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The perception of sewage sludge has been shifting from waste to resource, leading to various technological proposals for its management and resource recovery. This study explores a two-step sewage sludge treatment using different pathways—physical-alkali followed by physical-acid, and physical-acid followed by physical-alkali hydrolysis—to understand the efficiency of organic matter (OM) and Kjeldahl nitrogen extraction, and protein solubilization. Hydrolysis of the sewage sludge was performed with 3 M H2SO4 and 2.8 M NaOH and combined with physical treatment—thermal, ultrasonication, microwave irradiation, and cavitation. The results showed that cavitation chemical hydrolysis in an alkaline environment (CCH-alkali) extracted the highest amount of OM—up to 79.0%. When further cavitation chemical hydrolysis in an acid environment (CCH alkali–acid) was performed, OM extraction reached 90.2%. Physical-alkali treatment showed better performance in resource recovery from secondary sludge (SS) in both treatment steps. The highest protein extraction rate of 23,046 mg/L in the supernatant was obtained using SS treatment with microwave chemical hydrolysis in an alkaline environment (MCH-alkali). Although physical-acid treatment resulted in reduced protein solubilization and OM extraction, it provides a higher protein hydrolysis rate. Organic nitrogen compounds were better extracted with thermal-alkali treatment, reaching 95.3% removal. The study showed that different physical treatment methods demonstrate selective resource recovery or extraction performance.
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1 INTRODUCTION
The sustainable management of sewage sludge from municipal wastewater treatment facilities remains a global issue, and, despite numerous technologies being introduced, it is not yet fully resolved. Based on published estimates and interpolation of missing data, the annual production of this sludge in EU-28 countries was estimated at 9.0 to 9.5 million tons of dry solids in 2016 (Eurostat, 2016). After a significant increase in sludge production observed in the 1990s, recent trends of sludge generation have tended to plateau in almost all European countries due to the construction of new wastewater treatment plants (WWTPs) that comply with EU Directive 91/271/EEC (Gianfredi et al., 2021). From total sludge generated in the WWTPs, biological treatment produces solid, semisolid, or slurry residual material known as wastewater secondary sludge (SS) (Hauduc et al., 2013). The dry solid content of SS can vary 4%–25%, depending on the SS treatment method used for dewatering—SS gravity thickening is the least efficient, and solid/liquid separation techniques, like centrifugal treatment and treatment in a belt, screw, or filter press, is the most effective (Wang et al., 2007). Despite the variable water content in excess sludge after treatment, dry matter content remains approximately the same and consists of pathogenic and non-pathogenic protozoa, metazoan, bacteria, filamentous fungi, and algae that are engulfed in various suspended solids (Amaral et al., 2004), inorganic substances, and persistent organic pollutants (Raheem et al., 2018). Sludge matrix is rich with organic polymers, including polysaccharides, nucleic acids, humic substances, and some lipid fractions. In addition to the organic fraction, SS inorganic fraction comprises various heavy metals (Raheem et al., 2018) which can result in secondary pollution if handled without precautions.
The estimated protein content in SS typically varies from 32%–41% of total solids (Capodaglio, 2023). Despite high variability, the extraction of proteins from SS is of high economic importance due to the amino acid profile and potential reuse. From all SS disintegration and hydrolysis techniques, thermal SS treatment in the presence of alkali or acid addition is the most often used (Devos et al., 2020). At the same time, these methods mostly focus on SS pre-treatment for further downstream anaerobic digestion and give minor attention to protein or other valuable material extraction from the sludge. Lately, an interest in the hydrolysis of SS to produce food supplements for animal feed (Lau, 1981; Xiao and Zhou, 2020), liquid fertilizers (Liu et al., 2009), or protein foaming agents (Collivignarelli et al., 2017) has arisen. The application of thermal–chemical treatment methods has resulted in the recovery of 46%–91.4% of the total available protein in SS (Xiao and Zhou, 2020; Gao et al., 2021; Hui et al., 2022a). Protein solubilization using ultrasonication produced 32–660 mg/L protein in the solution and microwave irradiation 50–1,900 mg/L in the hydrolysis mass. Combination with biological pre-treatment methods has increased the solubilized protein concentration from 50 to 200 mg/L in reaction mass. Furthermore, numerous combinations of different abovementioned techniques have resulted in 550 mg/L protein concentration with ultrasonic-acid treatment as the lowest yield and thermal-acid treatment of up to 8,100 mg/L as the highest in the reaction mass (Xiao and Zhou, 2020). Studies have also focused on OM recovery from SS in general, and applied alkaline treatment above pH 11. Up to 75% of available OM has been recovered from SS when using NaOH and stirring at room temperature (Becerra et al., 2010). It has also been concluded that using a low ultrasonic alkali treatment with a dose of 0.1 g NaOH/per 1 g of SS makes it possible to extract the OM fraction in a notable amount which can contain approximately 30.5% protein-like substances together with saccharide-type substances and humic acids (Li et al., 2016). Despite better OM extraction efficiencies being observed in alkali conditions, the exact mechanisms are still not well understood.
The assessment of organic nitrogen recovery during SS hydrolysis is estimated as total Kjeldahl nitrogen (TKN) since the major organic nitrogen amount is released during the protein degradation and Kjeldahl test (Bi et al., 2014a). Previously, a 48 h treatment of SS in an acid (pH 2 with HCl) or alkali (pH 12 with NaOH) environment and constant stirring resulted in a TKN concentration of 8.3 and 14.2 mg/g OM from SS, respectively (Tavares de Sousa et al., 2021). However, due to the availability of different analysis methods, data interpretation, and a high variability of SS samples used in past experiments, it is rather impossible to compare the results obtained by different treatment methods. Thus, a complex meta-analysis is required to compare and organize the data in a unified system for the different SS physicochemical treatment methods’ efficiency in extracting protein, organic matter, and other nitrogen compounds. This study tested all currently suggested treatment approaches in a unified system where a single standardized SS batch was subjected to a two-step physicochemical treatment using thermal–chemical, ultrasonic-chemical, cavitation–chemical, and microwave–chemical treatment in acidic and alkali environments to estimate the boundaries of material recovery. Although protein extraction has been viewed as the main process parameter, other biopolymers present in SS can mineralize or are transferred into the liquid phase during the treatment. This in turn affects protein extraction, modifies the sludge matrix, and changes the composition of the hydrolysis mass. To monitor the transfer of biopolymers and avoid decreased product concentration, it is crucial to control organic mass transfer and TKN content. Thus, a comprehensive methodological setup with the subsequent validation of extraction, protein solubilization, and OM and Kjeldahl nitrogen extraction from SS was made to compare the efficiencies of the treatments. Moreover, since, after the first physicochemical treatment step of SS, there was still much organic rich material remaining in the centrifuged sludge pellets, it is essential to understand if changes in the chemical environment increase the extraction efficiency of protein and determine the total extractable protein yield from SS.
2 MATERIALS AND METHODS
2.1 Wastewater secondary sludge characteristics used in the study
To ensure uniform results, a single batch of SS was used in all tests performed and was stored at 4°C. Preliminary studies have shown that, although some changes in the feed material can occur, the effect is not significant (p > 0.05), especially on the extracted protein outcome. For analyses, centrifuged SS after aerobic process was collected from the municipal WWTP with a wastewater treatment capacity of 5,000 m3/day with approximately 60% of the capacity from domestic sources and 40% from industry, including chemical, pharmaceutical, and non-food production sites in the municipal area. The collected sample was well-mixed and monitored every time to remain at a constant temperature (4 C). No significant changes in the dry solid content of SS during the experiments were observed. All tests were performed over 43 days. The composition of SS used in first-step treatment was: dry matter 14.8% ± 0.3%, ash 3.8% ± 0.2% and volatile solid content 11.1% ± 0.2%, and Kjeldahl nitrogen content from OM 6.3% ± 0.2%. Centrifuged sludge material (pellet, 15%–16% solids) from the corresponding first-step treatment was taken as the feed material for the secondary treatment in a quantity proportional to the dry matter content in original SS 14.8% dry matter.
All further experiments and analyses were performed in triplicate.
2.2 Treatment setup
The following physicochemical hydrolysis methods were applied to the SS: temperature-based chemical hydrolysis (TCH), hydrodynamic-cavitation-induced chemical hydrolysis (CCH), ultrasonic-assisted chemical hydrolysis (UCH), and microwave-enhanced chemical hydrolysis (MCH). To maximize the extraction of OM from SS, hydrolysis was conducted in two distinct steps. The first involved utilizing a selected physical treatment method and chemical conditions, while the second step involved altering the chemical environment while maintaining the same physical treatment method and conditions. All technical parameters selected for the treatment conditions were estimated according to the exploitation abilities of the equipment used and method-optimization preliminary tests.
In a preliminary study, the concentrations of H2SO4 and NaOH were assessed for their suitability as extraction agents. Following this investigation, concentrations of 3 M H2SO4 and 2.8 M NaOH were chosen due to their consistent performance in hydrolysis processes. Subsequent potentiometric titration experiments revealed that the pKa values of the hydrolysis mass were similar across all experiments conducted. The pKa values for the reaction masses, as determined through potentiometric titration, exhibited ranges of 3.5–4.5 and 7.8–8.5, with a smaller maximum in titration curve of 10.9–11.2.
The hydrolysis mass obtained from the physical–chemical treatment underwent centrifugation at 4,000 rpm for 20 min to ensure effective phase separation. Subsequently, the supernatant was analyzed for protein concentration and subjected to formol titration. Meanwhile, the resulting pellets were examined for OM loss.
To adhere to the chosen treatment method, the methods were abbreviated using a consistent format where the first three capital letters denote the physical hydrolysis method, followed by the chemical environment. For example, if the treatment method is thermal treatment followed by chemical hydrolysis and it is performed in an alkali environment, it will be abbreviated as TCH-alkali, and if the produced pellets are subjected to further treatment in a second step, the abbreviation will include both chemical treatment names in the respective treatment order, such as TCH alkali–acid.
2.2.1 Thermal chemical hydrolysis (TCH-alkali/TCH-acid/TCH alkali–acid/TCH acid–alkali)
In the first hydrolysis step, 600 g of SS was inserted in a glass beaker and supplied with 300 mL of either 3 M H2SO4 or 2.8 M NaOH to provide an acid or alkali environment (Figure 1). The sample was then shaken in an orbital shaker (150 rpm, OHAUS, Germany) for 3 h at 80 C. Evaporated water was constantly added to sustain the same reaction volume. Due to mass reduction after centrifugation and the first hydrolysis, only 200 g of pellets were used in the second hydrolysis step and 100 mL of extraction agent to keep the same concentration.
[image: Figure 1]FIGURE 1 | Experimental flow chart.
2.2.2 Ultrasound chemical hydrolysis (UCH-alkali/UCH-acid/UCH alkali–acid/UCH acid–alkali)
Ultrasonication was performed in an ultrasonication bath (PS-10A, ROHS) at 79 W, 40 kHz. A measure of 300 g SS or 100 g of centrifugation pellets after primary hydrolysis were diluted with 150 mL or 50 mL of 3 M H2SO4 or 2.8 NaOH solution, respectively, and placed in the ultrasonication bath with mechanical stirring at 150 rpm for 2 h. The recorded sample temperature did not increase above 40 C.
2.2.3 Cavitation chemical hydrolysis (CCH-alkali/CCH-acid/CCH alkali–acid/CCH acid–alkali)
For cavitation treatment, 600 g of SS were first treated with 300 mL acid or alkali solution and then stirred at 22,000 rpm for 30 min with a laboratory rotor–stator homogenizer (500 W, Fluco FA25D) equipped with a straight rotary blade. The reaction mass spontaneously warmed to 70–80°С. A further 200 g of centrifugated pellets were again diluted with 100 mL of 3 M H2SO4 or 2.8 NaOH solution according to the treatment pathway and repeatedly treated with cavitation for 30 min at 22,000 rpm. During the second cavitation treatment, the reaction mass heated to the same temperature.
2.2.4 Microwave chemical hydrolysis (MCH-alkali/MCH-acid/MCH alkali–acid/MCH acid–alkali)
Samples were treated in an industrial microwave oven (EMS 200, Korber) at 650 W. We placed 600 g of SS in an oven for 15 min where the mass heated to 95°C. After the microwave exposure, 300 mL of 3 M H2SO4 or 2.8 NaOH solution was added to the hot mass and stirred mechanically for 30 min with a pedal stirrer (Fluko 200) until the mass reached room temperature. For the secondary hydrolysis, 200 g of centrifugation pellets where again exposed to the same strength microwaves for 10 min, then again mixed with 100 mL of the corresponding acid or alkali solution, and stirred till the mass reached room temperature.
2.3 Analytical methods
Measurements of absolute protein concentration in the SS were challenging due to limitations in existing standards and process inhibitors originating from the substrate itself. Even the most robust techniques require pre-treatment or purification of the samples (Redmile-Gordon et al., 2013). Alternatively, only a rough estimate of the actual protein and oligopeptide content in the solution could be made, since alternative methods are inaccurate for determining the size and shape of the proteins (Simonian and Smith, 2006). The method by Lowry et al. (1951) is no exception; However, due to its widespread use in similar research and moderate sensitivity to various matrices, a Lowry protein assay was an acceptable substitute for precise protein concentration detection in the sludge hydrolysis mass (Waterborg, 2009). The protein extraction could be tracked by total Kjeldahl nitrogen shift. While total protein is recalculated from this analysis using a coefficient, this value can vary in different protein samples, and the coefficient is usually determined according to amino acid content (Mariotti et al., 2008). Since the approximate amino acid content remains unknown for the samples, it is also not possible to select an adequate coefficient since SS contains not only proteins but other nitrogen compounds. For example, 12%–30% of the cell dry mass is nucleic acids, and the nitrogen content in the nucleotides has been estimated approximately 16%–17% from total solids (Farrell et al., 2004).
Therefore, a Lowry assay was used instead. However, Kjeldahl nitrogen is still a suitable parameter for following the nitrogen extraction rate. To obtain more information about the protein hydrolysis rate, Sorensen’s formol titration was used. It provides information about the end carboxylic group concentration present in a hydrolysis sample (Taylor, 1957): the higher the carboxylic acid concentration relative to protein concentration, the higher the extracted protein hydrolysis rate.
2.3.1 Gravimetric analyses
Gravimetric analysis was conducted on SS and hydrolysis mixture pellets following a standardized method for total dry solids and volatile solids. Volatile solids in this study are referred to as OM (APHA, 2012). In summary, to determine dry matter content, samples were placed in a drying oven (Memmert UF750) at 105 C for 12 h or until a constant mass was achieved. Ash content was determined by heating the samples to 550°C (Snoll 7000) for 5 h or until a constant mass was obtained. Volatile solids were calculated as the difference between the dry matter and ash content.
2.3.2 Protein concentration determination with a modified Lowry method
A modified Lowry method was used to determine protein concentration. The method is based on the Biuret reaction, in which protein peptide bonds react with copper under alkaline conditions to produce Cu+, which then reacts with the Folin reagent and gives the Folin–Ciocalteau reaction, in which phosphomolybdotungstate is reduced to heteropolybdenum blue by the oxidation of aromatic amino acids by copper. This technique is most effective on solutions with protein concentrations between 0.01 and 1.0 mg/mL (Waterborg, 2009). For this study, a commercial test kit (MFCD00132625, Sigma-Aldrich) was used for analysis, and 0.125–2,500 μg/mL bovine serum albumin (A3295-10g, Sigma-Aldrich) was selected as the standard reference protein. Absorption was measured at 660 nm (Halo DB-20 UV-VIS Double Beam spectrophotometer, Dynamica).
2.3.3 Formol titration
An adjusted formol titration method by Taylor (1957) was used to determine the amino acid concentration in the supernatant of the hydrolysis mass. It should be noted that, according to this method, protein is also counted as a long-chain amino acid. The amino group from the end amino acid or amino acid side chain interacts with formaldehyde at neutral or alkaline pH, releasing a proton and reducing the pKa of the amino acid–formaldehyde combination. The number of free amino groups present can be directly measured by titrating the protons with a base if the pH of the reaction mixture is lower than the pKa of the present amino acid or peptide complexes (Kala et al., 2019).
For analysis, a suitable amount of hydrolysis mass was taken and, depending on the chemical properties, diluted with water to 50 mL and further neutralized either with 1 M NaOH or 1 M HCl to pH 8. Then, 20 mL of neutralized formaldehyde (pH 8.5) were added and back-titrated with 0.05 M NaOH titrant to pH 8.5 using an electrode for pH measurements. After titration, the end carboxyl group concentration was expressed in mmol/L according to the spent 0.05 M NaOH.
2.3.4 Total nitrogen determination
Total nitrogen was determined in the SS, and pellets of both hydrolysis steps (Figure 1) and nitrogen transfer were calculated arithmetically from the initial sludge sample. Kjeldahl nitrogen was measured according to ISO 11261:1995 (ISO, 2022). Nitrate and nitrite are included in the measurement pool, but compounds with special chemical N-bonding (N-N, N-O, and heterocycles) cannot be digested entirely, and were thus omitted in these measurements.
3 RESULTS AND DISCUSSION
3.1 Organic matter hydrolysis and solubilization
Organic matter (OM) hydrolysis and solubilization refer to the process by which large biological molecules are broken down into smaller fragments, solubilized, and then transferred into a liquid phase from a solid state, making them chemically available for further reactions or utilization (Pham et al., 2021). It is known that hydrodynamic cavitation in water causes the formation of •OH radicals which are very strong and nonspecific oxidizing species (Mancuso et al., 2019). Therefore, some of the extracted OM can mineralize and become unavailable as organic material in the supernatant. At the same time, it is removed from the feed material, and extraction efficiency can be compared across the methods by analyzing the sludge and not the supernatant. To determine this transfer, the study’s OM was identified as the remaining volatile organic content in the pellets after each centrifugation. This OM was expressed as a percentage of the lost OM in the solid pellets compared to feed-material OM. This transfer of OM reflects the efficiency of hydrolysis and is expressed as a weight percentage (w/w %) representing the proportion of OM recovered from the feed sludge OM in each treatment method and at each step of sludge hydrolysis.
By comparing the overall results, the most effective organic matter transfer into a solution took place when SS was treated with a two-step treatment of physical-alkali–acid hydrolysis reaching 75.2% on average. The physical-acid–alkali pattern for all physical treatment methods resulted in 72.83% transfer (Table 1). The better dissolution of OM during alkaline hydrolysis can be explained by the amino acid composition of the sludge proteins. According to the literature data, sludge proteins contain a high content of dibasic amino acids—aspartic and glutamic (Gao et al., 2020). During hydrolysis, free acid groups of these amino acids can form salts that are readily soluble in water at low pH and provide better protein solubility at alkali pH due to soluble sodium salt formation. Superior SS solubility and degradation in alkali environment have been observed before, and it is known that an alkali environment more efficiently destroys sludge flocks and performs better cell destruction (Tavares de Sousa et al., 2021); further research is needed to better understand this process.
TABLE 1 | Percentage of organic matter extracted into supernatant with various pre-treatment methods.
[image: Table 1]Reduced OM extraction performance for UCH-alkali treatment is probably related to its lower temperature and treatment time than other methods. At the same time, UCH-alkali treatment is only 6.9% more efficient than UCH-acid treatment. This shows that the chemical environment is not critical for ultrasound-enhanced chemical hydrolysis and that temperature is crucial for cell degradation. This may be explained by the fact that ultrasonication mainly induces cell wall lysis (Zhang et al., 2007) to such a degree that it compensates the low temperature disadvantage. Nevertheless, industrial UCH acid–alkali and UCH alkali–acid SS treatment according to the literature’s data will be too energy consuming to reach an effective extraction (Gao et al., 2021).
The most effective OM extraction can be achieved with CCH alkali–acid and CCH acid–alkali treatment that resulted in 90.2 w/w % and 86.3 w/w % extraction rates, respectively, from the loaded OM. CCH-alkali treatment also showed the highest OM extraction rate after the first step −79.0 w/w % from loaded OM. This was the highest extraction rate for all first-step extraction methods. The secondary treatment of pellets with acid in CCH alkali–acid treatment yielded 53.3 w/w % from the loaded OM, reaching 90.2% of total OM extraction. The observed trend can be explained by the successful chemical hydrolysis and a strong grinding and mass exchange during hydrodynamic cavitation that results in good material dispersion in the solution. Furthermore, due to the high friction during the cavitation, temperature increase was observed in the samples, which also had a positive influence on cell breakdown. A similar effect was observed also for CCH acid–alkali treatment, although the total OM extraction efficiency is more related to the alkali treatment step.
Despite the OM transfer rate with MCH alkali–acid treatment being slightly smaller than TCH alkali–acid or CCH alkali–acid treatment, the process will still be less time and energy intensive since MCH required a shorter exposure time—15 min in a microwave with 30 min of post treatment for both hydrolysis steps, instead of 3 h with mixing at 80 C for thermal treatment.
3.2 Shift in nitrogen compounds during hydrolysis
To gain more information about the biomolecule transfer in-between the system phases, Kjeldahl nitrogen was measured in the pellets remaining after post-hydrolysis centrifugation. Nitrogen extraction efficiency was calculated as for OM extraction, and the result was expressed as the weight percentage between the initial nitrogen content in the sludge and the nitrogen left in the pellets after the first and second centrifugation (Table 2).
TABLE 2 | Kjeldahl nitrogen recovery from the secondary sludge (SS) by different treatment methods in the supernatant after two hydrolysis steps.
[image: Table 2]During the first physical-alkali treatment, regardless of the physical treatment method used, most of the nitrogen compounds were transferred into the supernatant. The limited effect of acid in physical-acid treatment was due to the absence of cell lysis, with only sludge flock breakage being identified (Tavares de Sousa et al., 2021). The best performance was shown by the TCH-alkali treatment where, already in the first step, 95.5 w/w % of nitrogen from loaded OM was transferred into the liquid phase. Despite the process giving a high nitrogen extraction rate, it is energy and time-consuming, since the reaction mass must be heated for 3 h at 80 C. It has been stated that the most abundant nitrogen form detected by X-ray photoelectron spectroscopy in SS is protein-nitrogen and pyridine-nitrogen. SS thermal treatment favors pyridine-nitrogen release, but alkali treatment with NaOH favors protein-nitrogen extraction (Xiao et al., 2017). The combination of these two treatment conditions in this study show that both nitrogen species are hydrolyzed, thus producing the high TKN extraction rate.
CCH-alkali and MCH-alkali first step hydrolysis demonstrated 82.3 w/w % and 81.4 w/w % nitrogen transfer, respectively, within a shorter time and potentially smaller energy consumption. Therefore, these methods could be selected as more suitable for industrial use and further development. Understanding that efficient nitrogen extraction from SS is influenced by both alkali and temperature, it can be concluded that neither microwave irradiation nor cavitation-released •OH radicals increase nitrogen extraction efficiency. The temperature factor is present in both processes. To better understand organic nitrogen hydrolysis mechanics, further research would be necessary to evaluate the reaction time and changes of the nitrogen source in the sludge.
MCH- and UCH-alkali treatment show slightly better selective nitrogen compound extraction efficiency because a smaller amount of OM was transferred into the solution but a relatively higher nitrogen fraction was extracted from the loaded material—most probably leaving the non-nitrogen organics, like polysaccharides and lignin, in the pellets. Ultrasonication affects cell walls with •OH radicals, which form during acoustic cavitation; thus, the cells are destroyed as a result of intracellular substance release (Liu et al., 2021). It has been observed that microwaves can destroy microorganisms at temperatures lower than the thermal destruction point by interacting with the cell membrane and releasing proteins (Shaw et al., 2021). UCH and MCH sludge treatment required shorter treatment time than TCH hydrolysis; therefore, less OM was extracted from the SS. At the same time, these methods more selectively targeted bacterial cell walls.
Overall nitrogen transfer with physical-alkali one-step hydrolysis is, on average, 31.1% higher than with physical-acid one step hydrolysis (Table 2). The limited effect of the acid treatment can be attributed to the lack of cell breakdown and to higher interaction with the SS flocks (Sahinkaya, 2015); however, in an alkali environment, cell lysis is more likely (Bi et al., 2014a). However, as the second treatment step, physical-acid treatment was more advantageous than the same type physical-alkali treatment second step. Only MCH alkali–acid treatment showed 40% better nitrogen extraction than MCH acid–alkali treatment. This demonstrates that microwave irradiation affects the cell walls of organisms in the SS via both temperature and microwaves. To make further estimations about nitrogen compound extraction mechanisms, the changes in different organic nitrogen sources must be examined; however, since the OM extraction during the first step physical-alkali treatment step is greater than physical-acid treatment, it could be related to the fact that organic compounds are more physically and chemically available for degradation.
Physical-alkali–acid two-step SS hydrolysis methods are slightly more effective for nitrogen extraction than physical-acid–alkali hydrolysis since the first physical-alkali treatment more efficiently extracted nitrogen from the SS. The best performing technique for nitrogen extraction was the TCH alkali–acid technique, which reached 98.0 w/w % of total nitrogen loaded while simultaneously being the most time and energy consuming method. At the same time, CCH alkali–acid and UCH alkali–acid treatment showed approximately the same nitrogen extraction efficiency of 97.3 and 97.8 w/w % of nitrogen loaded, respectively, with less energy consumption and shorter treatment time. However, these methods have been recognized as more technologically demanding.
3.3 Protein concentration in hydrolysis mass
Protein extraction from SS occurred during both treatment steps using all selected physical treatment methods; however, since physical-alkali treatment methods showed a noticeable advantage in SS protein solubilization, only physical-alkali treatment methods are discussed further here and compared to the data in the literature. It is hard to compare protein extraction or recovery efficiency between experiments and studies where different SS has been used since the initial protein content in the SS remains unknown.
Protein concentration analyses showed that the highest protein concentration in supernatant is obtained with MCH-alkali hydrolysis: 23,046 mg/L of protein. In other studies where SS with dry matter content of 13% was treated, microwave irradiation for 10 min at 25 C produced only 245.14 mg/L protein in the supernatant (X. Zhang et al., 2021). This shows that the temperature, reaction time, and high pH favor a protein extraction process which, in combination with several treatment factors, can give noticeably higher protein extraction efficiency through cell wall damage than just microwave treatment.
MCH alkali extraction is followed by TCH-alkali treatment producing 15,375 mg/L of protein in the supernatant. Other studies using one-step thermal treatment in an alkali environment at 120 C and pH 12 for 4 h produced 21,024 mg/L protein in the reaction mass but, when temperature is decreased to 100 C, the amount decreased to approximately 11,200 mg/L (Gao et al., 2020). This shows that increase in the pH could compensate for the temperature decrease. In this study, high amounts of NaOH were used at a lower temperature.
During the CCH-alkali SS treatment, it was possible to reach 15,178 mg/L of protein in the supernatant. In other studies with 60 min cavitation treatment at pH 10 and 50 C, only 2,040 mg/L protein in supernatant were produced from sludge with dry solid content of 43.5% (Mancuso et al., 2019). This again shows that a higher temperature and pH in the protein extraction process from SS permits higher protein extraction efficiency due to the ability of NaOH to dissolve membrane proteins and cause the saponification of membrane lipids (Hui et al., 2022a). Thus, the destruction of the microbial cells occurs as a combination of chemical treatment, •OH radical interaction, and temperature increase.
Of all four selected treatment methods, UCH-alkali showed the smallest protein extraction efficiency at only 13,917 mg/L of the extracted protein in the supernatant. This again highlights the importance of the temperature effect. The quantity obtained is still approximately 40% higher than other reported results where ultrasonic-alkaline treatment at 28 kHz, pH 12 for 60 min produced 7,900 mg/L of soluble protein from SS with dry solid content of 7.4% (X. Liu et al., 2008). Nevertheless, both results could be evaluated as being similar since, in the current study, SS with approximately two times higher dry solid content was used and sludge was treated for an additional 1 h. Optimizing the protein extraction efficiency adjustment of the ultrasound frequencies would be advisable (Le et al., 2015).
Carboxylic acid concentration determined by formol titration (Table 3) provides more knowledge about the peptide size and protein hydrolysis level in each hydrolysis step, since the proteins can be cut into smaller oligopeptides. A modified Lowry method also determines the protein concentration by producing a complex with peptide bonds; therefore, the higher the carboxyl group concentration at the same protein level, the smaller the peptides. In the first step of physical-acid SS hydrolysis, five times less protein was extracted on average. The carboxyl group concentration at first-step treatment remained either at the same level for TCH-acid and CCH-acid or was notably higher for UCH-acid and MCH-acid hydrolysis than physical-alkali hydrolysis. Thus, it can be concluded that physical–alkali hydrolysis focuses more on cell destruction and OM extraction than on protein hydrolysis, but that physical-acidic hydrolysis in the first step results in protein cleavage rather than extraction. UCH-acid and MCH-acid hydrolysis demonstrate the highest carboxylic group concentration than other first-step acid hydrolysis methods. This could be explained by ultrasonication and microwave treatment affecting both sludge disintegration, biomolecule extraction, and protein hydrolysis as such. The application of these physical treatment methods has been validated in the food industry to treat high molecular weight protein fractions (Chen et al., 2019). Higher protein hydrolysis in an acid environment is also confirmed if we look at the second hydrolysis step, where protein concentration after the physical-acid-alkali hydrolysis is, on average, 9.5 times higher than physical-alkali–acid hydrolysis and the carboxylic group concentration is only 2.4 times higher on average. This means that proteins after physical-alkali–acid hydrolysis have a smaller molecular mass.
TABLE 3 | Protein concentration detected by modified Lowry method and Formol titration in supernatant after first and second hydrolysis steps, depending on the hydrolysis method used.
[image: Table 3]3.4 Future perspectives
As estimated in this study, organic material extraction and protein recovery from SS were more efficient through physical-alkali treatment (Tables 1, 3). Only nitrogen compounds were better extracted from SS pellets during physical-alkali-acid secondary treatment (Table 2). Nevertheless, the purity of the obtained nitrogen compounds could be variable, and additional testing would be needed to evaluate the changes in the nitrogen-compound types. On average, physical-alkali SS treatment showed 80%–89% better protein extraction efficiency than physical-acid hydrolysis, both as first and second step hydrolysis, respectively (Table 3). This can be linked to OM extraction, where, under alkali conditions, the first step treatment yielded 33% and the second step 28% more OM than acid hydrolysis (Table 1).
Since both TCH- and MCH-alkali treatment have the temperature effect present, it is most likely that microwave interaction with cell membranes or other enclosed proteins in the SS flock enhances protein extraction. Simultaneously, less interaction with protein peptide bonds occurs at these treatment conditions, since the carboxylic group concentration is smaller even at the higher protein concentration in the MCH-alkali sludge treatment step. Thus, different physical treatment methods demonstrate selective resource recovery or extraction performance.
The proposed technologies can be introduced into WWTP technological process to obtain protein-rich solutions applicable to the production of high-value liquid fertilizer (Liu et al., 2009) and protein-based surface-active compound (Collivignarelli et al., 2017). After concentration, the solutions can be used as supplements to animal feed (Xiao and Zhou, 2020). In addition to protein extraction, the overall OM in SS is reduced, thus producing less sludge. Consequently, the costs of wastewater treatment can be reduced. Some of the physical SS treatment methods used in this study are already being used to improve SS dewatering, such as SS treatment with ultrasound (Feng et al., 2009) with rotor/stator type hydrodynamic cavitation equipment (Kim et al., 2019). Further research is needed to determine how much sludge reduction affects each of the methods used; however, there is reason to believe that the treated material after solid–liquid separation would have a higher dry matter content than a raw material. The processed sludge hydrolysis mass contains a large amount of organic matter; therefore, after protein separation, it is possible to use this solution as a carbon source in the WWTP nitrification process to compensate for the lack of carbon in wastewater denitrification.
4 CONCLUSION
The protein recovery rate and the OM and Kjeldahl nitrogen extraction rates decrease in second-step treatment irrespective of the physical treatment method used. SS one-step physical–alkali treatment was more efficient than one- or two-step SS physical-acid treatment. The outcomes are related to multi-factor effects of temperature, chemicals, and •OH radical formation during treatment. MCH-alkali hydrolysis produced 23,046 mg/L of protein from SS, while TCH-alkali treatment produced 95.5 w/w % of nitrogen from loaded OM into the liquid phase. These findings show that each physical SS treatment method targets different biopolymers and can selectively extract molecules of interest, such as OM, protein, or organic nitrogen compounds. This study confirms that proteins can be extracted from SS; however, due to the potential variation in the quantities, further research is needed to understand the possibilities for their use in other industries.
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