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A B S T R A C T   

Waste activated sludge (WAS) is the main residue of wastewater treatment plants, which can be considered an 
environmental problem of prime concern due to its increasing generation. In this study, a non-energetic approach 
was evaluated in order to use WAS as a renewable resource of high value-added products. For this reason, WAS 
was treated by thermal hydrolysis, H2O2 oxidation and advanced thermal hydrolysis (ATH) promoted by H2O2. 
The influence of temperature, H2O2 concentration and dosing strategy on biomolecule production (proteins and 
carbohydrates), size distribution (fingerprints) and various physico-chemical parameters (VSS, total and soluble 
COD, soluble TOC, pH and colour) was studied. The results revealed a synergistic effect between TH and H2O2 
oxidation, which led to a significant increase in the production of both proteins and carbohydrates. In this sense, 
the concentration of proteins and carbohydrates obtained during TH at 85 ◦C for120 min was found to be 1376 
± 9 mg/L (121 mg/gVSSo) and 208 ± 4 mg/L (18 mg/gVSSo), respectively. However, in the presence of 4.5 mM 
H2O2/gVSSo under the same process conditions, the concentrations of proteins and carbohydrates exhibited a 
significant increase of 1.9-fold and 3.1-fold, respectively. Besides, the addition of H2O2 promoted the trans
formation of hydrophobic compounds, such as proteins and or lipids, into hydrophilic compounds, which pre
sented low and medium sizes. An increase in temperature improved the solubilization rate and the yield of 
biomolecules significantly. Besides, the analysis of the kinetics related to the dosing strategy of H2O2 suggested 
the existence of two fractions during WAS solubilization, one of them being easily oxidizable, whereas the other 
one was more refractory to oxidation. Thus, the value of kH2O2 for the first addition of 1 mM H2O2/g VSSo was 
0.020 L0.4 mgH2O2

− 0.4 min− 1, while it was 4.3 and 8 times lower for the second and third additions, respectively.   
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1. Introduction 

Waste activated sludge (WAS) is a by-product generated in waste
water treatment plants (WWTP), which represents a major issue from a 

handling point of view due to the large volume generated in these fa
cilities. Thus, around 13000 thousand tons (dry matter) were produced 
in the European Union in 2020 (Elshikh et al., 2022). In fact, the pro
cessing and disposal of WAS, accounts for 50% of the total water 
treatment cost (Appels et al., 2008). Hence, several methods were 
developed for WAS management, such as it use as agricultural fertilizers 
or landfill disposal (García et al., 2017). Nevertheless, the stringent 
environmental constrains, in terms of heavy metal and harmful sub
stance content limit its application (Pathak et al., 2009). 

Currently, anaerobic digestion is a widespread WAS treatment aimed 
at facilitating subsequent management steps (Kacprzak et al., 2017). 
This process involves the generation of biogas, which improves 
cost-effectiveness of the WWTP, by taking advantage of the energy 
generated through biogas combustion for both internal and external use. 
However, anaerobic digestion takes place over a long period of time and 
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pretreatment techniques (microwave, ultrasound, oxidative treatments, 
and alkaline or acid conditions) are needed to enhance the fermentation 
process (Geng et al., 2022; Qiao et al., 2020). Therefore, advanced 
strategies are necessary for the optimal valorisation of the WAS under 
the circular economy approach. Among them, thermal hydrolysis (TH) 
processes have proven to be very adequate since they disrupt WAS flocs, 
thus releasing intracellular and extracellular material (Jeong et al., 
2019; Pilli et al., 2015). The conditions typically used in this process are 
severe, as temperature can be as high as 200 ◦C and pressure can reach 
60 bar, leading to a significant increase in energy consumption (Abe 
et al., 2013). For this reason, different promoting or oxidizing sub
stances can be used to perform this process at milder conditions. Among 
such substances are persulfate reagents, surfactants, enzymes and Fen
ton reagents (Erden and Filibeli, 2010; Gao et al., 2020; Lee et al., 2016; 
Shi et al., 2021). 

Advanced thermal hydrolysis (ATH) is a novel WAS pretreatment 
which relies on the combination of steam injection with hydrogen 
peroxide (H2O2). In contrast to conventional TH, it benefits from the 
synergistic effect of these two factors, avoiding the use of catalysts and 
pH swings. In this way, milder are technically feasible, which minimizes 
energy consumption (Abelleira et al., 2012b). The mechanism whereby 
ATH occurs is detailed by Ngo et al. (2021). Firstly, it is explained the 
degradation of H2O2 into water and oxygen Eq. (1), and similarly into 
hydroxyl radicals Eq. (2). Subsequently, oxygen acts on the weak bonds 
between carbon and hydrogen in organic compounds, thus forming 
hydroperoxyl, alkyl and hydroxyl radicals Eqs. (3) and (4) (Bachir et al., 
2001; Rivas et al., 1999). 

H2O2➝H2O +
1
2

O2 (1)  

H2O2➝ 2HO. (2)  

RH +O2➝R. + HOO. (3)  

RH +H2O2➝R. + HO. + H2O (4) 

Further reactions occur during the propagation stage of ATH (Eqs. 
5–10), resulting in the formation of many other radicals, such as organic 
peroxyl radicals (ROO.). The reactions shown in Eqs. (1), (2) and (4) can 
also occur at the propagation stage if the reaction shown in Eq (10) takes 
place. 

H. + O2➝HOO. (5)  

R. + O2➝ROO. (6)  

RH +ROO.➝R. + ROOH (7)  

ROO.➝R. + CO2 (8)  

ROOH➝RO. + HO. (9)  

RH +HOO.➝R. + H2O2 (10) 

The presence of these oxidative compounds helps to break down the 
cell walls of WAS, which are resistant to TH at milder temperatures. 
Therefore, releasing the intracellular material and extracellular poly
meric substances (EPS), mainly composed of proteins and carbohydrates 
(Lee et al., 2016; Urrea et al., 2016a), promotes the generation of 
methane during anaerobic digestion. However, as an alternative 
approach to biogas production, these compounds can be separated and 
utilized as a substrate for fermentations, or as components in the pro
duction of adhesives, fertilizers, or animal feed (Hwang et al., 2008; 
Tekin et al., 2014). 

Within this framework, previous studies on ATH have highlighted its 
technological advantages including improving dewatering process, 
sludge pretreatment (disintegration degree) and post-treatment (organic 
matter removal). Additionally, ATH has demonstrated enhanced biogas 

production in terms of both quantities and qualities (Abelleira et al., 
2012a, 2012b). Nevertheless, to the best of our knowledge, the impact of 
ATH on the production of biomolecules of interest (proteins and car
bohydrates), as well as their characteristics (particle size distribution) 
and kinetics has not been previously analysed. This knowledge gap is 
noteworthy due to the significant presence of these compounds in the 
WAS and their high value added (Chen et al., 2007). 

Therefore, the aim of this study was to evaluate the effectiveness of 
ATH as a pretreatment process for obtaining proteins and carbohydrates 
from WAS. The effect of various parameters, including H2O2 concen
tration, dosing strategy, and process temperature, was thoroughly ana
lysed to identify the optimal operating conditions. Moreover, kinetic 
models were developed for the volatile suspended solids (VSS), the 
oxidant, and the biomolecules produced, and their size distribution 
(fingerprints) were also determined. 

2. Material and methods 

2.1. Sludge samples 

The experiments were performed using WAS from the secondary 
treatment of a WWTP located in Asturias (Spain). Following its collec
tion, the sludge was immediately stored at 4 ◦C to avoid degradation. 
The main characteristics of the WAS are shown in Table 1. 

2.2. Analytical methods 

Total suspended solids (TSS), VSS, sludge volume index (SVI), total 
and soluble chemical oxygen demand (TCOD and SCOD), and pH mea
surements were carry out according to Standard Methods (APHA, 2012). 
A TOC analyser (Shimadzu TOC-VCSH, Japan) was employed for total 
organic carbon (TOC) and inorganic carbon (IC) quantification. 

Lowry method was employed to determine protein concentration, 
using bovine serum albumin (BSA) as standard (Lowry et al., 1951). 
Carbohydrate determination was performed by means of Dubois 
method, using glucose as standard (DuBois et al., 1956). H2O2 concen
tration was measured using metavanadate method (Nogueira et al., 
2005), so a small aliquot of WAS was centrifuged and the supernatant 
immediately separated to be combined in equal parts with the meta
vanadate. All the analyses were performed in triplicate with standard 
deviation less than 6% with respect to the mean values. 

Colour was measured as colour number (CN) in accordance with Eq. 
(11): 

CN =
SAC2

436 + SAC2
525 + SAC2

620

SAC436 + SAC525 + SAC620
(11)  

Where SACi is the spectral absorption coefficient at a wavelength of 436, 
525 and 620 nm. 

A Thermoscientific Genesys 150 UV–visible spectrophotometer 
(Thermo Fisher Scientific, USA) was employed for the measurement of 

Table 1 
Main characteristics of the WAS used in the experiments.  

Parameter Units Value 

pH  7.03 ± 0.2 
Colour  0.02 ± 0.01 
TCOD mg O2/L 17278 ± 24 
SCOD mg O2/L 237 ± 5 
TSS g/L 14.4 ± 0.2 
SVI ml/g 90 ± 1 
VSS g/L 11.4 ± 0.2 
Proteinsa mg/L 40 ± 2 
Carbohydratesa mg/L 20 ± 6 
TOCa mg C/L 226 ± 21 
ICa mg C/L 56 ± 2  

a Referred to soluble concentration. 
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proteins, carbohydrates, H2O2 concentration and CN. In the case of 
TCOD and SCOD, a DR2500 spectrophotometer (Hach Company, USA) 
was used for these measurements. For pH measurement, a Sension +
PH3 (Hach Company, USA) pH meter was employed. 

2.3. Experimental setup 

TH and ATH experiments were carried out in a 1 L reactor using a 
magnetic stirrer Agimatic-N with heating, which was equipped with an 
EKT Hei-Con digital electronic contact thermocouple for temperature 
control. The volume of sludge used was 700 ml and the stirring speed 
was set at 150 rpm for all experiments. 

TH tests were carried out at temperatures within the 55–85 ◦C range, 
which has been used in previous studies for the thermal activation of 
oxidants (Kim et al., 2016; Lee et al., 2016). For ATH experiments, the 
reactor was preheated to the desired temperature, H2O2 was added after 
a 60 min after heating period. Then, samples were withdrawn periodi
cally throughout the experiment. 

85 ◦C and 3 mM H2O2/g VSSo were selected as reference conditions. 
Different parameters were modified, such as peroxide concentration 
(1.5–6 mM H2O2/g VSSo), temperature (55 ◦C–85 ◦C) and oxidant dos
ages (2 additions of 1.5 mM H2O2/g VSSo and 3 additions of 1 mM H2O2/ 
g VSSo). 

2.4. Size exclusion chromatographic (SEC) analysis 

Biopolymers size distribution (fingerprints) in WAS supernatant was 
determined through an Agilent 1200 high-performance liquid chroma
tography (Agilent Technologies Inc., USA), using a Thermo Scientific™ 
BioBasic™ SEC 300 (4.6 mm × 300 mm) column. The total volume of 
the column was 4.06 mL (11.59 min), which was estimated by means of 
a NaNO3 solution. K2HPO4 was used as buffer solution at a concentration 
of 0.1 M, the pH being adjusted to 7. The flowrate was 0.35 mL/min. 

Prior to injection (20 μl), all the samples were filtered through a Sim
plepure PVDF/L 0.45 μm filter. A diode array UV detector was 
employed, using a wavelength of 280 nm. 

Calibration column was done with a protein Standard Mix 15–600 
kDa (Sigma-Aldrich, 69385), which is composed of four proteins: 
Ribonuclease A (13.7 kDa), albumin (44.3 kDa), γ-globulin (150 kDa) 
and thyroglobulin (670 kDa), also including ρ-aminobenzoic acid (0.14 
kDa) as low molecular weight marker. The coefficient of determination 
(R2) of calibration curve was 0.99. For a better interpretation of ob
tained results, three molecular size ranges were selected: low (0–15 kDa 
or 10.36 min–11.59 min), medium (15–150 kDa or 8.22 min–10.36 min) 
and high (>150 kDa or 0 min–8.22 min). All peaks recorded after the 
total column elution time were considered as molecules with hydro
phobic behaviour. According to other studies, this is usually observed 
with molecules that interact with the column package due negative 
charges present in the EPS (Guan et al., 2017; Simon et al., 2009). 

2.5. Kinetic models 

According to the TH mechanism behind WAS, the increase in tem
perature improves the decomposition of complex particles into soluble 
biopolymers, indicating mass transfer due to cell lysis caused by the 
increase in kinetic energy of the particles (Urrea et al., 2018). Thus, TH 
kinetics could be described by Eqs. (12) and (13), where i is referred to 
the biopolymers (protein or carbohydrates), kL,VSS and kL,i are the VSS 
and biopolymer mass transfer coefficient constants (min− 1) (Aroniada 
et al., 2020; Salmi et al., 2013), CVSS∞ and Ci∞ are the VSS and 
biopolymer concentrations (mg/L) after stabilization, while CVSS and Ci 
are the VSS and biopolymer concentrations (mg/L) at a certain time. 

−
dCVSS

dt
= kL,VSS(Cvss∞ − Cvss) (12)  

Fig. 1. Evolution of the concentration of VSS (a), proteins (b) and carbohydrates (c) after TH pretreatment at 55 ◦C (p), 70 ◦C (u) and 85 ◦C (l). Experimental data 
(symbols) and kinetic model (solid, round dotted and square dotted lines) according to equations (12) and (13). 
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dCi

dt
= kL,i(Ci∞ − Ci) (13) 

On the other hand, to analyse the ATH mechanism for each 
biopolymer, a kinetic model based on the H2O2 consumption was 
proposed. 

The suggested kinetic model is based on the hypothesis that VSS were 
solubilized due to oxidation reactions caused by H2O2, releasing bio
polymers to the aqueous phase (Bertanza et al., 2015). Hence, the 
following kinetic equations were proposed: 

−
dCH2O2

dt
= kH2O2 CnH2O2

H2O2
(14)  

−
dCVSS

dt
= kVSS CVSS Cn

H2O2
(15)  

dCi

dt
= Yi/VSS kVSS CVSS Cn

H2O2
(16) 

The temperature dependence of kVSS can be expressed as follows: 

kVSS =AVSS e− EaVSS/R T (17)  

H2O2 consumption rate is described in Eq. (14), where kH2O2 , CH2O2 and 
nH2O2 , are the kinetic constant (L(nH2O2 − 1) mg(1− nH2O2 ) min− 1), the con
centration of H2O2 (mg/L) at a certain time and the order of the reaction, 
respectively. Eq. (15) describes the solubilization of VSS, where kVSS and 

CVSS are the kinetic constant (Ln mg− n min− 1) and the VSS concentration 
(mg/L) at certain time, respectively, n is the partial order of the reaction 
with respect to dissolved H2O2. Furthermore, an Arrhenius-type tem
perature dependence for kVSS was assumed, as per Eq. (17), where AVSS 
(Ln mg− n min− 1), EaVSS (kJ/mol), R (kJ/mol K) and T(K) are the pre- 
exponential factor, activation energy, the universal gas constant and 
the process temperature, respectively. For biopolymers (i), Eq. (16) 
represents their kinetics, where Yi/VSS (mgi/mgVSS) represents the yield, 
which is referred to the milligrams of biopolymer released per milligram 
of VSS solubilized. Micromath Scientist software was employed for the 
model fitting. 

3. Results and discussion 

3.1. Thermal hydrolysis (TH) experiments 

The results of WAS solubilization in terms of VSS and biomolecule 
concentrations after being treated by TH at temperatures from 55 to 
85 ◦C are shown in Fig. 1. Besides, the results of TCOD, SCOD, STOC, pH 
and CN evolution can be found in Fig. S3 in the Supplementary 
Materials. 

A reduction in VSS as well as an increase in SCOD can be seen as 
temperature rises. It is important to note that the first 10 min are 
considered a delay, since this is the time needed by the equipment to 
start the temperature increase. VSS were reduced by 11% after 120 min 

Fig. 2. Evolution of the concentration of H2O2 (a), VSS (b), proteins (c) and carbohydrates (d) after ATH pretreatment at 85 ◦C and H2O2 concentrations of: 1.5 mM 
H2O2/gVSSo (●), 3 mM H2O2/gVSSo (▴),4.5 mM H2O2/gVSSo (◆) and 6 mM H2O2/gVSSo (■). Experimental data (symbols) and kinetic model (solid, round dotted, 
square dotted and dashed lines) according to equations (14) - (17). Black dotted line marks the transition from TH to ATH (H2O2 addition). 
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of TH at 55 ◦C, while at 85 ◦C the reduction was 19% for the same time 
(Fig. 1a). In the case of SCOD, the concentration increased significantly 
up to 40 min of treatment, the values being 1.66 ± 0.02 g/L, 2.37 ±
0.03 g/L and 2.73 ± 0.02 g/L for 55 ◦C, 70 ◦C and 85 ◦C, respectively. 
From that time onwards, SCOD concentration changed slightly, 
achieving the highest final value (3.00 ± 0.02 g/L) at 85 ◦C. It should be 
noted that temperature showed a greater effect than time in terms of floc 
solubilization. Besides, the low temperatures used did not supply 
enough kinetic energy to solubilize the cell walls of the WAS (Prorot 
et al., 2008; Urrea et al., 2017), but mainly affected the extrapolymeric 
substances (EPS). At this point, it is worthy to mention that solid COD 
mainly included proteins, carbohydrates and volatile fatty acids. How
ever, the latter are considered the components with the lowest presence 
(around 10%) (Biswal et al., 2020; Han et al., 2017). Hence, this study 
was focused on obtaining the main biomolecules with high added value 
(proteins and carbohydrates). 

The evolution of the biopolymers depicted in Fig. 1b–c supported the 
EPS solubilization mechanism, since protein and carbohydrate concen
tration at 55 ◦C for 120 min reached values of 943 ± 8 mg/L (83 mg/ 
gVSSo) and 186 ± 3 mg/L (16 mg/gVSSo), respectively, while at 85 ◦C 
for the same time, the value was 46% and 12.5% higher. The amount of 
biomolecules obtained with TH was similar to that of Biswal et al. 
(2020), who reported values of 52 mg/gVSSo and 11 mg/gVSSo for 
proteins and carbohydrates, respectively, when saline WAS was treated 
at 60 ◦C. The TCOD and the pH trends (Figs. S3a and e) indicate that the 

hydrolysis of the biopolymers to intermediate compounds was very lit
tle, making it necessary to use more severe conditions to achieve their 
rupture (Khan et al., 1999; Urrea et al., 2017). 

As previously mentioned, the temperatures used for TH in this study 
were high enough for EPS solubilization (Pola et al., 2021). However, 
they proved to be unsuitable to break the cell walls and take advantage 
of the intracellular content, which has a greater amount of value-added 
substances. The concentration of proteins and carbohydrates obtained 
with TH in this study, were around 80% lower than those achieved with 
thermal processes using more severe conditions (160 ◦C and 40 bar) 
(García et al., 2017; Xue et al., 2015) or oxidizing agents (persulfate or 
oxygen) (Huang et al., 2020; Lee et al., 2016; Urrea et al., 2017; Wang 
et al., 2018). Therefore, in order to improve the quantities of bio
polymers obtained, H2O2 was used as an oxidizing agent, paying special 
attention to the effect of its concentration, dosing strategy and reaction 
temperature on biopolymer production. 

3.2. Advanced thermal hydrolysis (ATH) experiments 

Before conducting ATH tests, an analysis was carried out to deter
mine the H2O2 concentration range to be studied. Fig. S1 in the Sup
plementary Materials revealed that there were no changes in protein 
concentration above 7.5 mM H2O2/g VSSo at 85 ◦C, and the same was 
true for carbohydrates concentration from 6 mM H2O2/g VSSo onwards 
at the same temperature. Moreover, the effect of H2O2 on WAS 

Fig. 3. Evolution of the concentration of H2O2 (a), VSS (b), proteins (c) and carbohydrates (d) after ATH pretreatment with 3 mM H2O2/gVSSo at temperatures: 
55 ◦C (▴), 70 ◦C (◆) and 85 ◦C (●). Experimental data (symbols) and kinetic model (solid, round dotted and square dotted lines) according to equations (14) - (17). 
Black dotted line marks the transition from TH to ATH (H2O2 addition). 
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solubilization in absence of temperature was studied in the range 1.5–6 
mM H2O2/g VSSo. Thus, the concentration of biomolecules (proteins and 
carbohydrates) achieved was very low, the maximum values being 202 
± 10 for proteins and 51 ± 1 mg/L for carbohydrates, after 120 min of 
treatment with 6 mM H2O2/g VSSo (Fig. S2 in the Supplementary Ma
terials). The effect of the temperature on the degradation of H2O2 was 

also analysed. It was found that the concentration of the oxidant 
remained constant regardless of the temperature value. So, there is no 
degradation of H2O2 due to reaction temperature. 

3.2.1. Effect of H2O2 concentration 
The evolution of WAS solubilization due to ATH experiments, adding 

Fig. 4. Evolution of the concentration of H2O2 at different additions (a–c), VSS (d), proteins (e) and carbohydrates (f) after ATH pretreatment at 85 ◦C with 3 
additions of 1 mM H2O2/g VSSo (▴), 2 additions of 1.5 mM H2O2/g VSSo (◆) and 1 addition of 3 mM H2O2/g VSSo (■). Experimental data (symbols) and kinetic 
model (solid, round dotted, and square dotted lines) according to equations (14) - (17). Black dotted line marks the transition from TH to ATH (H2O2 addition). 
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H2O2 in the range of 1.5–6 mM/gVSSo, is shown in Fig. 2. It is important 
to note that temperature was 85 ◦C, and H2O2 was added after 60 min of 
heating, since above that time the concentration of the different pa
rameters and biomolecules achieved a plateau, thus indicating that the 
TH pretreatment was complete. This allowed us to evaluate the effect of 
H2O2 on ATH properly. 

Fig. 2b showed the reduction of VSS. It was found a greater impact on 
WAS solubilization depending on the addition of H2O2. Thus 30% 
reduction of VSS was obtained when a concentration of 1.5 mM H2O2/g 
VSSo was used for 120 min, while the reduction was almost 40% after 
adding 6 mM H2O2/g VSSo for the same reaction time. Besides, SCOD 
and STOC (Figs. S4b and c in the Supplementary Materials) were also 
affected as H2O2 concentration increased. It should also be noted that 
the addition of the oxidizing agent contributed to both EPS solubiliza
tion and cell wall disruption, thus causing the release of intracellular 
material into the liquid medium. However, these phenomena (solubili
zation and disruption) were significant up to 120 min (60 min after H2O2 
addition), and from that time on, the concentration of the biomolecules 
and VSS remained practically constant. Fig. 2a showed the evolution of 
H2O2 concentration with time in all of the experiments. As expected, EPS 
solubilization and cell disruption can be explained based on the re
actions shown in Eqs. (1)–(4), which generate oxidative radicals. This 
led to the complete consumption of H2O2 within 60 min when the 
concentration varied from 1.5 mM H2O2/g VSSo to 6 mM H2O2/g VSSo. 
Thus, when the H2O2 was consumed, there was no further solubilization 
of WAS. 

The evolution of the biomolecules are shown in Fig. 2c–d. It was 
obtained a significant increase in the concentration of both proteins and 
carbohydrates due to H2O2 addition. Regarding protein concentration, a 
value of 1754 ± 5 mg/L (154 mg/gVSSo) was achieved for 60 min when 
1.5 mM H2O2/gVSSo was added, while the value was around 1.5 times 
higher 2697 ± 15 mg/L (237 mg/gVSSo), when 6 mM H2O2/gVSSo was 
used at the same reaction time. In the case of carbohydrates, the values 
reached were lower than those obtained for proteins, ranging from 398 
± 7 ppm (35 mg/gVSSo) to 862 ± 12 ppm (75 mg/gVSSo) when H2O2 
concentrations varied between 1.5 mM H2O2/gVSSo and 6 mM H2O2/ 
gVSSo after 60 min of ATH treatment. However, the effect of H2O2 in 
carbohydrate production was more significant. In this sense, when 6 mM 
H2O2/gVSSo was added at 85 ◦C for 60 min, carbohydrate concentration 
was around 2.2 times higher, while in the case of proteins, it was around 
1.5 times higher. These results revealed the existence of a remarkable 
synergistic effect between thermal hydrolysis and H2O2 oxidation when 
WAS was treated by means of ATH. Thus, the combined effect of these 
processes in the production of biomolecules was very significant in 
comparison to that obtained when they were used individually. It should 
be noted that the production of proteins and carbohydrates was 1376 ±
8 mg/L (121 mg/gVSSo) and 208 ± 4 mg/L (18 mg/gVSSo), respectively, 
when TH was performed at 85 ◦C 120 min, while the value was 1.9 and 
3.1 times higher, respectively, in presence of 4.5 mM H2O2/gVSSo for 
the same conditions. Therefore, ATH can be considered a suitable option 
not only for conditioning WAS in terms of manageability (Abelleira Ta
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Table 2 
TH kinetic parameters at temperature range of 55–85 ◦C, obtained from Eqs. 
(12) and (13).   

Parameters Temperature (◦C)  

55 70 85 

VSS kL,VSS (min− 1) 0.060 0.063 0.068 
CVSS∞ (mg L− 1) 10249 9353 8985 
R2 0.9991 0.9997 0.9995 

Proteins kL,i (min− 1) 0.075 0.079 0.085 
Ci∞ (mg L− 1) 943 1185 11423 
R2 0.998 0.997 0.998 

Carbohydrates kL,i (min− 1) 0.033 0.034 0.036 
Ci,∞ (mg L− 1) 189 198 214 
R2 0.997 0.998 0.997  
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et al., 2012a, 2012b), but also for the production of high value-added 
compounds. Furthermore, the mild conditions employed in these ex
periments could attain energy savings compared to the thermal methods 
used in other studies. According to the results reported by García et al. 
(2017), yields of 272 mg/gVSSo and 106 mg/gVSSo were achieved for 
proteins and carbohydrates, respectively. Although such values are 
slightly higher than the ones obtained in this study, it is important to 
notice that García et al. (2017) performed thermal hydrolysis under 
much more severe conditions (160 ◦C and 40 bar). On the other hand, 
Lee et al. (2016) used low thermally activated-persulfates (80 ◦C and 1.8 
mM/g VSSo) as oxidants for value-added compound production from 
WAS and reported values lower than those achieved in this study, these 
being 27 mg/gVSSo and 73 mg/gVSSo for carbohydrates and proteins, 
respectively, when using peroxymonosulfate; in the case of perox
ydisulfate, the attained values were 71 mg/gVSSo for carbohydrates and 
108 mg/gVSSo for proteins. 

Finally, the effect of H2O2 addition on the main physicochemical 
characteristics of WAS, are summarized in Fig. S4 in the Supplementary 
Materials. While it is true that H2O2 is a powerful oxidant, which causes 
the release of extracellular and intracellular material, the results 
revealed that higher H2O2 concentration also caused a slight decrease in 
TCOD of WAS, together with a pH decrease. In spite of promoting the 
partial oxidation of WAS, ATH achieved 20% reduction in TCOD with 6 
mM H2O2/gVSSo, which is a modest result by comparison with other 
thermal oxidizing methods; for instance, wet oxidation reached 46% 
TCOD reduction (Urrea et al., 2018). The reduction of pH from 7.0 to 
4.9, was due to the formation of short-chain volatile fatty acids, which 
are considered as intermediate products in the oxidation of activated 
sludge (Eskicioglu et al., 2006; Genç et al., 2002). 

3.2.2. Temperature effect 
The influence of temperature on ATH experiments was analysed in 

the range 55◦C–85 ◦C. It should be noted that H2O2 was added at 60 min 
after the beginning of the experiment, since after that time on no further 
changes in biomolecule concentration occurred. H2O2, VSS, protein and 
carbohydrate trends, are depicted in Fig. 3. 

The solubilization of the organic matter of WAS due to temperature 
changes in ATH is shown in Fig. 3a. On viewing the results, ATH had a 
greater impact on WAS solubilization at higher temperatures. In this 
sense, the reduction of VSS was 15% at 55 ◦C for 60 min (after the 
addition of H2O2), while 31% was achieved at 85 ◦C for the same re
action time. In the case of SCOD (Fig. S5b in the Supplementary Mate
rials), a significant increase with temperature was also observed, the 
final concentration being 2.91 ± 0.01 mg/L at 55 ◦C, while the value 
was 1.6 times higher at 85 ◦C. Besides, the solubilization effect was also 
reflected on biomolecule increase (Fig. 3c and d). It should be noted the 
influence was more noticeable when temperature varied from 55 ◦C to 
70 ◦C than in the range 70◦C-85 ◦C. In this sense, protein concentration 
was 1016 ± 11 mg/L (89 mg/gVSSo) at 55 ◦C for 1 h (after H2O2 
addition), while at 70 ◦C and 85 ◦C at the same time, the values were 
1646 ± 6 mg/L (145 mg/gVSSo) and 2034 ± 14 mg/L (179 mg/gVSSo). 
This implied 62% increase in the 55◦C-70 ◦C range and only 23.5% from 
70 ◦C to 85 ◦C. This was also observed in the case of carbohydrates, in 
which 72% increase was observed between 55◦C-70 ◦C and only 15% in 
the range 70 ◦C to 85 ◦C (carbohydrate concentration: 257 ± 9 mg/L (23 
mg/gVSSo) at 55 ◦C for 1 h after H2O2 addition). This can be explained 
due to the effect of EPS, which act as a three-dimensional gel-like hy
drated matrix (Simon et al., 2009), hampering the release of intracel
lular material to the liquid phase due to the low thermal energy used. It 
is interesting to point out that the reactivity of H2O2 is fostered by 
temperature rise, as hydroperoxyl, alkyl and hydroxyl radicals are 
generated at a faster rate. Thus, the consumption of H2O2 over time 
(Fig. 3a), was quicker as temperature increased, thus being complete at 
90 min and 120 min, for 85 ◦C and 70 ◦C, respectively. However, at 
55 ◦C, H2O2 was still present in the reaction media (WAS liquid phase) 
by the end of the experiment. Previous studies suggested that the 

thermal energy supplied to ATH processes significantly increased the 
reactivity of H2O2 and water, which firstly acted on the EPS and, on a 
subsequent stage on the cell walls, which contains a higher percentage of 
biopolymers, especially proteins (Brunner, 2009; Ngo et al., 2021; Toor 
et al., 2011; Urrea et al., 2017). In this study, the yields of the bio
polymers were higher than those reported by Lee et al. (2016), who 
obtained values from 28 to 78 mg/gVSSo for proteins and 42–56 
mg/gVSSo for carbohydrates when 1.8 mM/gVSSo of persulfates (per
oxymonosulfate and peroxydisulfate) were used as oxidants activated at 
50 ◦C and 80 ◦C. 

Regarding the possible WAS partial oxidation due to H2O2 addition, 
no significant changes were observed with temperature variation. In this 
sense, the value of TCOD concentration decreased 9% and 12% for 180 
min (after H2O2 addition), when temperature was 55 ◦C and 85 ◦C, 
respectively, the initial value being 17.48 ± 0.01 g/L. Therefore, it can 
be concluded that the fraction of WAS solubilized and fully mineralized 
can be considered small at the lower temperatures employed (Abelleira 
et al., 2012b). 

3.2.3. Dosing strategy effect 
The impact of ATH on WAS pretreatment with different H2O2 dosing 

schemes was also examined (Fig. 4 and Fig. S6 in the Supplementary 
Materials). It should be noted that H2O2 was added at 60 min after the 
beginning of the experiment when 1 addition of 3 mM H2O2/g VSSo was 
performed, while it was added at 60 min and 90 min, and at 60 min, 120 
min and 180 min, when 2 additions of 1.5 mM H2O2/g VSSo and 3 ad
ditions of 1 mM H2O2/g VSSo, respectively, were carried out. In terms of 
solubilization, no major differences were observed in VSS reduction and 
SCOD increase at the end of the experiment. However, when H2O2 was 
added once, both VSS and SCOD concentrations reached a constant 
value in 120 min, while in the case of 3 additions, it was achieved in 185 
min. Besides, H2O2 was completely consumed within 60 min in all the 
first additions regardless of the initial concentration, while in the second 
and third additions the consumption rate was lower. This suggests that 
during WAS solubilization, two fractions can be considered, one of them 
being easily oxidizable and other more refractory to oxidation. In this 
sense, when H2O2 was added in just one addition, both fractions could 
be solubilized (firstly the easily oxidizable and then, the more difficult 
one), since the oxidant was in excess. Nevertheless, when lower con
centrations of H2O2 were added, it is considered that in the first addition 
only the easily oxidizable fraction was solubilized quickly but no the 
refractory one, since all oxidant was consumed, thus explaining why 
H2O2 decomposition was fast. When subsequent H2O2 additions were 
conducted, only the hardly oxidizable fraction remained to be solubi
lized, which resulted in lower kinetic constants. Thus, the value of kH2O2 
for the first addition of 1 mM H2O2/g VSSo was 0.020 L0.4 mgH2O2

− 0.4 

min− 1, while it was 4.3 and 8 times lower for the second and third ad
ditions, respectively. This was also observed when 1.5 mM H2O2/g VSSo 
was added, the value of the kH2O2 being 0.015 L0.4 mgH2O2

− 0.4 min− 1 for 
the first addition and 0.003 L0.4 mgH2O2

− 0.4 min− 1 for the second one 
(see Table 3 in section 3.4 related to kinetic model). 

Regarding the evolution of proteins and carbohydrates, the final 
concentration was practically the same regardless of the dosing strategy, 
the values being 2162 ± 8 mg/L (90 mg/gVSSo) and 553 ± 44 mg/L (49 
mg/gVSSo), respectively. However, it can also be observed that their 
concentration increased rapidly and reached a plateau in 60 min after 
one addition of H2O2, while their concentration rose more slowly after 2 
or 3 additions, reaching a plateau in less than half of time. On viewing 
TCOD values (Fig. S6a), it can also be stated that there was a partial WAS 
oxidation due to the non-selective action of H2O2. This can be explained 
considering the formation of carboxylic acids, since pH values decreased 
throughout the pretreatment and STOC reached a plateau and remained 
constant. The production of carboxylic acids from oxidised WAS was 
also reported by other authors (Kim et al., 2016). 
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3.3. Size distribution of biopolymers after TH and ATH experiments 

In the previous sections, the evolution of biomolecules after WAS 
pretreatment using TH and ATH was discussed in detail. However, the 
influence on their size distribution is also important, since it can be 
highly useful depending on biopolymer application. For this reason, the 
fingerprints of the solubilized biopolymers were determined. 

Fig. S7 (Supplementary Materials) shows the evolution of the fin
gerprints for TH experiments at temperatures between 55 ◦C and 85 ◦C. 
They were classified in four categories to explain it more thoroughly: i) 
high (>150 kDa), ii) medium (15–150 kDa), iii) low (<15 kDa), those 
three included in the size exclusion zone and iv) area out of the total 
volume of the column, which corresponded to hydrophobic compounds 
that interact with column filling material (Urrea et al., 2018). On 
viewing the results, the use of low temperatures allowed obtaining high 
and medium-sized molecules. Besides, the rise in temperature caused a 
rapid shortening of the higher biopolymers (>150 kDa). In this sense, 
the area was around 0.2 AU*s for 10 min at 55 ◦C, while it was 2.5 times 
lower at 70 ◦C for the same time. On the other hand, the reduction of 
high and medium-sized molecules allowed the appearance of low-sized 
ones and mainly compounds that interact with the column; the latter are 
generally associated with the presence of proteins, which can exhibit a 
great hydrophobic behaviour (Liu and Fang, 2003). Thus, the area of the 
hydrophobic molecules was around 5.2 AU*s for 30 min at 55 ◦C, while 
it was 65% higher at 85 ◦C for the same time. Besides, it was also re
ported that non-oxidative heat treatments cause protein fibrillation, 
thereby reducing its hydrophilicity (Seviour et al., 2019), which is in 
agreement with the increase in the hydrophobic compounds observed. 

With regards to fingerprints evolution in ATH, the effect of H2O2 
concentration on WAS will be discussed first. Fig. S8 (Supplementary 
Materials) depicts particle size distribution after adding H2O2 concen
trations in the 1.5–6 mM H2O2/g VSSo range. It should be noted that the 
remarkable change obtained in all particle sizes just after the addition of 
the oxidant. Thus, the hydrophobic compounds decreased significantly 
as H2O2 concentration increases, reaching reductions of 22%, when 1.5 
mM H2O2/g VSSo were added, while it was 66% with 6 mM H2O2/g 
VSSo, respectively. Urrea et al. (2018) also reported a lower presence of 
hydrophobic compounds when using wet oxidation in comparison to 
thermal hydrolysis treatment at 160 ◦C and 40 bar. This can be due to 
the oxidation reactions, which promote the transformation of hydro
phobic compounds such as proteins or lipids, into hydrophilic com
pounds, which presented low and medium sizes. This was more marked 
when lower concentrations of H2O2 was used, which can be explained 
considering that the oxidant mainly oxidised the biopolymers present in 
the reaction medium. However, when higher concentrations of H2O2 
were added, two effects can be considered, the breakdown of EPS and 
cell walls which causes the increases of low-sized molecules and hy
drophobic compounds and the partial modification/oxidation of some of 
the functional groups of the biopolymers, thus altering their hydro
phobic nature (Urrea et al., 2016b). 

The analysis of the fingerprints at temperatures between 55 ◦C and 
85 ◦C when 3 mM H2O2/g VSSo was added (Fig. S9 in Supplementary 
Materials), revealed that it was necessary higher temperatures (70 ◦C 
and 85 ◦C) to observe the decrease in the amount of hydrophobic mol
ecules after addition of the oxidant. Thus, the area of hydrophobic 
compounds was around 7.7 AU*s, for 5 min after the addition of H2O2 at 
55 ◦C, respectively, while, the values were 1.4 times and 2.3 times lower, 
respectively, when temperature was 70 ◦C and 85 ◦C. This suggested that 
a minimum temperature was required in order for the modification of 
the hydrophobic compounds to take place. In this case, their modifica
tion also implied the rise in low-sized and medium-sized molecules, the 
values being at 85 ◦C, 1.8 times and 5 times higher, respectively, than 
those obtained at 55 ◦C. 

Finally, the measurement of the fingerprints was carried out after 
adding different dosages of H2O2 (3 additions of 1 mM H2O2/g VSSo, 2 
additions of 1.5 mM H2O2/g VSSo and 1 additions of 3 mM H2O2/g VSSo) 

throughout the experiment. On viewing Fig. S10 (Supplementary Ma
terials), it can be indicated that each of the H2O2 addition led to the drop 
in the hydrophobic compounds and the corresponding rise in low-sized 
and medium-sized compounds, regardless of the amount of oxidant 
used. It should be noted that this rise was more significant when 1 mM 
H2O2/g VSSo was added and, in particular, during the first addition. 
Thus, the areas for the low-sized and medium-sized compounds after 5 
min of the first addition of H2O2, were around 1.6 and 2.4 times higher 
than those attained when 3 mM H2O2/g VSSo was added at the same 
time (low-sized and medium-sized compound areas: 1.1 AU*s and 4.5 
AU*s). As it was previously indicated, this suggested a partial modifi
cation/oxidation of some of the functional groups of the biopolymers 
present in the reaction media at low oxidant concentration and the ex
istence of two effects at higher concentrations, thus implying simulta
neous solubilization of EPS and cell walls and the modification of the 
functional groups of the hydrophobic biopolymers solubilized changing 
their nature to more hydrophilic one (Urrea et al., 2016b). 

3.4. Kinetic model 

Table 2 shows the kinetic parameters for TH in a temperature range 
from 55 ◦C to 85 ◦C. Solid, dotted and dashed lines in Fig. 1 denoted 
model curves according to Eqs. (12) and (13). As expected, a rise in the 
temperature accelerated the solubilization kinetics of VSS and bio
polymers. In this sense, the mass transfer coefficients for VSS, proteins 
and carbohydrates were 0.060, 0.075 and 0.033 min− 1, respectively, at 
55 ◦C, the values being around 14%, 13% and 10% higher than those 
obtained at 85 ◦C. Besides, the solubilization of proteins was faster than 
for carbohydrates, their kinetic constants being around 2.3 times higher 
than those obtained for carbohydrates, which varied from 0.033 to 
0.036 min− 1 between 55 ◦C and 85 ◦C. 

Table 3 sums up the kinetic parameters obtained for the ATH pre
treatment of WAS. Solid, dotted and dashed lines in Figs. 2–4 denoted 
model curves according to Eq. (14)-(17). It should be noted that the 
values of kVSS significantly increased with temperature, this being 5.2 
times higher at 85 ◦C than that obtained at 55 ◦C (8.53⋅10− 6 L0.4 

mgH2O2
− 0.4 min− 1). Regarding the values of Yi/VSS, they were coherent 

with the concentration of biopolymers solubilized, thus obtaining higher 
values of this fitting parameter when higher concentrations of bio
polymers were obtained. Moreover, the yields at 70 ◦C (0.501 mg/mg 
VSS) and 85 ◦C (0.525 mg/mg VSS) indicated that proteins were the 
main product obtained after ATH pretreatment. These results were in 
agreement with those reported by Urrea et al. (2017), in which higher 
values of Yi/VSS were reported for proteins (0.492 mg/mg VSS) than for 
carbohydrates (0.2 mg/mg VSS) when sludge was oxidised by wet 
oxidation. Besides, the yield per milligram of VSS also increased with the 
rise in the temperature. This effect being more marked in the 55◦C-70 ◦C 
range than in the 70◦C-85 ◦C one for both biopolymers. In the case of 
proteins, Yi/VSS was around 2.3 and 2.5 times higher at 70 ◦C and 85 ◦C, 
respectively, than that obtained at 55 ◦C (0.214 mg/mg VSS). Consid
ering the value of the activation energy, it is very similar to that reported 
by Urrea et al. (2014), who obtained 53 kJ/mol for the solubilization 
phase of the sludge using wet oxidation. This value lied far below the 
one needed for the mineralization of the already dissolved compounds 
(178 kJ/mol) (Shende and Levec, 1999). 

4. Conclusions 

The use of ATH for the production of high value-added biomolecules 
(proteins and carbohydrates) from WAS can be considered an interesting 
technology. The results obtained revealed the existence of a synergistic 
effect between TH and H2O2 oxidation, when WAS was treated by means 
of ATH. Thus, the production of proteins and carbohydrates was 2407 ±
58 mg/L (211 mg/gVSSo) and 621 ± 19 mg/L (54 mg/gVSSo), respec
tively, when ATH was performed at 85 ◦C with 4.5 mM H2O2/gVSSo for 
120 min, while the value was 1.9 and 3.1 times lower, respectively, in 
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absence of the oxidant. Besides, ATH had a greater impact on WAS 
solubilization when high temperatures and H2O2 concentrations were 
used. The addition of H2O2 had a significant effect on the size distri
bution of the biomolecules, and led to the transformation of hydro
phobic compounds, such as proteins or lipids, into low-sized and 
medium-sized hydrophilic compounds. The analysis of the kinetics of 
VSS solubilization revealed that the values of kVSS significantly 
increased with temperature, this being 5.2 times higher at 85 ◦C than 
that obtained at 55 ◦C (8.53⋅10− 6 L0.8 mgH2O2

− 0.8 min− 1). Moreover, the 
values of kH2O2 obtained when different dosing strategies were 
employed suggested the presence of two fractions during WAS solubi
lization, one of them being easily oxidizable and other more refractory 
to oxidation. 
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