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Abstract

:

Tannery sludge is disposed of in landfills as it is considered a special residue by the Italian legislation, creating pollution and waste. This paper aims at evaluating the performance of the anaerobic fermentation process to obtain short-chain fatty acids (SCFAs) from this waste. The assessment of the most appropriate conditions, in terms of pH, temperature, initial total solids (TSs) content, and application of oxidizing-thermal pretreatment has been developed. The batch test trials revealed that the combined microwave and hydrogen peroxide (MW-H2O2) pretreatment followed by thermophilic conditions gave the best results, in terms of the acidification yield (0.31 gCODSCFA/gVS0) and maximal SCFA concentration (above 26 g CODSCFA/L). In the tests conducted without pretreatment, the mesophilic temperature should be preferred since the acidification performances were comparable to or even better than their thermophilic counterparts. The SCFA composition analysis showed that in mesophilic fermentation, tannery sludge can generate up to 50% acetic acid (CODAc/CODSCFA), if previously pretreated (MW-H2O2). This research acts as a forerunner for the appropriate handling of this resource, to employ it for the development of a new tannery industry focused on a circular approach, rather than to simply dispose of it in landfills.
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1. Introduction


The concepts of a circular economy and sustainable growth are the main focuses of the European Union’s 2030 strategy to meet the Paris agreement requirements [1]. The plan is especially concerned with the improvement of the life cycle of products and the reduction of waste across all sectors. Consequently, resource recovery from wasted materials has gained great importance, especially if such materials are renewable and characterized by a high organic content. In this context of waste production, the tannery sector merits remarkable consideration, as Italy is one of the leading countries in this industry, with a value of production of EUR 3.5 billion in 2020 [2]. In 2020 the production of finished leather products in Italy, was around 97 million square meters; also, according to the Italian tannery industry sustainability report of 2020, Italian tanneries generate an average of 1.65 kg of waste per square meter of leather produced, with 20.8% of it being sludge.



The tanning process is made of different phases both mechanical and chemical and involves the use of chromium salts as tanning agents [3,4], resulting in wastewaters characterized by high amounts of this compound, as well as organic and inorganic substances [5,6,7,8] The wastewater produced is commonly treated by centralized industrial wastewater treatment plants, where the physical–chemical treatments and biological treatments produce the so-called tannery sludge as a waste product. The management of this sludge is one of the main issues of the tannery industry, as it is a waste with a high environmental impact, due to the high solids content and the presence of chromium and therefore it must be properly disposed of [9,10]. This sludge is classified as a special non-hazardous residue, according to Italian legislation [11] and its current destination is to a second-class type B controlled landfill (D.Lgs. 04/06). Therefore, at present times, all the sludge from the tannery industry is disposed of in landfills [4], wasting all the high-quality organic material that characterizes this waste [12] while also having a high economic impact for the industries and significant environmental impacts. Hence, its potential for the exploitation of new valorization routes is still almost totally unexplored.



Previous studies provided some examples of alternative uses of this sludge as a ceramic pigment [3], building material [5], biochar [13], and more, but the only large-scale management method remains landfilling. In terms of biological waste valorization, the anaerobic digestion process is established at full-scale for the treatment of different kinds of organic waste [14]. More recently, within the options of anaerobic waste treatment, many laboratory and pilot scale studies have shown the high potential for the valuable resource recovery, such as the short-chain fatty acids (SCFAs), through the acidogenic fermentation process [15]. SCFAs are products of great commercial interest, as they can be further utilized as building blocks for the chemical industry or as precursors of reduced chemicals and derivatives [14]. Several factors affect the productivity of SCFAs from the acidogenic fermentation of organic waste, namely the pH, temperature and total solids (TSs). Such factors have extensively been analyzed in previous studies on different substrates with sometimes contrasting results, that strongly depend on the specific substrate’s characteristics. For what concerns the pH, as explained by [16], the range of pH values to produce SCFAs is between 5.0 and 11.0, but the optimal values depend on the type of waste: for municipal sludge, an alkaline pH is usually preferred, whereas for wastewaters, neutral and acidic conditions tend to favor the production of SCFAs. Likewise, the optimal temperature usually varies, according to the substrate; in [17], a mixture of the organic fraction of the municipal solid waste (OFMSW) and waste activated sludge was utilized to produce SCFAs and biogas under two temperature conditions. Similar results were obtained in the mesophilic (37 °C, 20 g CODSCFA/L) and thermophilic conditions (55 °C, 16.5–31.6 g CODSCFA/L). Differently, working on the OFMSW only, the best results were obtained in the mesophilic conditions (37 °C, 20–24 g CODSCFA/L) [18]. The TS concentration is another parameter that can strongly affect the anaerobic process efficiency. A higher TS level allows for the use of a smaller reactor volume (reducing the investment costs); however, it can reduce the mass transfer, the settling properties and it may affect other rheological properties of the medium (such as the viscosity) [19], decreasing the microbial communities’ activities and metabolic pathways, overall.



With a specific reference to tannery sludge, the application of the anaerobic fermentation to extract the SCFAs has not been thoroughly explored yet. To the best of the authors’ knowledge, there is only one literature study where tannery sludge utilization is related to SCFA production [10] in this research, the authors produced biochar from tannery sludge and bamboo, which was then added to the tannery sludge to improve the production of SCFAs during the anaerobic fermentation.



As underlined by Zhai and colleagues, the tannery sludge is rich in proteins and macromolecular organic matters, so a mild oxidative treatment was considered a viable option to support the hydrolysis of the organic compound and improve the SCFA production performance. Additionally, partial oxidation is desirable as it reduces the concentration of the S species [20], which are abundant in tannery sludge. Hydrogen peroxide (H2O2) is an oxidizing agent that is similar to oxygen in effect but is significantly stronger. Hydrogen peroxide can oxidize organic compounds directly or indirectly through OH free radicals produced by the breakdown of oxygen–oxygen single bond [21]. From a literature review, it was found that the use of H2O2 combined with thermal treatment has a higher potential and can be preferred to the simple oxidation, as both treatments can disrupt the sludge floc structure and cause microbial cell rupture, hence solubilizing the particulate organics [22,23]. Moreover, hybrid pretreatments make use of the advantages of the synergism between individual techniques, while also overcoming the drawbacks of individual treatments [23].



Microwave (MW) irradiation was chosen for the thermal pretreatment, as it allows for rapid uniform heating and energy efficiency, while still providing sludge solubilization and the enhancement of the sludge anaerobic digestion, compared to the more costly traditional heating alternatives [23,24,25].



The purpose of this work is to provide a viable alternative to the wasteful disposal of tannery sludge in landfills and use it instead to produce SCFAs, in line with the EU strategy. A comprehensive acidogenic fermentation batch tests assay has been developed and discussed in this study, where the effect of the temperature, pH, total solids (TSs) concentration, and the combined MW-H2O2 pretreatment has been investigated on SCFA production (yield and concentration) and distribution.




2. Materials and Methods


2.1. Substrate Collection and Characteristics


The sludge used for the experiments was a mixture of primary and secondary sludge, obtained from the wastewater treatment plant (WWTP) of Montebello Vicentino (northeast Italy). This WWTP treats about 10,000 m3/d of industrial wastewater produced by 23 tannery plants. Tannery wastewaters are subjected to physicochemical primary treatment and sedimentation (accomplished inside both the tanneries and the WWTP), and a secondary biological treatment (anoxic/aerobic process) used for the biochemical oxygen demand (BOD) and nitrogen removal from the primary clarified effluent. This sludge was made from approximately 60% v/v of sludge derived from the primary treatment and 40% v/v from the secondary biological treatment. Furthermore, considering the richness in the protein and macromolecular organic compounds of tannery wastewaters, as well as the salinity level (usually higher than municipal wastewaters), the tannery WWTP accomplishes the nitrogen and carbon removal with a sludge retention time (SRT) above 30 days, substantially higher than the typical SRT of municipal WWTPs.



Regarding the chemical and physical parameters, the tannery sludge showed an average dry matter content of 830 ± 14 g TSs/kg (total solids) and 590 ± 4 g VSs/kg (volatile solids). The chemical oxygen demand (COD) was 793 ± 18 g COD/kg TS; the total phosphorus (TP) and nitrogen (as TKN) were 7.9 ± 0.4 g P/kg TS and 32.8 ± 0.9 g N/kg TS, respectively.




2.2. Batch Tests’ Rationale


Batch tests were performed, aiming to investigate the effects of the different combinations of the initial pH, temperature, combined MW-H2O2 treatment, and total solids (TSs) concentration on SCFA production and distribution from the tannery sludge fermentation. The acidogenic fermentation experiments were conducted under both mesophilic (M, 40 ± 1 °C) and thermophilic (T, 55 ± 1 °C) environments, starting from a different TS concentration: namely 80 g TSs/L or 8.0% w/w (M8 and T8) and 120 g TSs/L or 12% w/w (M12 and T12). Furthermore, a separate series of tests was performed at 80 g TSs/L, with MW-H2O2 pretreated sludge (M8-P and T8-P) (Table 1).



Each test was prepared by diluting the dried sludge with tap water to reach the required TS concentrations, which have been chosen, based on the performances of a dynamic sludge thickening. For each of the conditions, four different initial pH values (5.0, 7.0, 9.0, and 11.0) were tested. Sodium hydroxide (NaOH) and sulfuric acid (H2SO4) were added to reach the initial pH values of 9–11 and 5–7, respectively. The MW-H2O2 pretreatment was performed, based on the strategy proposed by [23,24,26], with some adaptations. Namely, after the sludge dilution and the pH adjustment, the bottles were heated to 80 °C in a microwave oven set at 600 W for 10 min; the treatment was carried out with intermittent breaks every 1.30 min to allow for the manual mixing of the sludge [23] and to avoid water loss by evaporation, which was also reduced by keeping the temperature below the boiling point. Once the sludge was allowed to cool to room temperature, the H2O2 was added at the chosen dosage of 0.2 g H2O2/g TSs, using H2O2 at 35%. The bottles were left for 40 min to rest, allowing for the H2O2 to react and then were heated again in the MW at 90 °C, to avoid reaching the boiling temperature, with the same method described before.




2.3. Batch Tests’ Preparation and Monitoring


Each test was performed in duplicate, in 250 mL glass bottles (working volume of 200 mL) sealed with a cap with a silicon plug. As the anaerobic inoculum, 50 mL of an anaerobic digestate (35 g VS/L) from a full-scale digester, located in Treviso (northeast Italy) and maintained at 37 °C and 55 °C, was used, respectively, for the mesophilic and the thermophilic tests. The resulting substrate/inoculum (S/I) ratio were 8 and 12 for the 8% and the 12% tests, respectively.



The batch fermentation tests were monitored until the plateau in the SCFA production was reached at around three weeks, during which the sludge was manually mixed several times a day. The liquid samples (5.0 mL) were collected for the SCFAs analysis, pH measurements, N-NH4+, P-PO43−, and soluble COD. The hexavalent Chromium [Cr(VI)] was also analyzed in the liquid phase at the end of the MW-H2O2 pretreatment and at the end of each test to quantify any possible [Cr(VI)] release. None of the bottles were opened as the samplings were performed through a syringe injected into the plug.



Following the preliminary adjustment of the pH to reach the four initial pH values, this parameter was only monitored and not corrected anymore, as the aim of this research is to eventually perform these fermentations in a continuous mode and on a larger scale, and the constant adjustment of the pH could not be sustainable in view of the process scale-up.




2.4. Analytical Methods and Calculations


The analyses were conducted, according to the Standard Methods [27] for the TKN, N-NH4+ total phosphorus, P-PO43−, VS, TS, [Cr(VI)], COD, and alkalinity. The SCFAs were determined using an Agilent 6890 N gas chromatograph equipped with a flame ionization detector (FID) (T = 250 °C). The samples were analyzed through an Agilent J&W DB-FFAP fused silica capillary column (15 m length, 0.53 mm i.D., 0.5 mm film) using hydrogen as a carrier. The inlet was working in split mode, with a split ratio of 20:1. The instrument was programmed with a ramp temperature from 80 °C to 100 °C (10 °C/min). Prior to the GC analyses, the samples were centrifuged at 4.500 rpm for five minutes and the supernatant was filtered at 0.2 mm, using acetate cellulose syringe filters (Whatman).



To assess the nutrient release, the ammonium and phosphate concentrations in the liquid phase ([N-NH4+] and [P-PO43−]), at the end of experiments, were considered, and their release was calculated, according to the following equations, where TKN and TP represent the initial content in each test: N-NH4+ release (%) = [N-NH4+]/TKN; P-PO43− release (%) = [P-PO43−]/TP. In this assessment, the mean concentrations of the nutrients, between the four different initial pH tests, were considered.



The acidogenic fermentation performances were evaluated through the quantification of the SCFA concentration, the ratio between the SCFAs and the soluble COD (both in a COD basin), and the fermentation yield (YF), was calculated by the ratio between the concentration of the produced SCFAs over time (“t”), in terms of the COD, and the concentration of the initial VS of the feedstock (VS0) in the batch tests: YF = [CODSCFA]t/VS0.





3. Results


3.1. Effect of the Initial pH on the Tannery Sludge Fermentation


Regardless of the initial value, the pH of each test converged to around 7.0 after approximately 4 days, and then settled. For this reason, no significant influence of the pH on the acidification performances was observed. This was due to the observed capacity of the tannery sludge to act as a buffer, resulting in the maintenance of the pH to around 7, even with relatively high concentrations of SCFAs. In fact, the characteristic of this sludge is the presence of lime, which acts as a pH buffer, due to the release of OH- ions from the residual Ca(OH)2 present in the sludge. Lime is abundantly used in the tannery process during the “Liming” operation, which consists in the utilization of lime (Ca(OH)2) and Na2S to remove hairs and flesh from the skins and split up the fiber bundles in the raw hides. Moreover, lime can be used to correct the pH of the wastewater before the primary sedimentation treatment. The quantification of the alkalinity confirmed the good buffering capacity of the fermented streams (Tables S1 and S2); based on the whole conducted experimental plan, the alkalinity in the final effluent was in the range of 2.46–2.89 g CaCO3/L, higher than the values reported in the literature for other substrates and related to the buffered fermented streams where the pH was controlled by the digestate recirculation [14].



This characteristic is very noteworthy for future large-scale applications, allowing the process to self-regulate and continue without external intervention to correct the pH. On the contrary, other substrates, such as food waste, are very sensitive to high SCFA concentration as it can cause the pH values to decrease, resulting in toxic conditions for the fermentative bacteria in the reactor [28,29]. In this paper, the results from all the different pH are reported. It is more appropriate to refer to the initial pH, which has been set from 5.0 to 11.0. However, the presence of lime drove the pH around neutrality in less than 5 days (around one-sixth of the total length of the test). Considering this behavior, it a net influence of this parameter on the results has not been observed.




3.2. Production of SCFAs over Time


As shown in the graphs (Figure 1a–c), all the tests in the mesophilic conditions show a behavior of a fast initial SCFAs increase until a plateau in the concentration was reached. The plateau was reached after approximately 10 days, for the series M8, and after approximately 15 days, for the series M12, proving that, from a qualitative point of view, the initial TSs affected the acidification process. The applied pretreatment (series M8-P) prolonged the time for the plateau achievement (15 days, approximately) compared to tests conducted under the same initial TS level (M8). The required time for the maximum SCFA concentration is a measurement of the total exploitation potential of this sludge in terms of the organic matter acidification and future development in the continuous process, by choosing the most appropriate HRT.



As for the maximum concentration of SCFAs achieved, the series conducted with the pretreated sludge (M8-P) showed the highest values, ranging between 16.8 and 17.7 g CODSCFA/L, demonstrating how the partial oxidation of the organic matter coupled with the microwave treatment, can substantially boost the acidification performances. In fact, H2O2 is a strong oxidizing agent (E0 = 1.78 V) and therefore it can oxidize some organic compounds directly. For instance, H2O2 attacks the double bond of an alkene, producing a hydroperoxide; then, the alcohols and ketones are produced from the hydroperoxide. In addition, H2O2 can also produce OH free radicals by the breakage of the oxygen–oxygen single bond. The free radicals are extremely reactive; they can attack organic molecules and, therefore, produce another free radical by the chain reaction mechanisms. In the H2O2 pretreatment, the tannery sludge was also subjected to the MW to support the mechanism cited above. Hence, such a pretreatment was aimed to reduce the molecular complexity (for example, by breaking the double bonds) of organic compounds and thus support the following biological process.



In addition, the maximum SCFA concentration depended on the initial TS level, being in the range of 9.5–10.25 g CODSCFA/L and 14.6–15.8 g CODSCFA/L in the series M8 and M12, respectively. In practice, the applied pretreatment almost doubled the SCFA production (M8 vs. M8-P); moreover, the inhibition phenomenon can be excluded since the increase of the TS level in M12 led to an increase in the SCFA concentration, compared to the M8 series. In fact, the tannery sludge is generally rich in protein and macromolecular organic matter, whose decomposition leads to the intense ammonium inhibition for the anaerobic bacteria and a low hydrolysis rate of the organic matter [10].



As regards the thermophilic series, the behavior of T8 and T12 was analogous to the mesophilic conditions, even though the SCFAs plateau was reached earlier, in approximately 8 and 12 days for the T8 and T12, respectively, due to the faster kinetic favored by a higher temperature (Figure 2a,b); [30]. Furthermore, in this case, the initial TS level affected the required time to fully exploit the acidification process, in terms of the SCFAs production. By using the pretreated sludge (T8-P series), the SCFAs trend was completely different from the other thermophilic and mesophilic series (Figure 2c). The T8-P series was characterized by a continuous increase in the production of SCFAs for the whole duration of the experiment, with only a slight slowdown during the final days of the experiment. This can be caused by a synergetic effect of a higher operating temperature (55 °C) and the pre-oxidization of the sludge, as the solubilization of the organic matter is favored by both, triggering an almost continuous fermentation mechanism. From the point of view of this waste valorization under a continuous process operation, this condition could be tricky for the choice of the right HRT, since a value of more than 20 days may strongly affect the economic feasibility of the process.



The thermophilic series T8 and T12 gave a lower peak of the SCFA concentration compared to the corresponding mesophilic series M8 and M12. The range of the maximum SCFAs level was 7.1–7.4 and 13.9–15.3 g CODSCFA/L for the series T8 and T12, respectively. Furthermore, in this case, the inhibition phenomenon on the acidogenic culture could be excluded.



Moreover, the thermophilic temperature did not give any benefit, in terms of the SCFAs extraction. Given the different trend observed in the T8-P series, compared to T8 and T12, and the highest SCFA concentrations obtained (23.7–26.2 g CODSCFA/L), the synergistic effect of the thermophilic temperature and the MW-H2O2 pretreatment, substantially improved the organic matter acidification, even though the required time for such a performance could be difficult to transfer for the design of a continuous fermentation process.



Apart from the possible improvement for the T8-P condition, mainly addressed to reach the SCFAs plateau in a shorter time, the mesophilic conditions offered a good compromise for the tannery sludge acidification process, with the maximum SCFA concentration between 16.8 and 17.7 g CODSCFA/L, achieved, approximately, in two weeks of the anaerobic condition.



Since the literature is scarcely furnished with data related to SCFAs from tannery sludge, a reasonable comparison can be assessed with municipal sludge-related experiments. Different authors highlighted that SCFA concentration can be higher under mesophilic conditions and with a longer retention time, with an optimal pH for the acidogenic fermentation between 7.0 and 8.0 [31,32]; under the thermophilic condition, the sludge acidogenesis is usually less performing, showing that the available CODSOL remained not converted into SCFAs. Hydrolysis has also been identified as an important step, applied as the hyperthermophilic treatment (70 °C, 24–48 h) for the solubilization of the organics and the increase of their biodegradability [31,32]; in addition, increasing the initial pH had an overall positive effect on the hydrolysis [29].



In the case of the tannery sludge described here, the mesophilic process was better performing. In addition, even if conducted with the combined MW-H2O2 treatment, the hydrolysis of the tannery sludge also improved the acidification process under both the mesophilic and thermophilic conditions. No considerations can be made about the pH effect, since the presence of lime, a particular characteristic of this sludge, acted as a buffer and maintained the pH around 7.0 for the whole duration of the experiments.



The maximal SCFA concentration obtained is higher than the values reported in the literature for the municipal sludge (primary, secondary, or mixture) [31,32,33,34].




3.3. SCFAs/CODSOL Ratio


The conversion of the waste organic matter into SCFAs generally leads to an increase in the SCFAs/CODSOL ratio, compared to the untreated feedstock [34]. However, the degradation of the organics could also cause a progressive increase in their solubilization and, in turn, in the CODSOL level, not always sustained by a parallel acidification process. This fact is generally linked to the application of the thermophilic condition for a certain type of substrate [14]. Hence, in the acidogenic fermentation process, it is important to have a good balance between the organic matter solubilization and acidification processes. The parameter SCFAs/CODSOL ratio is an important indication of the technical feasibility of the waste fermentation process. To the best of the authors’ knowledge, the literature does not furnish data on this parameter related to tannery sludge utilization; hence, this work has started to cover such a gap in the knowledge. Figure 3a shows the SCFAs/CODSOL ratio in the mesophilic series, calculated at the maximum SCFA concentration achieved (in most cases, at the end of the experiment). All three conditions showed similar results, with a range of variability of 0.70–74 COD/COD in M8, 0.72–0.75 COD/COD in M12, and 0.70–0.76 COD/COD in M8-P (average data). Given the standard deviation within such variability ranges, apparently, the initial solids content and the application of the combined pretreatment did not have a substantial impact on the SCFAs/CODSOL ratio.



Figure 3b shows the results for the same parameter, obtained in the thermophilic tests. The T8 series was the only condition showing values below 0.60 COD/COD, within the narrow range of 0.55–0.58 COD/COD and even lower compared to the corresponding M8 series. The T12 showed a slight increase compared to the T8 series (0.60–0.65 COD/COD), but still lower than the results obtained in M12. Only in the T8-P series did the SCFAs/CODSOL reach above 0.70 COD/COD, and comparable to the values obtained in the mesophilic M8-P series (0.71–0.75 COD/COD). Based on these considerations, it is reasonable to assume that the MW-H2O2 pretreatment brought substantial benefits to the thermophilic acidification of the CODSOL, which remained unconverted in a higher percentage under both T8 and T12 series. Overall, the mesophilic condition appeared preferable for the CODSOL conversion into SCFAs, independently from the initial TS level; however, the MW-H2O2 pretreatment made the two applied temperature regimes equivalent, in terms of the SCFAs/CODSOL ratio.



Even though these conversion performances can be improved, these results demonstrated that more than 70% of the organic matter contained in the tannery sludge can be easily converted into SCFAs. Other carbon sources, such as the organic fraction of municipal solid waste (OFMSW) and/or different food by-products, are characterized by a high content of putrescible matter; compared to tannery sludge, these carbon sources can be enriched in SCFAs up to 90% of the soluble COD [35]. Moreover, the acidogenic fermentation of the municipal sewage sludge is generally characterized by similar results, compared to this work (0.51–0.69 COD/COD; [33]), showing discontinuous improvements when the fermentation process is conducted on thermally hydrolyzed sludge (0.46–0.75 COD/COD; [32,36]).




3.4. Fermentation Yield (YF)


The importance of the YF is related to the quantity of SCFAs potentially recovered from a waste carbon source, in terms of the mass balance assessment (not foreseen in this study) in a full-scale scenario. Hence, the quantification of this parameter is crucial for the further economic evaluation of the unborn tannery-based biorefinery value chain. Figure 4a,b shows the YF in all of the performed series.



Under the mesophilic conditions, the YF was not affected by the increase in the VSs, being in the range 0.16–0.17 g CODSCFA/g VS0 in the series M8, and 0.16–0.17 g CODSCFA/g VS0 in the series M12. On the contrary, the thermophilic series T8 and T12 showed different performances: 0.12 g CODSCFA/g VS0 and 0.16–0.17 g CODSCFA/g VS0 for T8 and T12 series, respectively. A higher solids concentration and thermophilic environment (T12) probably boosted the solids solubilization and their conversion into SCFAs, compared to the less favorable T8 condition, where the initial VS amount was lower. The YF of non-pretreated tannery sludge was found to be comparable to or higher than that of the municipal sewage sludge (0.06 g CODSCFA/g VS0) or the primary/sewage sludge mixture (0.11 g CODSCFA/g VS0) in the mesophilic fermentation [37]. However, other mesophilic investigations on sewage sludge reported higher yields, compared to those reported here for the non-pretreated tannery sludge (0.21–0.33 g CODSCFA/g VS0; [34]).



The chosen pretreatment greatly improved the YF for both the mesophilic and thermophilic series, showing a range of 0.28–0.30 g CODSCFA/g VS0 and 0.28–0.31 g CODSCFA/g VS0, respectively in M8-P and T8-P. This showed that the combined pretreatment, as well as the H2O2 dosage, was undoubtedly useful to increase the tannery sludge fermentability. Under all of the conditions investigated, these numbers represent the optimal SCFA yields, even higher than the yields obtained in the mesophilic fermentation of the thermally hydrolyzed (TH) municipal sludge (0.22 g CODSCFA/g VS0), where the authors stated that the advantage of the TH-sludge in the COD solubilization overcame its disadvantage of a low biodegradability [32].



Overall, these values are in line (and even higher) with the yields from other experiments dealing with municipal sewage sludge, usually considered suitable for fermentation or AD systems, revealing that tannery sludge can be employed for this process as well with promising results for further continuous trials and future scale-ups of the technology.




3.5. Nutrients’ Release and Quantification


The ammonium and phosphate concentrations in the liquid fraction were measured to estimate the nutrient release and their potential recovery. The release of this macro-nutrient was affected only by the application of the combined MW-H2O2 pretreatment; no effects were quantified by the temperature, pH, or the initial TS level.



In summary, the nutrients’ release in the mesophilic conditions led to final ammonium and phosphate concentrations of 781 ± 11 (M8), 1181 ± 38 (M12), 1605 ± 44 (M8-P) mg N-NH4+/L, and 1.16 ± 0.04 (M8), 2.00 ± 0.03 (M12), 2.40 ± 0.08 (M8-P) mg P-PO43ࢤ/L (average data calculated by considering the tests at the different initial pH).



Similarly, in the thermophilic tests, the final ammonium and phosphate concentrations were 789 ± 19 (T8), 1216 ± 29 (T12), 1586 ± 40 (T8-P) mg N-NH4+/L, and 2.3 ± 0.2 (T8), 2.7 ± 0.1 (T12), 2.8 ± 0.1 (T8-P) mg P-PO43ࢤ/L.



Considering the N-NH4+ release, all the tests conducted with non-pretreated sludge gave values around 30%; in particular, the ammonium released in M8 and M12 were 29.6% and 29.8%, respectively; in the T8 and T12 series, it was equal to 30.0 and 30.9%. These results proved that the maximum release of nitrogen from this substrate was roughly 30%, regardless of the TS content and the temperature applied. M8-P and T8-P proved, once again, that the MW-H2O2 pretreatment can improve this process overall, as the NH4-N release values reached 61.5% for the M8-P and 73.8% for the T8-P.



Definitively lower performances were obtained for the phosphorous release, which showed values remarkably lower than the ammonium release, and always below 1.0%, regardless of the TS level, temperature, or the pretreatment application.



Based on these results, the application of a pretreatment must be considered for a series of benefits which cannot be differently reached. Both the ammonium release (and potential recovery), as well as the SCFA production, have been positively affected by the MW-H2O2 pretreatment and future investigations into a continuous reactor, will be also addressed the TS and VS reduction (which in turn affects the tannery sludge disposal cost).




3.6. SCFAs Composition


As for the other parameters, independent from the tested conditions (temperature, VS level, MW-H2O2 pretreatment), no difference between the different initial pH, has been observed for the SCFA spectrum. The following Figure 5 and Figure 6 represent the average SCFA profile corresponding to the maximum yield for each series.



The mesophilic series M8 and M12 showed quite similar values (Figure 5), with a dominance of acetic (37–41% CODAc/CODSCFA, respectively, in the M8 and M12 series) and butyric acid (22% CODBut/CODSCFA, in both series), followed by isovaleric (16–14% CODIsov/CODSCFA), propionic (12–13% CODPr/CODSCFA) and a lower amount of isobutyric (8–7% CODIsob/CODSCFA) and valeric (5–3% CODVal/CODSCFA) acid. The MW-H2O2 pretreatment caused a shift in the composition, towards acetic acid, making up 52% of the total, at the expense of the other SCFAs, which all decreased in the M8-P series. Apparently, in addition to the increase in biodegradability, the MW-H2O2 pretreatment moved the metabolic mesophilic fermentation pathways more forward to the last fermentation products (e.g., acetic acids).



Moreover, in the thermophilic series, neither the TS nor the pretreatment changed the SCFA composition (Figure 6). The dominating acids for T8, T12, and T8-P, remained acetic (37, 39, and 40% CODAc/CODSCFA, respectively), and butyric (26, 24 and 24% CODBut/CODSCFA), followed by isovaleric (15, 14 and 13% CODIsov/CODSCFA), propionic (15, 15 and 16% CODPr/CODSCFA), and a lower amount of isobutyric (7, 8 and 7% CODIsob/CODSCFA). Compared to the mesophilic trials, the higher temperature applied in T8, T12, and T8-P, annulled the MW-H2O2 impact on SCFA distribution observed in the M8-P series. Noticeably, valeric acid completely disappeared, compared to the corresponding mesophilic series. This was the only substantial change, caused by the two applied temperature regimes.



Compared to the composition of the sewage sludge fermentation liquids, the tannery sludge could generate more acetic acid (up to 50% CODAc/CODSCFA) under the specific condition of the MW-H2O2 pretreatment, followed by the mesophilic acidification process. The SCFA distribution observed in the other tested conditions was quite similar to those distributions described in the literature, from the batch sewage sludge acidification without a pH-control strategy, thermally, and non-thermally pretreated: acetic (30–40% CODAc/CODSCFA) and butyric (20–30% CODBut/CODSCFA) acids are generally dominating, with a lower amount of propionic (15–22% CODPr/CODSCFA), isobutyric, valeric, and isovaleric were roughly present between 10 and 15% COD/CODSCFA [32,34,37]. Valeric acid was also reported with a higher percentage under the mesophilic (26–27% CODVal/CODSCFA) and thermophilic (21–24% CODVal/CODSCFA) sewage sludge fermentation processes [32].




3.7. Perspective of the Tannery Sludge Utilization in a New Biorefinery Value-Chain


Due to its high chromium ion content (40–80 g/kg), tannery sludge is considered hazardous waste and its management represents a big challenge for the leather industry [38]. However, the recent strategies in the European Union (EU) are focused to set the transition toward a circular economy to maintain the value of products/materials/resources for the longest time possible, together with the objective of waste minimization. The development of a biorefinery represents a method to approach resource valorization, aiming to use available renewable feedstock to provide high-value marketable products while minimizing the energy consumption and waste generation. In this sense, the potential for microbial fermentation and the recovery of SCFAs from tannery sludge has never been investigated in detail, and this study furnishes a deep evaluation. The two tables (Tables S1 and S2) summarize all the results obtained in this work from the mesophilic and thermophilic experiments. Within a future and desirable biorefinery scenario for the tannery waste valorization, apart from the possible improvements of the YF, further efforts must be devoted to continuous experiments and the scaled-up approach. The results obtained in this study demonstrated the feasibility to recover a significant amount of SCFAs in the liquid phase, with no risk related to the Cr(VI) release. The Cr(VI) concentration quantified at the end of the MW-H2O2 pretreatment was below the LOQ of 0.03 mg/L; the same results were obtained at the end of each fermentation experiment, demonstrating that no Cr(VI) release occurred for the whole tests’ length, under the two investigated temperatures.



Given the high content of the macromolecular organic matters, the consideration of a multi-purpose biorefinery approach is reasonable and it could allow to recover, not only bio-based chemicals (such as SCFAs), but also interesting biofuel, such as biohythane [35]. However, in addition to other biorefinery scenarios developed at a pilot or semi-demonstrative scale on urban and agri-food waste [39,40], the chromium issue in the tannery waste biorefinery, must be considered its distribution among the generated fluxes and fate in the final bio-products, if any. In fact, it is noteworthy that producing biobased molecules instead of biofuels increases the economic added value, contributing to the development of a real and effective bioeconomy scenario [41].





4. Conclusions


This study aimed at evaluating the performance of tannery sludge in an anaerobic fermentation process to obtain SCFAs, and to assess the most appropriate conditions in terms of the pH, operating temperature, VS content, and oxidizing and heating pretreatments. The batch test trials revealed that the combined MW-H2O2 pretreatment associated with the mesophilic or thermophilic conditions gave comparable results, in terms of yield (being 0.28–0.30 and 0.28–0.31 g CODSCFA/g VS0 in the mesophilic and thermophilic series, respectively) and the SCFAs/CODSOL ratio (the SCFA amount counted for more than 70% of the soluble COD). The SCFAs production, over time, showed maximum values in the range of 16,800–17,700 mg CODSCFA/L (achieved in approximately two weeks) and 23,700–26,200 mg CODSCFA/L (approximately achieved in three weeks) respectively for the mesophilic and thermophilic trials. Lower performances were related to the absence of the pretreatment (especially for the YF) and no substantial effect was found to be linked to the different initial VS levels.



The performed tests revealed a particular characteristic of tannery sludge, which was its capacity to act as a buffer, resulting in the maintenance of a neutral pH even with high concentrations of SCFAs, meaning that the tannery sludge fermentation does not need the use of chemicals for the pH control and the fermentative bacteria are far from being at risk of becoming inhibited by sudden pH drops.



Overall, this work represents the first and deep evaluation of microbial SCFA production from tannery sludge and future efforts will be dedicated to the investigation of the pretreatment and continuous process configuration, as a part of the mandatory action for the maximization of the resource recovery from this abundant and polluting waste, which is currently wasted completely, with dangerous environmental consequences and high economic expenses for the producers.
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Figure 1. SCFA concentration trends (g COD/L) in the mesophilic batch test M8 (a); mesophilic batch test M12 (b); mesophilic batch test M8-P (c). All three series under the initial pH of 5.0, 7.0, 9.0, and 11.0. 
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Figure 2. SCFA concentration trends (g COD/L) in the thermophilic batch test T8 (a); thermophilic batch test T12 (b); thermophilic batch test T8-P (c). All three series under the initial pH of 5.0, 7.0, 9.0, and 11.0. 
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Figure 3. SCFAs/CODSOL ratio (COD/COD) of the mesophilic batch series M8, M12, and M8-P under the initial pH 5.0, 7.0, 9.0, and 11.0 (a); SCFAs/CODSOL ratio (COD/COD) of the thermophilic batch series T8, T12, and T8-P under the initial pH 5.0, 7.0, 9.0, and 11.0 (b). 
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Figure 4. Fermentation yield values (YF; g CODSCFA/g VS0) in the mesophilic batch series M8, M12, and M8-P (a); fermentation yield values (YF; g CODSCFA/g VS0) in the thermophilic batch series T8, T12, and T8-P (b). 
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Figure 5. Composition in terms of the CODSOL percentage of the SCFAs obtained from the mesophilic batch series M8 (a), M12 (b), and M8-P (c) as the average of all the initial pH. 
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Figure 6. Composition in terms of the CODSOL percentage of the SCFAs obtained from the thermophilic batch series T8 (a), T12 (b), and T8-P (c) as the average of all the initial pH. 
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Table 1. Summary of the operating conditions investigated in the batch tests and the assigned names.
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Operating Conditions

	
Acidogenic Fermentation Batch Tests (Series)




	
M8

	
M12

	
M8-P

	
T8

	
T12

	
T8-P






	
Temperature (°C)

	
40

	
40

	
40

	
55

	
55

	
55




	
Solids’ content (gTSs/L)

	
80

	
120

	
80

	
80

	
120

	
80




	
Range of the initial pH

	
5–11

	
5–11

	
5–11

	
5–11

	
5–11

	
5–11




	
MW-H2O2 pretreatment 1

	
no

	
no

	
yes

	
no

	
no

	
yes








1 H2O2 at 35% w/w; 80–90 °C, 600 W, 10 min, 0.2 g H2O2/g TS.
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