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Introduction

Managing the sludge produced in wastewater treatment plants (WWTPs) is one of the main operational challenges,
since it can represent up to 50% of total running costs (Fang et al., 2024). Besides the economic impact, sludge
also involves environmental and health risks Hui et al., 2022). These issues reduce the suitability of traditional
disposal methods such as incineration, landfilling, or land application (Hwang et al., 2008). In the context of the
circular economy, the European Union aims to limit the landfilling of recyclable waste by 2030 (Zarina & Mezule,
2024), which increases the need for more sustainable treatment options.

Waste activated sludge (WAS) represents around half of the solids produced in WWTPs (Filipigh et al.,
2024), with an estimated annual production of about 13 million tons in Europe (Capodaglio, 2023). This sludge
contains a high amount of organic matter, and proteins make up 40—-60% of this fraction (Hui et al., 2022; Li et
al., 2015). Because of this composition, WAS is considered a promising material for resource recovery. Among
the different extraction methods, alkaline hydrolysis with NaOH stands out due to its efficiency and simple
operation, reaching protein solubilization rates above 70% and even over 90% when combined with heat or
ultrasound (Gao et al., 2022; Filipigh et al., 2024).

However, most studies have been carried out using freeze-dried sludge, which reduces industrial
applicability (Lotti et al., 2019), and the safety of the extracts is not systematically evaluated.

This study aims to optimize alkaline hydrolysis of raw sludge using a Box—Behnken design, evaluating
temperature, reaction time, and NaOH concentration, and assessing the composition and quality of the final
extracts.

Materials and Methods

Secondary sludge was collected from the municipal WWTP of Valladolid (Spain) after secondary sedimentation.
The sludge was centrifuged (10,000 rpm, 20 min), homogenized, and analyzed for moisture (87.9+0.5 %) and
solids content. Raw sludge (RS) was used for alkaline hydrolysis, while a portion was freeze-dried for
compositional analysis. Total and volatile solids were measured at 105 °C and 550 °C, respectively. Elemental
composition (C, H, N) was determined by ICP-OES. Protein content was estimated from TKN using a nitrogen
factor calculated from the amino acid profile (HCI hydrolysis and HPLC analysis). Humic acids were measured
by alkaline extraction and acid precipitation, carbohydrates were quantified following the NREL sulfuric acid
hydrolysis protocol using HPLC-RID and lipids were extracted using the Bligh and Dyer method.

Alkaline hydrolysis was performed by mixing RS with NaOH at selected concentrations (0.1, 0.55 and 1
M). Reactions at 50 and 85 °C were carried out in a rotary shaker, while treatments at 120 °C were performed in
an autoclave. Different treatment times were studied (60, 90 and 120 min). After hydrolysis, samples were
centrifuged (10,000 rpm, 10 min, 4 °C) to separate liquid and solid fractions.

A Box—Behnken design (BBD) with response surface methodology (RSM) was used to evaluate the effects
of time, temperature, and NaOH concentration on protein recovery. Two experimental blocks and three center
points were included to assess reproducibility. Protein, nitrogen fractions, TOC, peptides, sugars, humic acids, and
molecular weight distribution were analyzed using BCA assay, TOC/TN analyzer, ninhydrin-reactive nitrogen
(NRN), phenol-sulfuric acid method, modified Lowry method, and SEC-RID.

Results and discussion

The raw sludge (RS) presented 12.1+0.5% total solids and 72.7+0.3% volatile solids, with proteins as the dominant
fraction (36£2% w/wTS). Humic acids (17+4% w/wTS), carbohydrates (8+0.1% w/wTS), and lipids (6.1+0.8%
w/wTS) completed the organic profile. Based on the amino acid composition, a nitrogen-to-protein factor (NF) of
5.0 was established—about 20% lower than the conventional 6.25—indicating that samplespecific NF
determination is required to avoid protein overestimation. Slight seasonal/operational variability was observed
relative to previous batches, but overall the RS remains a proteinrich, promising feedstock.

Preliminary studies evaluating sludge concentrations between 2.5% and 6.5% (w/v) showed that increasing
the solids content reduced extraction efficiency, likely due to limitations in sludge—solvent contact. Therefore, a
sludge concentration of 2.5% (w/v) was selected for subsequent experiments. Temperature was the main driver of
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recovery: at 1 h, raising the temperature from 50 to 120 °C increased protein concentration by 3.2% at 2.5% solids
and 1.5% at 6.5%; sugars rose by 1.9x and 1.6x, respectively. Ninhydrin-reactive nitrogen (NRN) also increased
at low solids (1.9x at 2.5%) but showed the opposite trend at high solids, consistent with poorer solubilization.
Extending hydrolysis time improved yields but with diminishing returns at high temperature: at 50 °C, protein
increased ~60% from 0.5 to 5 h (2.5% solids), whereas at 120 °C the gain was ~21.4%, indicating onset of thermal
degradation. NRN rose continuously (progressive protein hydrolysis), and total sugars increased with time, also
reflecting the analytical method.

Quadratic responsesurface- models (Box—Behnken) adequately evaluated the effects of operating factors,
with R? between 0.89 and 0.95 and adjusted R? > 0.84 (p <0.05). Despite minor deviations from residual
normality, no systematic patterns were detected and responses were kept in the original scale for interpretability.
Moderate-severity hydrolysis provided the best balance between protein recovery (35-39 w/wTS) and preservation
of high-molecular-weight structures (up to 11.9 w/wTS). In contrast, high-severity treatments at 120 °C generated
extensive peptide cleavage, reflected in maximal NRN levels (36—58 w/wTS) and minimal high-molecular.weight
(HMW) proteins (<1.5%). Mild conditions produced low extraction yields (<22 w/wTS) and limited hydrolysis
(NRN 6-12 w/wTS), leaving most proteins intact. Overall, process severity directly governed protein yield,
molecular-weight distribution and extract composition.

The Box—Behnken DOE defined five optimized operating windows targeting either HMW protein
preservation  (87min/100°C/0.64M), peptide generation  (94min,120°C/0.80M), maximum purity
(98min/120°C/0.64M), purified large proteins (91min/100°C/0.60M), or purified low protein
(115min/120°C/0.80M). All five scenarios are currently under experimental validation.

Currently, this research is focused on the evaluation of the effect of the operational factors on the safety
of the extracts, analyzing the concentrations of heavy metals, pathogens, microplastics, antimicrobial resistance
genes (ARGs), and different emerging contaminants (CECs).
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