge. 

3.2. FTIR analysis 

The FTIR spectra of each surfactant and the solid phases after ther
mal hydrolysis and surfactant-assisted thermal hydrolysis using a con
centration of 150 mg/VSSo for each surfactant are provided in Figure S5 
of the Supplementary Information. Firstly, analysing the FTIR spectrum 
of the solid phase after thermal hydrolysis, distinct characteristic bands 
can be distinguished. The broad band observed within the range of 
3000–3600 cm− 1 corresponds to the stretching of O-H bonds of water 
molecules. Additionally, the band at 2922 cm− 1 represents the asym
metric stretching of C-H bonds in methyl groups, while the band at 

2852 cm− 1 is likely attributed to the symmetric stretching of C-H bonds 
in methylene groups, commonly associated with lipids or fatty acids 
[50]. The presence of -C––O bonds in amide I is reflected by bands 
located around 1630 cm− 1, and bands around 1530 cm− 1 are attributed 
to the C-N stretching in amide II, which is characteristic proteins [50]. 
The bands at around 1430 and 1230 cm− 1 are assigned to the symmetric 
stretching of carboxylate groups of humic-like substances, and the C-O 
stretching in carboxylic acids, respectively. Additionally, the spectral 
peak observed in the wavenumber range of 1170–1000 cm− 1 indicates 
the presence of C− C, C− O− C, and O− H bonds, typically associated with 
the presence of polysaccharides or carbohydrates [47,50–52]. 

The FTIR spectra of each surfactant (SDS, SDBS, CTAC, and TAC) can 
also be found in Figure S5 of the Supplementary Information. First, 
focusing on anionic surfactants, the FTIR spectrum of SDS exhibits 
distinct characteristic peak assignments. The peak at 3466 cm− 1 corre
sponds to the stretching of H-OH bonds, while the peaks at 2916 cm− 1 

and 2849 cm− 1, correspond to the stretching of CH2 groups. The peak at 
1467 cm− 1 is due to the bending of CH2 groups, which are indicative of a 
polar environment [53,54]. Additionally, the peak at 1216 cm− 1 cor
responds to the skeletal vibration involving the S-O bond of the bridge, 
the peak at 1079 cm− 1 corresponds to the stretching of C-C bonds, and 
the peak at 824 cm− 1 corresponds to the asymmetric bending of CH2 
group and C-H bonds [53,54]. 

Regarding to the FTIR spectrum of SDBS, several characteristic bands 
are observable. The broad band spanning the range of 3000–3600 cm− 1 

corresponds to the stretching vibrations of O-H bonds involved in 
hydrogen bonding, indicative of the presence of hydrophilic groups in 
SDBS that contribute to its surfactant properties. The band at 2923 cm− 1 

is attributed to the asymmetric stretching of C-H bonds in the SDBS alkyl 
chain, specifically indicating the presence of the dodecyl group within 
the surfactant molecule [54]. Additionally, the band at 2853 cm− 1 

corresponds to the symmetric stretching of C-H bonds in the methylene 
groups of the alkyl chain [55]. The presence of the benzene ring in SDBS 
is evident in the bands ranging from 1600 to 1500 cm− 1, associated with 
the stretching vibrations of C––C bonds in the aromatic structure [56]. 
Furthermore, the band around 1041 cm− 1 indicates the bending vibra
tions of C-H bonds in the aromatic ring [55]. Moving on to FTIR spectra 
of CTAC, a broad band within the spectral range of 3000–3600 cm− 1, 
can be observed, corresponding to the stretching vibrations of the O-H 
bonds engaged in hydrogen bonding [54]. This implies the presence of 
hydrophilic groups within CTAC, thereby contributing to its surfactant 
properties. Furthermore, pronounced absorptions at 2913 and 
2847 cm− 1 are attributable to the C− H stretching vibrations of the 
methyl and methylene groups of CTAC [57]. The bands located at 1631 
and 1469 cm− 1 represent the asymmetric and symmetric stretching vi
brations of N+-CH3, respectively [51,58]. Additionally, the band at 
961 cm− 1 corresponds to the out-of-plane -CH3 vibration [54,58]. 
Lastly, for TAC, the C-H and C-N vibrations were identified at 
1392–1490 cm− 1 and 1001 cm− 1, respectively. Additionally, the wide 
band observed around 3373 cm− 1 can be attributed to the O-H 
stretching of water molecules, as TAC exhibits a highly hydrophilic and 
hygroscopic nature [59]. 

In the FTIR spectra of the solid phase after the SDS-assisted thermal 
hydrolysis, the peaks at 2922, 2852, and 1006 cm− 1 showed a slight 
increase in intensity. A similar increase was also observed in the spectral 
region from 1216 to 824 cm− 1 bands. However, no significant peak 
shifts or new peaks were identified. Therefore, the presence of SDS in the 
solid phase seems improbable. Likewise, in the FTIR spectrum of the 
solid phase after the SDBS-assisted thermal hydrolysis, only the peaks at 
2922 and 2852 cm− 1 exhibited slight change in intensity No significant 
peak shifts or new peaks were evident. Thus, the presence of SDBS in the 
solid phase also appears unlikely. Conversely, when CTAC was used as a 
surfactant, the peaks at 2922 and 2852 cm− 1 shifted slightly to lower 
wavenumbers, and a significant increase in the intensity of these peaks 
was observed, indicating a higher abundance of hydrocarbon chains. 
This increase may be attributed to the presence of this surfactant in the 
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solid phase. The band at 1439 cm− 1, attributed to the symmetric 
stretching of carboxylate groups characteristic of humic-like substances, 
shifted to a higher wavenumber (1451 cm− 1). Furthermore, the peak at 
1630 cm− 1, corresponding to -C––O bonds in amide I due to proteins, 
also slightly shifted to a lower wavenumber. Additionally, a notable 
increase in the intensity of the peaks at 1530 cm− 1, attributed to the C-N 
stretching in amide II of proteins, and at 1008 cm− 1 assigned to the 
presence of C− C, C− O− C, and O− H bonds due to the presence of 
polysaccharides or carbohydrates, was observed [15,54,57,58]. This 
implies the complexation and precipitation of proteins, carbohydrates 
and humic-like substances. This behaviour aligns with the decrease 
observed in biomolecules in the liquid phase of the hydrolysed sewage 
sludge. In this context, Li et al. [15] conducted a study investigating how 
CTAB improved sludge dewaterability, demonstrating complexation 
between biomolecules and CTAB, a surfactant similar to CTAC. Finally, 

in the FTIR spectrum of the solid phase of the TAC-assisted thermal 
hydrolysis, no notable shifts or variations in the position and intensity of 
the peaks were observed, thus suggesting that TAC is unlikely to be 
present in the solid phase. 

3.3. Biodegradability of hydrolysed sewage sludge and surfactant-assisted 
hydrolysed sewage sludge 

A positive effect of the surfactants on the solubilisation of sewage 
sludge using thermal hydrolysis was observed. However, limited infor
mation is available on the impact of these surfactants in the biode
gradability of the resulting hydrolysates. To gain insight into this 
impact, the composition of the soluble organic fraction of the hydroly
sates was analysed at the end of treatment, as shown in Fig. 5a, c, e and 
g. This fraction, quantified as SCOD, can be subdivided into non- 

Fig. 5. Biodegradable and slow/non-biodegradable fractions after non-surfactant assisted thermal hydrolysis and thermal hydrolysis assisted by SDS (a), SDBS (c), 
CTAC(e) and TAC (g). Total concentration of solubilised biopolymers: proteins, humic-like substances, carbohydrates and DNA after non-surfactant assisted thermal 
hydrolysis and thermal hydrolysis assisted by SDS (b), SDBS (d), CTAC (f) and TAC (h). * Distinct letters indicate significant differences (p < 0.05). 
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biodegradable, slowly biodegradable, and readily biodegradable COD. 
The non-biodegradable fraction represents the portion of the soluble 
organic fraction that cannot be degraded by heterotrophic microor
ganisms. The slowly biodegradable fraction encompasses larger mole
cules such as proteins or complex carbohydrates that are released by raw 
sludge flocs and require hydrolysis before they can be biodegraded by 
the biomass. On the other hand, the readily biodegradable fraction 
consists of compounds that are directly available for bioassimilation by 
microorganisms, including volatile fatty acids, simple sugars, amino 
acids, and smaller proteins and carbohydrates, all resulting from the 
hydrolysis of larger biomolecules [35,60–62]. For comparison purposes, 
the concentration of SCOD and the total concentration of the bio
polymers after thermal hydrolysis treatment were also depicted in 
Fig. 5b, d, f and h. 

The results indicated that the non-surfactant assisted hydrolysed 
sewage sludge contained a significantly high proportion of readily 
biodegradable fraction, constituting approximately 99 % of the SCOD, 
while the slowly/non-biodegradable fraction was only around 1 %. This 
suggested that the longer reaction times (275 min) facilitated the hy
drolysis and breakdown of larger molecules into smaller sizes suitable 
for bioassimilation by microorganisms [4]. In this sense, Romero et al. 
[30] observed that thermal hydrolysis of sewage sludge at 120 ◦C led to 
a 44 % reduction in molecules with a molecular size ranging from 15 to 
150 kDa when the reaction time increased from 1 h to 4 h. Conversely, 
molecules <15 kDa increased by 41 % under the same temperature and 
reaction time due to the breakdown of larger molecules. 

The use of lower temperatures and pressures (125ºC and 20 bar) 
resulted in a slightly higher value of readily biodegradable COD than 
that obtained by Pola et al. [35] when hydrothermal treatment of 
sewage sludge was conducted at 180 ◦C and 80 bar, yielding approxi
mately 92 %. 

In terms of the impact of surfactants on biodegradability, the addi
tion of anionic surfactants, such as SDS and SDBS, led to a noticeable 
increase in the slowly/non-biodegradable fractions with increasing 
surfactant concentration. Notably, at a concentration of 150 mg/gVSSo, 
the slow/non-biodegradable fraction reached 32 % and 43 % of the 
SCOD for SDS and SDBS, respectively. These results indicated that the 
introduction of anionic surfactants had a detrimental effect on the 
biodegradability of hydrolysed sewage sludge, which was particularly 
pronounced in the case of SDBS due to the presence of both the sulph
onate group and benzene ring. It has been reported that the fatty alcohol 
sulphates (AS), including SDS, can be readily degradable under aerobic 
conditions when Pseudomonas and Bacillus are the dominant types of 
bacteria in a consortium [63]. The biodegradation of AS involves the 
enzymatic cleavage of the sulphate ester bonds to produce inorganic 
sulphate and a fatty alcohol [64]. Nevertheless, in the case of linear alkyl 
benzene sulphonates (LAS), such as SDBS, their removal in WWTPs is 
incomplete and they persist under anaerobic conditions [64]. The 
pathway of breakdown of LAS implies the degradation of the linear alkyl 
chain first, followed by the sulfonate group, and ultimately the benzene 
ring, requiring molecular oxygen, thus explaining why it is unlikely to be 
degraded anaerobically [65–67]. Consequently, the presence of the ar
omatic ring resulted in a slower degradation rate and a higher propor
tion of the slowly/non-biodegradable fraction in the SDBS-assisted 
hydrolysed sewage sludge. Additionally, the increase in the concentra
tion of humic-like substances could also contribute to the increase in the 
slow/non-biodegradable fraction due to their low biodegradability [46]. 

The addition of cationic surfactants had a lesser effect on the 
biodegradability of the hydrolysed sewage sludge compared to the 
anionic ones. Specifically, in the case of CTAC surfactant, an increase in 
its concentration did not lead to a higher proportion of the slowly/non- 
biodegradable fraction, which consistently accounted for approximately 
19 % of the SCOD regardless of the concentration used (Fig. 5e). This 
can be explained by considering the complexation and precipitation of 
biomolecules caused by CTAC, as indicated in section 3.3.1, resulting in 
the presence of the surfactant in the solid phase of the hydrolysed 

sewage sludge. This phenomenon also contributed to a decrease in SCOD 
and the total concentration of biomolecules (Fig. 5f). 

Considering TAC (Fig. 5g), when 10 mg/gVSSo was used, 83 % of the 
SCOD corresponded to the readily biodegradable fraction, and only a 
10 % reduction was observed when 150 mg/gVSSo was used. This slight 
impact can be attributed to the partially biodegradable nature of TAC, 
which was reported to have a biodegradation rate of 75 % [68]. Addi
tionally, the slowly/non-biodegradable fraction may also be influenced 
by the rise in complex compounds, particularly humic-like substances, 
as commented earlier, which exhibit low biodegradability. In the case of 
quaternary ammonium salts, such as CTAC and TAC, the pathway for the 
biodegradation implies the cleavage of the Calkyl-N bonds (N-deal
kylation and N-demethylation) [64,69]. 

When comparing the influence of CTAC and TAC to SDS and SBD on 
the biodegradability at low concentrations (10 mg/gVSSo) no markedly 
changes were found in all cases, with values around 15 % for the slow/ 
non-biodegradable fraction of the SCOD. 

Additionally a one-way ANOVA was conducted with the surfactant 
concentrations: 0 (as the control), 10, 50, 100, and 150 mg/gVSSo as the 
factor (5 levels), with biodegradable and slow/non-biodegradable 
fractions as dependent variables. Thus, significant differences (p <
0.05) were observed in both fractions. Subsequently, Tukey’s HSD post 
hoc test was performed to evaluate differences between pair of surfac
tant concentrations (Fig. 5a, c, e, and g). 

Regarding SDS, significant differences were observed in the biode
gradable fraction, except for specific pairs (0–10, 0–50, 0–100, and 
10–50 mg/gVSSo). For the slow/non-biodegradable fraction, all group 
pairs showed significant differences except for 100–150 mg/gVSSo. In 
the case of SDBS, a significant difference was determined in the biode
gradable fraction for the 0 mg/gVSSo pair compared to other samples. 
For the slow/non-biodegradable fraction, significant differences were 
present in all group pairs except for 100–150 mg/gVSSo. Considering 
CTAC, significant differences were observed in the biodegradable frac
tion among all pairs, except for 0–100 mg/gVSSo. For the slow/non- 
biodegradable fraction, certain pairs: 10–50, 10–100 and 
100–150 mg/gVSSo did not show significant differences between them. 
For TAC, in the biodegradable fraction, the pairs 0 and 10, 50, 100 and 
150 mg/gVSSo and 10–150 mg/gVSSo showed significant differences. 
For the slow/non-biodegradable fraction, only the pairs 10–50 and 
100–150 mg/gVSSo did not showed significant differences. 

The same analysis was conducted to assess the impact of surfactant 
concentrations (factor with 5 levels) on the total biomolecule concen
tration (dependent variable), revealing significant differences (p <
0.05). Besides, Tukey’s HSD post hoc test demonstrated distinct groups 
denoted by different letters (a > b > c > d > e) in Fig. 5b, d, f, and h. 

Regarding SDS, significant differences were observed across most 
pairs, except for 0–10, 0–50 and 10–50 mg/gVSSo. For SDBS, only the 
pair 50–100 mg/gVSSo did not show significant differences. Considering 
CTAC, significant differences were found for all pairs. 

In the case of TAC, the pairs of 0–10, 0–50 and 10–50 mg/gVSSo 
showed similarities but were different from other pairs. 

This analysis highlighted how surfactant concentrations influenced 
the biodegradable and slow/non-biodegradable fractions, as well as the 
total biomolecule concentrations, illustrating distinct patterns across 
different surfactant types and concentrations. 

3.4. Production of proteases byB. licheniformis from hydrolysed sewage 
sludge 

The potential application of hydrolysed sewage sludge as substrate 
for the production of proteolytic enzymes using B. licheniformis was 
evaluated. In the case of surfactant-assisted hydrolysed sewage sludge, 
concentrations of 50 mg/gVSSo for SDS and SDBS, and 10 mg/gVSSo for 
CTAC and TAC were selected in order to obtain a balance between the 
quantity of biopolymers and the readily biodegradable fraction since 
high values of slowly/non-biodegradable fractions can potentially 
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impede microbial growth [70,71]. 
Fig. 6 illustrates the production of proteases by B. licheniformis and 

biomolecule consumption during the fermentation process using 
hydrolysed sewage sludge and surfactant-assisted hydrolysed sewage 
sludge as substrates. Additionally, microbial growth during this process 
can be found in Figure S6 of the Supplementary Information. 

As previously indicated (Section 3.1), the hydrolysed sewage sludge 
contained significant quantities of dissolved biopolymers, specifically 
proteins (carbon and nitrogen source) and carbohydrates (carbon 
source). These biopolymers can be assimilated by B. licheniformis to 
produce extracellular proteases [72]. In all cases, maximum growth 
occurred at 24 h of fermentation with the highest value observed for the 
SDBS-assisted hydrolysed sewage sludge. Additionally, the highest 
consumption of biomolecules at 24 h (61 ± 4 %) was achieved with this 
substrate, compared to values of 46 ± 3 %, 50 ± 3 %, 42 ± 2 %, and 23 
± 4 %, for SDS-assisted, CTAC-assisted, TAC-assisted hydrolysed sewage 
sludge and in absence of surfactant, respectively. Thus, this 61 % 
decrease was associated with an assimilation of 674 ± 45 mg/L of car
bohydrates, 3537 ± 70 mg/L of proteins and 566 ± 36 mg/L g of 
humic-like substances, corresponding to 54.7 %, 68.2 % and 40.2 % of 
their initial values, respectively. It was found that, in general, 
B. licheniformis first assimilated carbohydrates and proteins for both 
microbial growth and protease production, and the consumption of 
humic-like substances began between 12 h and 24 h. This suggested an 

easier metabolism of carbohydrates and proteins compared to 
humic-like substances, which aligned with what other authors have 
reported regarding the suitable use of B. licheniformis in the biodegra
dation of waste proteins and wastewaters of food industry [73]. 

The production of enzymes increased significantly up to 24 h, with a 
more gradual increase observed from that point until 72 h. The addition 
of surfactants, particularly SDBS and CTAC, led to a notable increase in 
enzymatic activity with values around 1.5 and 1.6 times higher 
compared to the non-surfactant assisted hydrolysed sewage sludge (450 
± 7 U/mL) at 72 h. It should be noted that the content of biomolecules 
was higher in SDBS (50 mg/gVSSo) and CTAC (10 mg/gVSSo) with total 
concentrations of 9089 ± 235 mg/L and of 8280 ± 141 mg/L, compared 
to SDS (50 mg/gVSSo), TAC (10 mg/gVSSo), and in the absence of sur
factant, where the values were 7256 ± 157 mg/L, 7249 ± 90 mg/L, and 
6982 ± 85 mg/L, respectively. Specifically, the concentrations of com
pounds more easily assimilated: carbohydrates and proteins in SDBS- 
assisted and CTAC-assisted hydrolysed sewage sludge was 28 % and 
23 % higher, respectively, than those obtained with SDS and TAC. 

The comparison of enzymatic activity between different works is 
complicated due to variations in fermentation conditions, including 
temperature, pH, inoculum, culture media and microorganisms, among 
others. However, it is noteworthy that higher values were obtained with 
the SDBS-assisted (700 ± 7 U/mL) and CTAC-assisted (678 ± 14 U/mL) 
hydrolysed sewage sludge, either exceeding or closely similar to the 

Fig. 6. Production of proteases by B. licheniformis and consumption of biomolecules: proteins, humic-like substances, and carbohydrates in non-surfactant assisted 
hydrolysed sewage sludge (a) and hydrolysed sewage sludge assisted by SDS (b), SDBS (c), CTAC (d), and TAC (e). 
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values reported in other studies using various substrates. For instance, 
N. Reddy et al. [19] achieved protease enzyme activity of approximately 
11 U/mL by employing de-oiled neem seed cake as the substrate and 
B. licheniformis as the selected microorganism. Additionally, N. Anna
malai et al. [74] obtained an enzymatic activity of approximately 
473.4 U/mg by utilising marine debris as the substrate and Bacillus fir
mus CAS 7 as the bacterial strain for protease production. Furthermore, 
Moreno et al. [24] achieved a protease enzymatic activity of 903 U/mL, 
when sewage sludge treated in an oxidising atmosphere (wet oxidation) 
at 140◦C was fermented with 30 % (v/v) inoculum of B. licheniformis. 

Therefore, the use of SDBS and CTAC as surfactants has shown 
positive results in enhancing the solubilisation of sewage sludge and 
facilitating protease production. Particularly, CTAC stands out due to its 
lower concentration requirement, which could potentially lead to 
resource savings. 

A one-way ANOVA indicated significant differences between groups 
(p < 0.05), with different substrates used as a factor (5 levels) and 
protease activity as the dependent variable. Subsequent Tukey’s HSD 
post hoc test (Table S5 in the Supplementary Information) revealed that 
the pairs SDBS (50 mg/L) - CTAC (10 mg/L) did not exhibit significant 
differences but were significantly different from the other groups. 
Similarly, the pairs SDS (50 mg/L) - TAC (10 mg/L) and hydrolysed 
sewage sludge did not differ significantly from each other but showed 
significant differences compared to the previous group: SDBS (50 mg/L) 
- CTAC (10 mg/L). 

4. Conclusions 

This study demonstrated the beneficial effect of surfactants on 
thermal hydrolysis of sewage sludge. Thus, the addition of SDS, SDBS, 
and TAC at concentrations of 150 mg/gVSSo resulted in a significant 
improvement in biomolecule production, with increases of 44 %, 45 %, 
and 31 %, respectively, compared to thermal hydrolysis without sur
factants at 275 min. In the case of CTAC, a 20 % increase in biomolecule 
production was observed at a CTAC concentration of 10 mg/gVSSo, 
since higher concentrations led to a decrease in biomolecule yield due to 
their complexation and precipitation. However, the addition of SDS and 
SDBS at higher concentrations caused a notable increase in the slow/ 
non-biodegradable fraction, with the maximum reaching 43 % when 
150 mg/gVSSo of SDBS was used. Finally, SDBS-assisted and CTAC- 
assisted hydrolysed sewage sludges were found to be a suitable sub
strate for protease production using B. licheniformis. Thus, an enzymatic 
activity of around 700 U/mL was obtained after 72 h of fermentation, 
when CTAC and SDBS were added at concentrations of 10 mg/gVSSo 
and 50 mg/gVSSo, respectively. 

This research introduces an innovative approach for sewage sludge 
solubilisation through surfactant-assisted thermal hydrolysis, high
lighting its potential for generating valuable industrial products such as 
proteases via fermentation with B. licheniformis. 
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